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ABSTRACT
We present an utopia-tracking multiobjective optimiza-

tion strategy to resolve conflicting objectives in real-time
energy management. Conflicts arise frequently from the
need to balance economic and noneconomic metrics such
as energy demand and occupant comfort. We demon-
strate that the proposed approach leads to better perfor-
mance compared with the traditional weighting approach.
In particular, we demonstrate that improper adjustment
of weights can lead to large excursions in performance.
The proposed approach automatically locates the opti-
mal weights and does not require the computation of the
Pareto front, making it ideal for real-time implementation.

INTRODUCTION
Optimization-based energy management is becoming

commonplace (Zavala et al. 2010; Kolokotsa et al. 2009;
K. Marik and Vass 2011; Ward et al. 2008; Henze, Fels-
mann, and Knabe 2004; Oldewurtel et al. 2010; Mahdavi
2001; Huang and Lam 1997). These systems use a build-
ing model coupled to an optimization engine to compute
optimal operating conditions that minimize/maximize a
given performance objective as internal and external
building conditions change in time. A problem faced by
these systems is that they need to balance economic met-
rics with metrics that do not have a direct translation to
economic value, such as occupant thermal comfort and
health (e.g., air quality). Other metrics typical in control
systems include robustness (e.g., constraint violation) and
equipment wearing (e.g., actuators).

Thermal comfort is typically controlled by forcing the
control system to track temperature and relative humid-
ity set-points as tightly as possible. Computationally, this
is achieved by tuning the relative weights of the com-
fort and energy objectives in the optimization formula-
tion. We claim that this approach can seriously impact
performance when the Pareto front is steep (improving
one objective strongly affects the other). In addition, the
weights strongly depend on the building conditions. Con-
sequently, fixing weights throughout daily, weekly, and
seasonal cycles can lead to large excursions in perfor-
mance. Another issue is that existing approaches deter-
mine optimal weights by constructing the Pareto front and
then selecting an appropriate set of weights from it. Such
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approach can be computationally prohibitive, particularly
in real-time decision-making.

We present a utopia-tracking strategy to handle the lim-
itations of weighting-based multiobjective optimization.
The approach automatically determines the point along
the Pareto front of minimum distance to to the so-called
utopia point. The utopia point is, as the name suggests, an
ideal point given by the intersection of the objective val-
ues obtained when each objective is minimized indepen-
dently without taking into account the rest of the conflict-
ing objectives. The proposed approach requires only the
coordinates of the utopia point to determine the weights
corresponding to the minimum distance solution along the
Pareto front to the utopia point. Since the approach does
not require the construction of the Pareto front, it is suit-
able for real-time implementation. In a numerical study,
we demonstrate that the proposed strategy can optimally
resolve conflicts between energy demand and comfort and
can handle steep Pareto fronts efficiently.

MULTIOBJECTIVE OPTIMIZATION
Consider the multiobjective optimization problem:

min
x

[Φ1(x,ω),Φ2(xω,), ...,ΦM(x,ω)] (1a)

s.t. g(x,ω)≤ 0. (1b)

Here, the objectives or cost functions are given by Φi :
Rnx×nω → R, i ∈M := {1, ...,M} where x ∈ R nx are the
system variables (i.e., states and degrees of freedom) and
ω∈R nω is the problem data (i.e., weather and costs). The
constraints are given by the function vector g : Rnx×nω →
Rm. We define the cost vector as

Φ(·, ·)T := [Φ1(·, ·),Φ2(·, ·), ...,ΦM(·, ·)]T . (2)

When the cost functions are conflicting, one cannot be
minimized without increasing the other. This situation
gives rise to the concept of a Pareto solution. A feasible
point xp for the multiobjective problem (1) is said to be
Pareto optimal if and only if no other feasible point x ex-
ists such that Φi(x)≤Φi(xp), ∀i∈M and Φi(x)< Φi(xp)
for at least one index i ∈M . The family of Pareto solu-
tions forms the so-called Pareto front, which represents a
limiting curve of performance in the cost space. In other
words, no feasible point can lie below the Pareto front.

A traditional approach to resolve conflicting objectives
is to construct the Pareto front and then choosing a suit-
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able point along it (Kerrigan et al. 2000). The Pareto front
is typically constructed by following an ε-constraint ap-
proach. In the case of two objectives, a domain for the
first objective is assumed [ΦL

1 ΦU
1 ] and discretized by us-

ing j = 1, ..,T points denoted by Φ
j
1. In order to determine

the corresponding coordinates of the Pareto front for the
second objective, Φ

j
2, the following optimization problem

is solved:

min
x

Φ2(x,ω) (3a)

s.t. g(x,ω)≤ 0 (3b)

Φ2(x,ω)≥Φ
j
1, (3c)

for j = 1, ..,T . Since the objectives are conflicting, Φ
j
1

acts as a blocking constraint, and (Φ
j
1,Φ

j
2) is a Pareto

point. An equivalent approach that works well when ob-
jectives are well-scaled is to select a set of weights w j

by discretizing the domain [0,1] in j = 1, ..,T points and
solve the problem

min
x

w j ·Φ1(x,ω)+(1−w j) ·Φ2(x,ω) (4a)

s.t. g(x,ω)≤ 0. (4b)

The resulting solution Φ1(x,ω),Φ2(x,ω) is a Pareto solu-
tion.

We highlight that the shape of the Pareto front and its
dependency on the data ω are entirely problem-dependent.
This is one of the main reasons why the decision-maker
is typically interested in constructing it. Once the Pareto
front is constructed, the decision-maker or expert selects
a point along the Pareto front by selecting a weight w j.
Many criteria are typically used to select such a point. In-
tuitively, the expert would like to select the weight that is
the closest to the limiting performance of the system. This
point is given by the utopia point. The utopia is a point
given by the solution (xL

i ) with coordinates ΦL
i = Φi(xL

i )
in the cost space. The coordinates are given by the solu-
tion of the problems

min
x

Φi(x) s.t. g(x,ω)≤ 0, (5)

for i ∈M . We see that the utopia point is unattainable
because it is not possible to minimize one objective with-
out increasing the others. Consequently, this point lies
below the Pareto front. To get close to the limiting per-
formance, the expert can choose the weight correspond-
ing to the point along the Pareto front that is closest to the
utopia point. Such a point is known as the compromise so-
lution. We denote this solution as xc with cost coordinates
Φi(xc), i∈M . The location of the utopia and compromise
points is illustrated in Figure 1. The choice of the compro-
mise solution as the point of choice is not strictly neces-
sary. Other possibilities include the Kalai-Smorodinsky

Compromise

Utopia

Pareto Front

Figure 1: Schematic representation of Pareto front, com-
promise solution, and utopia point.

solution, the egalitarian solution, and the Nash solution
(Gambier 2008).

Unfortunately, selecting weights by constructing the
Pareto front can become extremely computationally ex-
pensive because they require the solution of many opti-
mization problems. This is specially true if the Pareto
front is steep. Steep profiles arise when one objective
strongly increases as another one decreases. This is il-
lustrated in Figure 2. When a steep profile is encountered,
a large number of discretized points are needed to capture
the shape of the front. As expected, a coarse discretization
can lead to suboptimal performance because the weight
selected by the expert can be misplaced. Note also that as
the Pareto front becomes steeper, the penalty paid by mov-
ing away from the compromise solution increases. Con-
sequently, misplacement of weights due to discretization
errors can significantly increase performance.

In the presence of more than two objectives, the com-
plexity of constructing the Pareto front increases expo-
nentially because discretizing the domain requires an ex-
ponentially increasing number of points. Consequently,
constructing the Pareto front is not appropriate for time-
critical environments such as energy management.

Steep 

Utopia 

Non-Steep 

Figure 2: Steep and nonsteep Pareto fronts.
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UTOPIA-TRACKING APPROACH
Assume that the utopia cost coordinate vector is given

by ΦL = [Φ1(xL
1), ...,ΦM(xL

M)]. A key observation is that
it is possible to compute the cost coordinates of the com-
promise solution directly by solving the problem

min
x
‖Φ(x,ω)−Φ

L‖p s.t. g(x,ω)≤ 0. (6)

Here, ‖ · ‖p is the p-norm. The coordinates of the com-
promise solution are given by Φi(xc), i ∈M . We will de-
note the above problem as the utopia-tracking problem. A
schematic representation of the utopia-tracking approach
is presented in Figure 1. Note that, for the single-objective
case, the compromise solution and the utopia point coin-
cide so that Φ1(x) = ΦL

1 .
The p-norm ‖ · ‖p with p≥ 1 has the general form

‖s‖p =

(
ns

∑
i=1
|si|p

) 1
p

, (7)

for vector s ∈ Rns with elements si, i = 1, ...,ns. We have
that with ‖s‖p = 0 if s = 0 and ‖s‖p > 0 otherwise for
all p ≥ 1. Well-known norms are the L1,L2 and the L∞

norms:

‖s‖1 =
ns

∑
i=1
|si| (8a)

‖s‖2 =

√
ns

∑
i=1

(si)2 (8b)

‖s‖∞ = max{|s1|, ..., |sns |}. (8c)

The choice of norm defines the location of the compro-
mise solution. The difference in position is exacerbated
by the difference in magnitude (scaling) of each of the ob-
jectives. Also, the choice of the norm has important impli-
cations on computational performance. For instance, the
L2 norm is smooth (differentiable), whereas L1 and L∞

are not.
To ameliorate the scaling issue, we note that the so-

lution of the individual problems (5) also yields upper
bounds ΦU

i , i ∈ M , given by the costs not minimized.
Consequently, we can use these to scale the cost distances
without affecting its properties. The scaled L2 problem
has the form

min
x

∥∥∥∥Φ(x,ω)−ΦL

ΦU −ΦL

∥∥∥∥
2

(9a)

s.t. g(x,ω)≤ 0. (9b)

The square root in the objective function can introduce
numerical ill-conditioning because the first derivative di-
verges as the argument approaches zero. To deal with this

problem, we can use the formulation

min
x,z

z (10a)

s.t. g(x,ω)≤ 0 (10b)

z2 = ∑
i∈M

(
Φi(x,ω)−ΦL

i

ΦU
i −ΦL

i

)2

(10c)

z≥ 0, (10d)

which is better-conditioned. Another popular approach is
to minimize the squared form of the norm.

To reformulate the L1 variant, we note that Φi(xc,ω)≥
ΦL

i , i ∈M and for all (x,ω). Consequently, we can elim-
inate the absolute value to obtain,

min
x ∑

i∈M

Φi(x,ω)−ΦL
i

ΦU
i −ΦL

i
(11a)

s.t. g(x,ω)≤ 0. (11b)

We can reformulate the L∞ variant as follows. We
first note that any problem of the form minz ‖z‖∞ with
variable vector z = [z1, ...,zM] can be reformulated as
minz,η η s.t. |zi| ≤η, i∈M . If zi =Φi(x,ω)−ΦL

i ,
we can see that zi ≥ 0 because Φi(x,ω) ≥ ΦL

i . Conse-
quently, as before, the absolute value is not needed. We
thus have

min
x,η

η (12a)

s.t. g(x,ω)≤ 0 (12b)

Φi(x,ω)−ΦL
i

ΦU
i −ΦL

i
≤ η, i ∈M . (12c)

NUMERICAL STUDY
We present a numerical study to illustrate the concepts.

We construct a multiobjective optimal control problem us-
ing an aggregated first-principles model of a building to
demonstrate that the energy demand-comfort Pareto front
can be highly steep, and we determine the location of the
utopia and compromise points. All the codes used for the
calculations can be accessed at http://www.mcs.anl.
gov/˜vzavala/publications.html.

SYSTEM MODEL
For our optimization studies, we consider a model de-

scribing the dynamics of a building space conditioned
by an air-handling unit (AHU) system. The system is
sketched in Figure 3. We capture the building conditions
in terms of CO2 concentration, humidity, pressure, and
temperature. The model nomenclature is provided in the
appendix.
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CO2 Heat

AHU

H2O

Figure 3: Schematic representation of building system.

Material Balances
In the building envelope we have the total mass balance,

dmz(τ)

dτ
= ρ ·

(
qin,z(τ)−qout,z(τ)

)
, (13)

where τ is time. We also have the component balances,

V z ·
dCz

i (τ)

dτ
= qin,z(τ) ·Cin,z

i (τ)−qout,z(τ) ·Cz
i (τ)

+n(τ) ·ntot ·Gz
i , i ∈ {CO2,H2O}. (14)

Here, n(τ) is the occupancy signal of the space (value of
one if the space is occupied and zero if it is unoccupied).
The total number of occupants under occupied mode is
given by ntot . Assuming constant density and heat capac-
ity in the mixer, we have

qout,z(τ)+qamb(τ) = qex(τ)+qm(τ) (15a)

Cz
i (τ) ·q

out,z(τ)+Camb
i (τ) ·qamb(τ) =

Cz
i (τ) ·q

ex(τ)+Cm
i ·qm(τ), i ∈ {CO2,H2O}. (15b)

In the AHU, we have the following balances:

qz,in(τ) = qm(τ) (16a)

mrm
i (τ) = qin,z(τ) ·Cin,z

i (τ)−qm(τ) ·Cm
i (τ), (16b)

i ∈ {CO2,H2O}. Here, mrm
i are the mass removal rates

with mrm
CO2

(·) = 0 since this component is not removed
in the AHU. The relationship between the total building
pressure, mass, and temperature can be estimated from
the ideal gas law:

Pz(τ) =
mz(τ) ·R ·T z(τ)

M ·V z . (17)

We convert the relative humidity of the air at the building
temperature T z(τ) to volumetric concentration Cz

H2O(τ)
using the following relationship

RHz(τ) = 100 ·
Cz

H2O(τ)

Csat
H2O(τ)

, (18)

where the saturation concentration is given by Antoine’s
equation (Reid, Prausnitz, and Poling 1987)

log10(C
sat
H2O(τ)) = 8.07131− 1730.63

T z(τ)−39.73
. (19)

We can convert the volumetric concentration of CO2 to
ppmV (typical metric for air quality) using the relation-
ship (epappmv 2011),

ppmV z
CO2

(τ) = 1000 ·
Cz

CO2
(τ) ·R ·T z(τ)

MCO2 ·Pz(τ)
. (20)

Energy Balances
We consider the following energy balance for the build-

ing envelope (Tashtoush, Molhim, and Al-Rousan 2005):

mz(τ) · cp ·
dT z(τ)

dt
=

qin,z(τ) ·ρ · cp ·T in,z(τ)−qout,z(τ) ·ρ · cp ·T z(τ)

−Uw ·Aw · (T z(τ)−T amb(τ))+n(τ) ·ntot ·Qz. (21)

In the mixer we have

qout,z(τ) ·T z(τ)+qamb(τ) ·T amb(τ) =

qex(τ) ·T z(τ)+qm(τ) ·T m(τ). (22)

The amount of condensate in the AHU is proportional to
the latent energy removed/added:

Qlat(τ) = hlat ·mrm
H2O(τ). (23)

The amount of sensible energy removed/added in the
AHU is given by

Qsens(τ) = qin,z(τ) ·ρ · cp · (T in,z(τ)−T m(τ)). (24)

The total energy consumed by the HVAC system is given
by

Qhvac(τ) = |Qlat(τ)|+ |Qsens(τ)|. (25)

For computational efficiency, we replace the non-
differentiable absolute value operator | · | using dummy
variables as

Qhvac(τ) = Qlat
+ (τ)+Qlat

− (τ)+Qsens
+ (τ)+Qsens

− (τ)
(26a)

Qlat(τ) = Qlat
+ (τ)−Qlat

− (τ) (26b)
Qsens(τ) = Qsens

+ (τ)−Qsens
− (τ), (26c)

with Qlat
+ (τ),Qlat

− (τ),Qsens
+ (τ),Qsens

− (τ)≥ 0.
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Degrees of Freedom and Constraints
If we assume a fixed pressure Pz(τ) = Pz we have that

qin,z(τ) = qout,z(τ), so that mz(τ) is constant and qamb(τ) =
qex(τ). In this case, the system has three operational de-
grees of freedom. The first degree of freedom can be ei-
ther qamb(τ) or qex(τ) but not both. The other two degrees
of freedom can be the supply air temperature T in,z(τ), or
Qsens(τ) and the supply air humidity, or Qlat(τ). If we
relax the constant pressure constraint through a soft con-
straint of the form

PL ≤ P(τ)≤ PU , (27)

then the system has four degrees of freedom. Since this
approach gives more flexibility for optimization, it is used
here.

We impose temperature and humidity constraints of the
form

T z
L ≤ T z(τ)≤ T z

U (28a)
RHz

L ≤ RHz(τ)≤ RHz
U . (28b)

Here, T z
L ,RHz

L,T
z

U ,RHz
U are nominal lower and upper

bounds.
We consider constraints on air quality of the form

ppmV z
CO2

(τ)≤ ppmV z
CO2,U

. (29)

A lower bound is not necessary because this is given by
the ambient concentration. Dampers represent an impor-
tant dynamic constraint because of their slow dynamics.
In other words, they cannot be moved freely because of
physical limitations or equipment wearing. We model this
limitations by using ramp constraints of the form,∣∣∣∣dqin,z(τ)

dτ

∣∣∣∣≤ ∆qin,z
U (30a)∣∣∣∣dqout,z(τ)

dτ

∣∣∣∣≤ ∆qout,z
U (30b)∣∣∣∣dqm(τ)

dτ

∣∣∣∣≤ ∆qm
U (30c)∣∣∣∣dqamb(τ)

dτ

∣∣∣∣≤ ∆qamb
U (30d)∣∣∣∣dqex(τ)

dτ

∣∣∣∣≤ ∆qex
U . (30e)

We impose operational bounds on the AHU delivery tem-
perature and physical bounds on the flow rates:

T in,z
L ≤ T in,z(τ)≤ T in,z

U (31a)

qin,z
L ≤ qin,z(τ)≤ qin,z

U (31b)

qout,z
L ≤ qout,z(τ)≤ qout,z

U (31c)
qex

L ≤ qex(τ)≤ qex
U (31d)

qm
L ≤ qamb(τ)≤ qm

U . (31e)

Moreover, we consider initial conditions for the dynamic
states of the system:

mz(t) = mz
init (32a)

T z(t) = T z
init (32b)

Cz
i (t) =Cz

i,init , i ∈ {CO2,H2O}. (32c)

Objectives
We consider a trade-off between energy demand and

thermal comfort. The accumulated energy demand over a
time horizon τ ∈ [t, t +T ] is given by

Φ1 =
∫ t+T

t
Qhvac(τ)dτ. (33)

We consider a competing comfort objective of the form

Φ2 =
∫ t+T

t

(
‖T z(τ)−T com‖2 +‖RHz(τ)−RHcom‖2) dτ,

(34)
where T com and RHcom define the desired comfort point
for temperature and relative humidity, respectively. An
alternative way of enforcing comfort is using the predicted
mean vote (PMV) and predicted percentage dissatisfied
(PPD) indexes (Olesen and Brager 2004). If a PPD metric
is used to measure comfort, then PPD can be used directly
as the competing objective Φ2 =

∫ t+T
t PPDdτ.

NUMERICAL RESULTS
To solve the resulting optimal control problems given

by objectives (33)-(34) and constraints (13)-(32), we ap-
plied an implicit Euler discretization scheme to convert
the problem into a nonlinear optimization problem. Time
steps of one hour were used and we used IPOPT (Wächter
and Biegler 2006) to solve the resulting problems and im-
plemented the problems in the AMPL modeling language
(Fourer, Gay, and Kernighan 1993). The use of these tools
have proved to be highly scalable since it can exploit spar-
sity and derivative information (Zavala and Biegler 2009).
The multiobjective optimization approach proposed, how-
ever, is general and can be used in conjunction with other
optimization solvers and simulation platforms such as En-
ergyPlus and TRNSYS.

We used real ambient temperature and relative humid-
ity data for three days in the month of March, 2006 in
the Chicago area. The profiles are presented in Figure 4.
We constructed the Pareto front using an ε-constrained ap-
proach. In Figure 5, we present a Pareto front of energy
demand against comfort error for an horizon of 3 days.
Here, comfort is measured as the squared error from a de-
sired reference point of 22oC and 50% relative humidity
as in equation (34). This corresponds to a PPD of 5.1%.
We scaled the comfort error to stay within the range (0-
10). As can be seen, the Pareto curve is highly steep at
tight comfort conditions (e.g., a small change in comfort
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Figure 4: Ambient temperature and relative humidity pro-
files used in study.

translates in large amounts of energy). One conclusion
from the shape of the Pareto front is that enforcing com-
fort strictly (by adding large weights) is dangerous since
it can lead to extremely high energy demand. In partic-
ular, from the graph we can see that a comfort error of
around 0.2 (tight tracking of the 22oC,50% point) gives
an energy demand of nearly 5,000 kW, whereas allowing
a small drift of the error (i.e., an average dynamic drift
from 22oC to 23oC and humidity from 50%to 55%) can
bring down the energy demand to levels of 2,500 kWh.
This gives energy savings of 50%.

The impact of allowing temperature drifts from fixed
comfort set-points on energy savings was also analyzed in
(Zavala et al. 2011). The shape of the Pareto front pre-
sented here reinforces the observation that it is necessary
to exploit the flexibility of the comfort zone in order to
save energy. This also indicates that it is inefficient to
tune control loops (PID loops) to track set-points with
minimum error since, as demonstrated by the steepness
of Pareto front, this can lead to large energy inefficien-
cies. This highlights the need for supervisory controllers
(optimization-based energy management) capable of po-
sitioning thermostat and humidity set-points to optimally
trade-off comfort and energy demands.

The proposed utopia-tracking strategy locates the
utopia point and the compromise solution to compute
the optimal trade-off point at the current real-time condi-
tions. Note that the utopia energy demand (unattainable)
is around 2,000 kWh, given by the limit in which comfort
is fully relaxed. This also represents the absolute mini-
mum energy demand needed to keep the building within
the required bounds which are given by other operational
priorities such as moisture control or prevention of equip-
ment freezing. The energy demand of the compromise

solution (optimal) is around 2,500 kWh. This indicates
that the cost of comfort is 500 kWh.
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Figure 5: Comfort-energy Pareto front, utopia point, and
compromise solution.

We found that the L∞ norm is numerically more robust
and handles scaling issues efficiently. The construction of
the Pareto front required a total of 100 optimization prob-
lems to define the steep section of the front. This required
approximately one hour of computation in a standard per-
sonal computer. As can be seen from Figure 5, a hun-
dred points do not provide sufficient resolution near the
compromise point. We found that over 1,000 discretiza-
tion points are needed to keep the resolution nearly con-
stant. This would require ten hours of computation. The
computation of the compromise point using the utopia-
tracking approach required the solution of three optimiza-
tion problems. Two problems were solved to identify the
coordinates of the utopia point, and one was solved to
locate the compromise solution. Less than two minutes
were required for this computation. This indicates that the
approach can be deployed in real-time strategies such as
receding-horizon energy management and predictive con-
trol.

The proposed approach can be applied to any multi-
objective problem arising in energy systems. Additional
objectives include energy cost, which tends to shift de-
mand to exploit price structures instead of minimizing en-
ergy demand. A problem arising in this setting is that en-
ergy demand can, in fact, increase, thus affecting indirect
emissions. Another typical conflict is equipment wearing.
Operators prefer to keep the system set-points fixed in or-
der to minimize damper wearing and potential faults, but
doing so increases energy demands and costs. The pro-
posed framework can be used to resolve this conflict.
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CONCLUSIONS AND FUTURE WORK
We present an utopia-tracking multiobjective optimiza-

tion strategy to resolve conflicting objectives in real-time
energy management. We demonstrate that the proposed
approach leads to better performance compared with the
traditional weighting approach. We also show that im-
proper adjustment of weights can lead to large excursions
in performance. The proposed approach automatically lo-
cates the optimal weights and does not require the com-
putation of the Pareto front, making it ideal for real-time
implementation.

As part of future work, we will perform more detailed
numerical studies with changing weather and occupancy
conditions during daily, weekly, and seasonal cycles. In
addition, we will explore the effects of model errors,
which can misguide the location of the utopia point and
compromise solution in an actual energy management set-
ting.
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Wächter, A., and L. T. Biegler. 2006. “On the Imple-
mentation of a Primal-Dual Interior Point Filter Line
Search Algorithm for Large-Scale Nonlinear Pro-
gramming.” Mathematical Programming 106:25–57.

Ward, J. K., J. Wall, S. West, and R. de Dear. 2008.
“Beyond Comfort Managing the Impact of HVAC
Control on the Outside World.” In Proceedings of
Conference: Air Conditioning and the Low Carbon
Cooling Challenge.

Zavala, V. M., and L. T. Biegler. 2009. “Nonlinear pro-
gramming strategies for State Estimation and Model
Predictive Control.” In Nonlinear Model Predictive
Control, pp. 419–432.

Zavala, V. M., D. Skow, T. Celinski, and P. Dickin-
son. 2011. “Techno-Economic Evaluation of a Next-
Generation Building Energy Management System.”
Technical Report ANL/MCS-TM-313, Argonne Na-
tional Laboratory.

Zavala, V. M., J. Wang, S. Leyffer, E. M. Constantinescu,
M. Anitescu, and G. Conzelmann. 2010. “Proactive
Energy Management for NExt-Generation Building
Systems.” In Proceedings of 4th International Con-
ference of IBPSA-USA.

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

7



NOMENCLATURE
Variables

mz(·) total air mass in the building, grair
Cz

i (·) concentration in building air, gri/m3

Cin,z
i (·) concentration in inlet air, gri/m3

Cm
i (·) concentration in mixer, gri/m3

mrm
i (·) mass removal rate in AHU, gri/hr

Pz(·) building pressure, atm
ppmV z

CO2
(·) CO2 concentration, ppmV

qin,z(·) volumetric inlet flow rate, m3/hr
qout,z(·) volumetric outlet flow rate, m3/hr
qm(·) volumetric flow rate in mixed, m3/hr
qamb(·) volumetric ambient air flow rate, m3/hr
qex(·) volumetric exhaust air flow rate, m3/hr
Qlat(·) latent heat removed in AHU, kJ/hr
Qsens(·) sensible heat removed in AHU, kJ/hr
Qhvac(·) electrical energy consumed by HVAC, kJ/hr
T z(·) average temperature in building, K
T in,z(·) temperature of inlet air, K
T m(·) temperature in mixer, K
RHz(·) relative humidity in building, %

Data
Camb

i (·) concentration in ambient air, gri/m3

T amb(·) temperature of ambient air, K
ntot number of occupants, 500
Gz

i generation rate per occupant
(CO2 = 2.4,H2O = 50) gri/hr (Aglan 2003)

Qz building heat gain per occupant, 432 kJ/hr
Uw wall heat-transfer coefficient, 18 kJ/hr ·m2 ·K
V z total building volume, 1000 m3

Aw total wall heat-transfer area, 600 m2

cp air heat capacity , 1.0×10−3 kJ/grair ·K
hlat latent heat of condensation, 2.46 kJ/grH2O
ρ air density , 1200 g/m3

M air molecular weight, 29 gr/grmol
MCO2 CO2 molecular weight, 44 gr/grmol
R universal gas constant, 0.082×10−3atm ·m3/grmolK
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ABSTRACT 

The on-line control optimization for building heating, 

ventilation and air conditioning (HVAC) systems is 

crucial for automatic demand response. Simulation-

based optimization techniques usually require intensive 

computation, even with advanced optimization 

algorithms, and therefore are not feasible for on-line 

decision making. This article presents a two-stage 

scheme in which an “optimal strategy pool” is 

generated by off-line optimization on the identified 

weather patterns. And only a small number of strategies 

are subject to on-line simulation evaluation. This two-

stage approach shows superior capability of identifying 

optimal DR strategies and reducing on-line computation 

load, simultaneously. A case study with EnergyPlus 

simulation of a large education facility at Berkeley, CA 

is included. 

INTRODUCTION 

The demand response (DR) control strategies of HVAC 

systems in buildings, especially commercial buildings 

with medium to large spaces, have been studied by 

many groups using analytic, simulation and field 

approaches (Rabl and Norford 1991; Morris, Braun et 

al. 1994; Keeney and Braun 1997; Xu and Yin 2009; 

Yin, Xu et al. 2010). Advanced controls of thermostat 

setpoints and HVAC equipment operations have been 

developed to reduce the building peak load. For 

example, Xu and Yin (Xu and Yin 2009) tested the 

potential of “pre-cooling” thermostat setpoint strategy 

in reducing the peak HVAC load in large commercial 

buildings in California hot climate zone. The authors 

observed 20-30% peak load reduction being achieved 

on hot days, with night pre-cooling and raising the 

cooling setpoint in critical time period. Field survey 

results showed that the thermal comfort had not been 

compromised during the test. Yin, et. al. (Yin, Xu et al. 

2010) presented their studies on optimization of pre-

cooling strategies using calibrated simulation model. 

They developed a Demand Response Quick Assessment 

Tool (DRQAT), which was built based on DOE’s 

whole building energy simulation engine, EnergyPlus. 

Optimal DR strategies were identified by simulations, 

and were implemented to a test building. The measured 

consumption agreed well with the simulation result, and 

the power consumption during the peak period was 

reduced by 15%-30%. The application of building 

automation systems, such as APOGEE from Siemens 

Building Technology USA, enables the real-time access 

of HVAC performance data, load status, weather 

condition/forecast and DR signals. It also allows 

immediate or scheduled execution of control directives. 

As a result, on-line control optimization that responds 

to the building dynamics and weather changes becomes 

possible. 

There are two approaches in developing the optimal 

control strategy for building HVAC system – one is 

based on simulation and the other is trying to directly 

solve optimization problems. The first approach relies 

on whole building simulation engines, such as 

EnergyPlus. With inputs of building geometry, building 

envelope, internal loads, HVAC systems and weather 

data, simulation engines are able to compute the energy 

consumption using physical or approximate equations. 

Various optimizers can be involved to identify the 

optimal strategies among many. This simulation-based 

approach can provide acceptable accuracy, but require 

large amount of engineering effort to develop and 

calibrate the simulation model for each specific 

building, and computation load is considerably heavy. 

The second approach is trying to model building energy 

consumption in such manner that, given certain 

objective functions and constraints, the optimal solution 

can be solved directly – simulation is usually not 

involved. The advantages of this approach include: (1) 

relatively low computation load, and therefore, is 

capable of quick responding; (2) one generic model 

applies to different buildings; and (3) the prediction 

accuracy might improve over time, if machine learning 

is employed. But this approach is considered 

challenging in both modeling phase (because of 

complexity nature of the system) and optimization 

phase (due to high nonlinearity and continuous-discrete 

nature). 

In this article, a simulation-based HVAC control 

optimization scheme is proposed. This optimization 
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scheme includes two stages: off-line optimization and 

on-line optimization. On the off-line stage, exhaustive 

search or other algorithms can be applied with detailed 

energy simulation, and the optimal and several near-

optimal strategies will be identified for each typical 

daily weather pattern. A mechanism is designed to 

select the “top choices” for all weather patterns and 

generate an “optimal strategy pool”. On the on-line 

stage, upon availability of weather forecast, all the 

candidates in the “optimal strategy pool” will be 

evaluated, and the optimal strategy can be identified 

within a relatively short time. This optimization scheme 

will be detailed in the next section. The strength of this 

two-stage scheme is that the computationally intensive 

optimization is conducted off-line, which significantly 

reduces the computation load for on-line generation of 

optimal DR strategy, while (near-) optimality can be 

achieved. 

The healthy and productive indoor environment should 

also be considered when DR control strategies are 

studied. To quantitatively evaluate the indoor thermal 

comfort, Fanger’s Predicted Mean Vote (PMV) model 

and its derivation, Predicted Percent Dissatisfied (PPD) 

model is adopted in this study. PMV/PPD model was 

developed in 1970’s based on a series of laboratory 

experiments (Fanger 1970). The model relates deviation 

from the optimal thermal condition to whole body 

metabolic effector phenomena, such as sweating and 

vessel dilation, and with occupants’ comfort vote, in the 

end. Besides temperature, PMV/PPD model takes 

ventilation rate, mean radiant temperature and relative 

humidity, as well as clothing insulation and activity 

level, into consideration. PMV is scaled to predict 

occupant sensation vote on a seven-point scale: from 

hot to neutral, and then to cold. PPD is actually 

determined by PMV, and has range of values from 5% 

(PMV=neutral) to 100% (PMV=hot or cold). This 

model is included in standards such as ASHRAE 

Standard 55 and ISO Standard 7730 (ISO 2005; 

ASHRAE 2010). Although PMV/PPD model has 

received critiques from many researchers about its 

validity, reviewed by (De Dear and Brager 1998; 

Brager and De Dear 2001; Charles 2003), it is still the 

most widely used model that gives reasonable 

prediction of the occupant thermal comfort level, 

especially for the air-conditioned building 

environments (Fanger 1970; De Dear and Brager 1998). 

METHODS 

Simulation platform 

Detailed EnergyPlus simulation model has been 

developed for the Sutardja Dai Hall on University of 

California, at Berkeley campus, which is a large 

education facility with 7 floors and total of 141,000 

square feet conditioned area, hosting research labs, 

offices, auditoriums, etc. There are 135 zones, 6 Air 

Handling Units (AHUs), 110 Variable Air Volume 

(VAV) terminals, 1 centrifugal chiller, 1 absorption 

chiller, 2 cooling towers and other HVAC components 

in the simulation model. All HVAC equipments are 

operating with 24×7 schedules. The internal gains, 

equipment operations and controls are modeled. And 

system component-based calibration methodology is 

employed. The occupancy schedules are based on field 

survey; office rooms are occupied from 8:00 to 21:00 

each day. The lighting and plug loads are calibrated 

using the data of dedicated sub-meters on each floor. 

And the HVAC component performance curves are 

derived based on the trending data, which is obtained 

from the building automation system. If simulation time 

step is 15 minutes, the difference between simulated 

and measured monthly energy of the building is within 

10%. And the hourly energy has less than 20% error. 

According to the real operation schedule, the absorption 

chiller is working only in summers and the centrifugal 

chiller only in winters. As this study is focusing on DR 

in summer time, the absorption chiller electric power is 

the only chiller consumption counted in optimization 

(i.e. centrifugal chiller electric power and absorption 

chiller steam consumption are not considered). It is also 

necessary to mention that only two AHUs are supplying 

air to office spaces in the building. The other four 

AHUs are dedicated for other missions, such as nano-

fabrication laboratory. In this study, only the HVAC 

systems for office part are controllable, but the energy 

consumption calculation is done for all HVAC systems 

in the building, because all AHUs share the same plant 

equipment, it is difficult to separate the plant loop 

energy consumption for offices from that for non-office 

part. 

MLE+, a Matlab/EnergyPlus co-simulation platform, is 

employed in the study. This platform uses the external 

interface functionality of EnergyPlus, and establishes 

bidirectional communication between EnergyPlus and 

Matlab/Simulink (Nghiem). Energy simulation and 

Matlab/Simulink script execution are synchronized so 

that at each simulation time step, Matlab can collect the 

performance data (e.g. meter readings) from 

EnergyPlus, generate control actions and “inject” back 

to the simulation. This co-simulation platform 

simplifies the simulation-based optimization. Matlab 

Global Optimization Toolbox is also used to design 

optimization algorithms. 

Weather pattern identification 

The historical August weather data of Berkeley, CA for 

the years between 2002 and 2010 has been collected. 

For each August day, the hourly dry bulb temperature 

and its simulated baseline peak load are included in the 

feature space, and subject to dimension reduction by 

principal component analysis (PCA). And then K-

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

10



means clustering algorithm is applied. In this study, at 

least 19 clusters are required to ensure the variance in 

each cluster is lower than a pre-determined threshold. 

The centroid weather profile of each cluster is then 

obtained by taking average over all member profiles. 

All 19 centroid August weather profiles are depicted in 

Figure 1. Pattern 2, 4 and 19 are selected as the typical 

hot, mild and cool August weather pattern, respectively, 

for result presentation. 

 

Figure 1: August daily weather patterns 

DR control strategy design 

In this article, global temperature setpoint adjustment 

(GTA), supply air temperature setpoint (SAT), supply 

fan pressure setting (SFP) and minimum ventilation 

(MinVent) are considered in DR control. The controls 

are detailed as the following. 

GTA: The cooling setpoints of all zones are subject to 

change throughout the day. Pre-cooling and exponential 

set-up strategy is applied (Xu and Zagreus 2006; Xu 

and Yin 2009). As depicted in Figure 2, between 0:00 

and T1, the cooling setpoint is set at the current 

baseline value, which is 72 ºF; between T1 and T2, the 

cooling setpoint is set at 70 ºF (pre-cooling); between 

T2 and T3, the cooling setpoint is set up exponentially 

to 78 ºF (exponential set-up); and between T3 and 

24:00, the cooling setpoint is set back to 72 ºF. All 

zones are using the same GTA strategy. To reduce the 

size of solution space, only the three time points (i.e., 

T1, T2 and T3) are considered as decision variables. 

The setpoint values at T1, T2 and T3 are fixed at 72 ºF, 

70 ºF and 78 ºF, respectively. Furthermore, time points 

can only be integer hours within the following ranges: 

5≤ T1 ≤9, T1<T2 ≤14, and 17 ≤ T3 ≤19. 

SAT: There are two AHUs dedicated for office spaces. 

They are controlled by the same SAT setpoint, whose 

current value is 56 ºF; and they share the same supply 

air duct. SAT setpoint values between 51 and 60 ºF are 

explored, with interval of 1 ºF. We assume that SAT 

setpoint only changes at the beginning of the DR day, 

to simplify the problem formulation.  

 

Figure 2: GTA strategy diagram 

SFP: The two supply fans (SF-2A and SF-2B) in the 

building are variable volume fans. The operation speed 

is controlled by a proportional-integral-derivative 

controller (PID controller) to maintain the fan pressure 

at a fixed setpoint, which is currently 1350 Pa. SFP 

setpoint values between 1150 Pa and 1350 Pa are 

explored, with interval of 50 Pa. Again, to reduce the 

complexity of the problem, we assume that SFP 

setpoint only changes at the beginning of the DR day. 

MinVent: The current minimum air flow rate settings 

for most of zones are found to be higher than the 

required levels defined by the standard (ASHRAE 62.1-

2010), as illustrated in Figure 3. New minimum air flow 

requirements for all zones are calculated based on the 

area, occupancy density and functionality (ASHRAE 

62.1-2010), and are implemented in a retrofitting 

model. The retrofitting model is the same as the base 

model, except for the adjusted minimum air flow 

requirements. The total minimum supply air volume is 

reduced by 28%, in the retrofitting model (Figure 4).  

A DR strategy is defined by five decision variables, 

which are GTA(T1), GTA(T2), GTA(T3), SAT and 

SFP. The total number of strategies is 5250. All 

strategies are tested on the retrofitting model, rather 

than on the base model. Therefore, MinVent applies to 

all tested strategies, by default, even though it is not 

mentioned in the strategy description. 

Two-stage optimization 

Stage I: For any weather pattern i (i=1, 2, 3, …, 19), 

DR strategy j (j =1, 2, 3, …, 5250) will be evaluated by 

EnergyPlus simulation. The hourly HVAC energy and 

hourly PPDs of all zones are calculated by the 

simulation. A simplified peak day price model (PDP, 

see Figure 5) is applied to calculate the energy cost (C).  
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Figure 3: Minimum ventilation rates of sample zones 

 

Figure 4: Minimum ventilation rate of the building 

 

Figure 5: Simplified peak day price model 

The 24-hour PPD values of the occupied zones are 

summed up to generate the “thermal comfort loss” (U). 

After min-max normalization, normalized energy cost 

(   ) and thermal comfort loss (   ) will time their 

corresponding weights (wc and wu, respectively), and 

add together to provide the objective value 

    (Equation (1)). Exhaustive Search (ES) and other 

optimization algorithms can be applied on this stage, to 

obtain the optimal objective value   
          . 

                         
         

         
   

         

         
 (1) 

 

Stage II: On Stage I, the evaluations of all 5250 DR 

strategies are done for each of 19 centroid weather 

profiles, using ES (the cases of using other optimization 

algorithms will be discussed later). On Stage II, for 

each weather pattern i, strategy j will be selected if it 

saitisfies Equation (2). 

                                            
  (2) 

where  is the pre-determined threshold, and =1.1 is 

used in this study. Denote the total number of selected 

strategies by Ni. The selected strategies are sorted by 

ascending objective values. And let j
k
 be the k-th 

strategy in this rank (k = 1, 2, 3, …, Ni). Each of the 

selected strategies will be assigned with a “likelihood” 

score (L). The likelihood scores are determined by 

Equation (3) and (4). 

                                          
  
      (3) 

                      
 
      

 
    

                  (4) 

where  is the pre-determined ratio, and  = 0.5 is used 

in this study. The overall likelihood score of strategy j 

for all weather patterns is given by Equation (5): 

                                            
 
      

 (5) 

where, I is the total number of weather patterns, and pi 

is the probability that the weather of the planning day is 

of pattern i. pi can be estimated by dividing the number 

of pattern i days in the record with the total number of 

recorded days. 

An “optimal strategy pool” can be created by selecting 

candidate strategies with large overall likelihood score. 

As this pool will contain a smaller number of candidate 

strategies, exhaustive search within the pool can 

provide the best solution for a given weather condition; 

and this search can be conducted on-line. 

RESULTS 

Exhaustive search optimization 

The simulation evaluations of all DR strategies have 

been done for each of 19 centroid weather profiles. The 

result is summarized in Table 1. 

ES optimization shows that the optimal DR strategies 

are able to reduce the peak load by as much as 18% –  

about 109 kW – on typical hot day (weather pattern 2), 

38 kW on typical mild day (weather pattern 4) and 22 

kW on typical cool day (weather pattern 19). Figure 6 

shows the total HVAC power profile of optimal 

strategies, in comparison with that of baseline controls, 

for the three typical weather patterns. 
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Table 1: Optimization by Exhaustive Search 

Weather 

Pattern # 

Optimal DR Strategy 
Baseline Peak 

Load (kW) 

Optimal Peak 

Load (kW) 

Peak Load 

Reduction 

(kW) 
ID* GTA(T1)* GTA(T2)* GTA(T3)* SAT* SFP* 

1 4817 9 10 18 60 1150 531 480 51 

2 4823 9 12 18 60 1150 603 495 109 

3 4818 9 10 19 60 1150 520 476 43 

4 4818 9 10 19 60 1150 512 473 38 

5 4818 9 10 19 60 1150 512 474 38 

6 4755 6 7 19 60 1150 482 457 24 

7 4818 9 10 19 60 1150 487 462 25 

8 4800 8 9 19 60 1150 478 454 25 

9 4818 9 10 19 60 1150 502 469 32 

10 4818 9 10 19 60 1150 497 469 29 

11 4818 9 10 19 60 1150 500 469 31 

12 4818 9 10 19 60 1150 495 468 27 

13 4818 9 10 19 60 1150 481 458 23 

14 4818 9 10 19 60 1150 475 452 24 

15 4818 9 10 19 60 1150 476 452 24 

16 4755 6 7 19 60 1150 467 444 23 

17 4755 6 7 19 60 1150 472 449 23 

18 4755 6 7 19 60 1150 468 445 23 

19 4755 6 7 19 60 1150 463 441 22 

 

 

Figure 6: HVAC power profile of optimal DR strategies 

As mentioned in the introduction of simulation model, 

the absorption chiller is the only chiller running in the 

studied period. The electric power of absorption chiller 

is consumed by the refrigerant pump in the chiller. This 

consumption is considered constant and small – 

compared with those of other HVAC components.  

Calculation and operation records also suggest that the 

chiller in Sutardja Dai Hall is significantly oversized, 

and as a result the chiller is running at minimum load 

most of the time. The simulation model replicates such 

phenomenon (data not shown). Therefore, the chilled 

water pumps and condenser water pumps in the model 

are running at constant speed, even though they are 

modeled as variable speed drives. The pump power is 

not changing with different DR strategies and weather 

patterns. Consequently, almost all peak load reductions 

are contributed by reduced supply fan power and return 

fan power. 

Table 2: GA parameters 
Population size 50 

Creation function Uniform 

Scaling function Rank 

Selection function Stochastic Uniform 

Elite count 2 

Crossover fraction 0.8 

Crossover function Scattered 

Mutation function Uniform with rate=0.3 

Maximum generation 20 

Function tolerance 1.00E-06 

The result also confirms that the temperatures in all 

occupied zones are maintained between 70 and 78 ºF, 

and the PPDs are lower than 20% at all time (data not 

shown). 

Genetic algorithm optimization 

Genetic Algorithm (GA) is applied as an alternative 

method for off-line optimization. The Global 

Optimization Toolbox provided in Matlab is employed. 

The GA parameters are summarized in Table 2. 

Table 3: GA result for weather pattern 2 

Trials 
GTA 

(T1)* 

GTA 

(T2)* 

GTA 

(T3)* 
SAT* SFP* # of evaluations 

1 9 12 18 60 1150 357 

2 9 12 18 60 1150 470 

3 9 12 18 60 1150 319 

4 9 12 18 60 1150 400 

5 8 9 18 60 1150 310 

6 9 12 18 60 1150 361 

7 9 12 18 60 1150 342 

8 9 12 18 60 1150 390 

9 9 12 18 60 1150 322 

10 9 12 18 60 1150 334 

11 9 12 18 60 1150 432 

12 9 12 18 60 1150 386 

13 9 12 18 60 1150 360 

14 9 12 18 60 1150 366 

15 9 12 18 60 1150 369 

16 9 12 18 60 1150 378 

17 9 12 18 60 1150 422 

18 9 12 18 60 1150 395 

19 9 12 18 60 1150 376 

20 9 12 18 60 1150 347 

ES 9 12 18 60 1150 5250 

For each weather pattern, GA is tested with 20 repeats. 

The optimal strategy for weather pattern 2 obtained in 

all 20 tests are summarized in Table 3. According to 

this result, in 19 out of 20 (95%) GA trials, the optimal 

DR strategy can be obtained [9, 12, 18, 60, 1150]. And 

the average number of simulation evaluations is 372. 

Similar results can be obtained for all 19 weather 

patterns (Table 4). Generally, by applying GA, the 

optimum is not guaranteed, but the probability of 
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obtaining the top 3 DR strategies is high. Meanwhile, 

the calculation load is reduced by nearly 93%. 

Table 4: GA success rates and efficiency 
Weather Pattern p(1) p(2) p(3) Ave. # of evaluations 

1 95% 95% 95% 346 

2 95% 95% 95% 372 

3 50% 50% 95% 365 

4 35% 35% 100% 359 

5 75% 75% 75% 379 

6 95% 95% 100% 337 

7 30% 70% 85% 365 

8 35% 100% 100% 356 

9 95% 95% 95% 392 

10 60% 60% 95% 388 

11 80% 80% 80% 381 

12 40% 85% 85% 378 

13 20% 70% 90% 354 

14 10% 50% 70% 352 

15 30% 75% 100% 359 

16 90% 100% 100% 327 

17 100% 100% 100% 337 

18 90% 100% 100% 315 

19 85% 100% 100% 337 

p(1): probability of obtaining the optimum 

p(2): probability of obtaining the optimum or the 2nd best 

p(3): probability of obtaining the optimum, the 2nd or the 3rd best 

Stage II – Optimal strategy pool 

After the evaluation of all 5250 DR strategies for all 19 

centroids, the top strategies are selected using the 

mechanism described above. Table 5 shows the selected 

strategies and their corresponding likelihood scores for 

weather pattern 2, 4 and 19. The overall likelihood 

scores are calculated, and only 13 strategies have non-

zero scores. These 13 strategies constitute the optimal 

strategy pool (Table 6). 

Validation of the Optimal Strategy Pool algorithm 

To validate the optimal strategy pool algorithm (OSP), 

13 historical August days of Berkeley, CA are 

randomly sampled for testing. The result of OSP is 

compared with the ES optimization and other two on-

line optimization algorithms – GA and pattern based 

strategy selection (PBS). The optimal DR strategies 

obtained by each algorithm as well as total number of 

evaluations are shown in Table 7. 

By applying PBS, the optimal strategy for a sample 

weather is assumed to be the same for the weather 

pattern it belongs to. PBS does not require on-line 

simulation evaluation of DR strategies, therefore, it 

seems to be a perfect on-line optimization algorithm. 

However, according to our result, PBS algorithm fails 

to identify the optimal strategy for Sample Day 1, 4, 6, 

9 and 12. GA performs slightly better, as it fails for 

Sample Day 4, 5, 8 and 12. As a contrast, OSP 

successfully identifies the optimal DR strategy for all 

sample days. And furthermore, OSP only requires 13 

on-line simulation evaluations, which is 3.5% of 

evaluations by GA, and 0.2% of evaluations by ES. It 

takes about 2 minutes to finish one simulation 

execution (on a personal PC laptop). This infers that ES 

needs 7.3 days, GA needs 12 hours, but OSP only needs 

less than 30 minutes to obtain the optimal DR strategy 

for a given weather profile. 

 Table 6: The optimal strategy pool 

DR strategy ID 
Overall 

likelihood score 

GTA 

(T1)* 

GTA 

(T2)* 

GTA 

(T3)* 
SAT* SFP* 

4818 8.2381 9 10 19 60 1150 

4755 4.2000 6 7 19 60 1150 

4817 2.3963 9 10 18 60 1150 

4800 1.8857 8 9 19 60 1150 

4728 0.6667 5 6 19 60 1150 

4779 0.6095 7 8 19 60 1150 

4823 0.5039 9 12 18 60 1150 

4820 0.252 9 11 18 60 1150 

4826 0.126 9 13 18 60 1150 

4754 0.0667 6 7 18 60 1150 

4829 0.0315 9 14 18 60 1150 

4827 0.0157 9 13 19 60 1150 

4824 0.0079 9 12 19 60 1150 

DISCUSSION 

In HVAC systems, ventilation equipment consumes 

large portion of energy. An optimal DR strategy should 

be able to reduce ventilation power during critical 

period. To achieve this goal, the volume flow rate of 

supply air and/or fan pressure setting should be 

reduced. Raising zone temperature setpoint in critical 

period is able to reduce the demands for cooled air. Our 

results suggest that by applying GTA only, the 

ventilation rates of most of zones are kept at minimum 

level during critical period (data not shown). This 

implies that zone minimum air flow requirement might 

be the bottleneck for further reduction of supply air 

volume flow rate. Therefore, MinVent strategy would 

be necessary to couple with GTA strategy, so that the 

ventilation rate of the building during the critical time 

can be reduced to as low as the standard allows. 

MinVent strategy is not effective in the non-critical 

period, as, with lower cooling setpoints, the supply air 

demand becomes higher than the minimum level. So, 

more rigorously, MinVent strategy is a retrofitting 

strategy that maximizes the building DR capability, 

rather than a DR strategy. 

Table 5: Optimal and near-optimal DR strategy selection 
Weather Pattern 2 Weather Pattern 4 Weather Pattern 19 

DR Strategy ID F Likelihood Score DR Strategy ID F Likelihood Score DR Strategy ID F Likelihood Score 

4823 0.4242 0.5039 4818 0.3391 0.6667 4755 0.2926 0.6667 

4820 0.4246 0.2520 4817 0.3399 0.3333 4728 0.2938 0.3333 

4826 0.4247 0.1260 

      4817 0.4248 0.0630 

      4829 0.4279 0.0315       

4827 0.4284 0.0157       

4824 0.4284 0.0079       
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Table 7: Validation of the Optimal Strategy Pool 

Sample Day (Pattern) 
Algorithm 

 
ES PBS GA OSP 

1 (pattern 19) 
4728 4755 4728 4728 Opt. DR strategy ID 

5250 0 288 13 # of on-line evaluations 

2 (pattern 3) 
4818 4818 4818 4818 Opt. DR strategy ID 

5250 0 349 13 # of on-line evaluations 

3 (pattern 9) 
4818 4818 4818 4818 Opt. DR strategy ID 

5250 0 358 13 # of on-line evaluations 

4 (pattern 8) 
4779 4800 4755 4779 Opt. DR strategy ID 

5250 0 362 13 # of on-line evaluations 

5 (pattern 14) 
4818 4818 4779 4818 Opt. DR strategy ID 

5250 0 380 13 # of on-line evaluations 

6 (pattern 13) 
4800 4818 4800 4800 Opt. DR strategy ID 

5250 0 383 13 # of on-line evaluations 

7 (pattern 16) 
4755 4755 4755 4755 Opt. DR strategy ID 

5250 0 308 13 # of on-line evaluations 

8 (pattern 8) 
4800 4800 4755 4800 Opt. DR strategy ID 

5250 0 311 13 # of on-line evaluations 

9 (pattern 18) 
4755 4818 4755 4755 Opt. DR strategy ID 

5250 0 326 13 # of on-line evaluations 

10 (pattern 18) 
4755 4755 4755 4755 Opt. DR strategy ID 

5250 0 311 13 # of on-line evaluations 

11 (pattern 17) 
4755 4755 4755 4755 Opt. DR strategy ID 

5250 0 339 13 # of on-line evaluations 

12 (pattern 14) 
4800 4818 4779 4800 Opt. DR strategy ID 

5250 0 361 13 # of on-line evaluations 

13 (pattern 16) 
4755 4755 4755 4755 Opt. DR strategy ID 

5250 0 323 13 # of on-line evaluations 

Another way of reducing ventilation power 

consumption is to set the fan differential pressure (or 

static pressure) at lower level. In reality, this can be 

achieved by step-wisely reducing the pressure setting 

while monitoring the valve position at each VAV 

terminal. In simulation, zone temperatures need to be 

monitored to ensure that low fan pressure is still able to 

deliver enough cooled air to all zones. The simulated 

zone temperatures in our study confirm the cooled air 

delivery is adequate. Note that, according to the 

simulation result, the optimal strategies for all weather 

patterns have SFP setpoint value at its lower bound 

(1150 Pa). It implies the fan pressure setting can be 

further reduced. However, field tests would be needed 

to determine the real lower bound of SFP setpoint. 

According to the GTA parameters in the optimal DR 

strategies, it is obvious that, only when the weather is 

relatively hot (weather pattern 2), longer pre-cooling 

period is needed (3 hours). For the remaining weather 

patterns, only one hour pre-cooling is needed (Table 1). 

Consider that pattern 2 is rare for August of Berkeley, 

CA (only a few cases in 9 years), pre-cooling might not 

be necessary for DR most of time. 

The solution space in this study contains 5250 DR 

strategies. Although the size of this solution space has 

been reduced intentionally, as only a few controllable 

points are involved, and only discrete values are 

considered for each point, simulation-based ES 

optimization still requires several days to obtain an 

optimum. In real cases, an on-line DR control 

optimization should deal with more controllable points, 

and higher resolution would be expected. Thus, ES 

optimization is not feasible for on-line response.  

This article is proposing an alternative method for on-

line HVAC control optimization. The key of this 

method is to move the computationally intensive 

optimization to off-line. A knowledge base, which is 

the “optimal strategy pool” in this study, can be 

generated based on off-line results. This optimal 

strategy pool is supposed to contain much smaller 

number of candidate strategies, and, therefore, turns on-

line simulation-based optimization feasible. The PBS 

strategy is heuristically qualified for this type of two-

stage scheme, and is seemingly more favorable, as no 

on-line optimization would be needed. However, our 

results (Table 7) suggest that optimal strategy for the 

centroid profile of a weather pattern is not necessarily 

the optimal for the individual weather of this pattern. 

But, it is likely that the optimal strategy for any 

individual weather is among the top choices for the 

pattern’s centroid weather. Then, ideally, if all top 

choices for all centroid weathers are selected to 

generate a “pool”, such pool should be able to cover the 

optimal strategy of most individual weathers. 

Although, due to the time constraint, only 13 sample 

days are tested to validate the OSP approach, the results 

show that this approach is able to reduce the on-line 

optimization time by 99.8%, while the optimal DR 

strategies are still obtained. It is also recognized that, as 

more points are subject to control optimization, even 

off-line ES will be impossible or computationally 

expensive. Then, other sophisticate optimization 

techniques have to be involved on off-line stage. There 

is one criterion for choosing off-line optimization 

technique – it should be able to identify not only the  

optimal solution, but also the second, the third, and, 

perhaps, more best solutions in the rank. 

To aggregate the selected “top choices” for all weather 

patterns, a mechanism based on likelihood score is 

adopted. This mechanism is simple and heuristic. More 

advanced aggregation mechanism might be necessary to 

ensure enough coverage of the generated “optimal 

strategy pool”. An ideal aggregation mechanism needs 

to capture the following information: (1) the possibility 

of appearance for each weather pattern; (2) the 

characteristics of each weather pattern (e.g., the 

temperature range); and (3) the distance between 

weather patterns. 

It is recognized by the authors that many other factors 

may have impacts on HVAC consumption, such as 

humidity control, economizer setting, heat recovery, 

etc. They are not involved in this study, either because 

they are not implemented in the studied system 

(humidity control and heat recovery), or simply to  limit 

the scope of the study. Since the two-stage on-line 

optimization scheme demonstrated in this article is a 

generic approach for HVAC DR strategy optimization, 

it would apply to systems with different specifications, 
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although further study will be needed to examine its 

efficiency and accuracy. 

CONCLUSIONS 

In this article, we presented a two-stage scheme to 

perform on-line simulation-based HVAC DR control 

optimization. On the off-line stage, computationally 

intensive optimizations are conducted for weather 

patterns identified from the historical weather data. 

Based on the results from the first stage, a knowledge 

base, or an “optimal strategy pool” can be generated, 

which is expected to contain the optimal DR strategies 

for any daily weather profiles with high probability. 

And this knowledge base will be used on the on-line 

simulation-based optimization. On the second stage, 

simulation evaluation on each candidate strategy in the 

knowledge base will identify the best strategy. Our 

results show that this best strategy is likely to be the 

optimal HVAC control strategy for the planning day. In 

the case study of Sutardja Dai Hall, our approach 

successfully identifies the optimal strategy for all 13 

sample days, with significantly less simulation 

evaluations. And the optimal strategy is able to reduce 

the HVAC peak load by 18% for a typical hot August 

day of Berkeley, CA. 
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ABSTRACT 
In face of the multiple choices for retrofitting a 
building, the main issue is to identify those that prove 
to be the most effective in the long term. In this work, 
a simulation-based multi-objective optimization 
scheme (a combination of TRNSYS, GenOpt and a 
Tchebycheff optimization technique developed in 
MATLAB) is employed to minimize energy use in the 
building in a cost effective manner, while considering 
the occupant’s requirements. In order to achieve the 
best compromise solutions a wide decision space is 
considered, including alternative materials for external 
wall insulation, roof insulation, different window 
types, and installation of solar collector in the existing 
building. An existing house needing retrofit is taken as 
a case study and the effectiveness of the approach is 
demonstrated for identifying a number of Pareto 
optimal solutions for building retrofit. The results 
verify the practicability of the approach and highlight 
potential problems that may arise. 

INTRODUCTION 
The building sector has an important role in energy 
consumption. In Europe it represents 40% of the final 
consumption (Parliament 2002) and in Portugal it 
represents 30%.  Thus, the European Union has 
approved several energy policies, such as the Energy 
Performance of Building Directive (EPBD) 
2002/91/EC and its recast.  
The EPBD's main objective is to promote the cost-
effective improvement of the overall energy 
performance of buildings. One of the best opportunities 
to do so would be during building retrofit (Asadi, da 
Silva et al. 2012). However, a thorough building’s 
retrofit evaluation is quite difficult to undertake, 
because a building and its environment are complex 
systems, in which all sub-systems influence the overall 
efficiency performance and the interdependence 
between sub-systems plays a significant role 
(Kaklauskas, Zavadskas et al. 2005). 

Moreover, as innovative technologies and energy 
efficiency measures for buildings are well known, the 
main issue is to identify those that will prove to be the 
more effective in the long term. In practice, seeking 
such a solution is mainly attempted via two main 
approaches (Diakaki, Grigoroudis et al. 2008).  
In the first approach, an energy analysis of the building 
is carried out and several alternative scenarios 
predefined by a building expert are developed and 
evaluated mainly through simulation.  
The second approach includes decision aid techniques, 
such as multi-criteria analysis (e.g. (Alanne 2004)), 
multi-objective optimization (e.g. (Asadi, da Silva et 
al. 2012)), energy rating systems (e.g. Zmeureanu et al, 
1999), etc.), which are ususally combined with 
simulation to assist the reaching of a final decision 
among a set of alternative actions predefined by the 
building expert.  
In both these approaches, the whole processes as well 
as the final decisions are significantly affected by the 
experience and the knowledge of the Decision Maker 
(DM). Although this experience and knowledge are 
important elements to the whole process, it is necessary 
to develop practical tools that will assist DMs taking 
into account sets of objectives and sets of alternatives 
as large as required for adequately modelling the actual 
decision situation. Such tools may be developed based 
upon multi-objective optimization techniques. 
In the current study a multi-objective optimization 
approach is used and combined with TRNSYS (a 
building performance simulation program) and GenOpt 
(an optimization program). The combination of these 
tools is used for the optimization of retrofit cost and 
energy savings of a residential building, in the 
framework of a multi-objective model. Decision 
variables represent a wide selection of alternative 
materials for the external walls insulation, roof 
insulation, different window types, and installation of a 
solar collector to the existing building. A case study is 
used to demonstrate the functionality of the proposed 
approach in a real-world setting. 
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MULTI-OBJECTIVE MODEL AND 
METHODOLOGY  
Optimization approach 
In the current study, a simulation-based optimization 
scheme (Figure 1) has been developed to optimize 
multiple objective functions. This scheme is a 
combination of TRNSYS 16, GenOpt 3.0.3 and 
Optimizer under MATLAB environment. TRNSYS 
(TRNSYS16 2009) is a transient system simulation 
program with a modular program structure that was 
designed to solve complex energy systems problems. 
GenOpt is an optimization program for the 
minimisation of a cost function that is evaluated by an 
external simulation program (Wetter 2009). 
In this scheme first a model of the building before 
retrofit is created in TRNSYS. Then, using this model 
and GenOpt results are obtained for the 
implementation of each retrofit action, regardless of 
other actions. However, GenOpt is not capable of 
handling multi-objective optimization. Therefore, in 
this work the capability of GenOpt for parametric runs 
is used only to launch automatic simulations of the 
building. 
Finally, an optimizer developed in MATLAB 
(Mathworks 2010 ) was run to evaluate potential 
solutions. 

 
Figure 1. Optimization framework 

Formulation of the optimization problem  

This study considers the multi-objective optimization 
(MOO) of building retrofit strategies. Therefore it 
requires the definition of appropriate decision 
variables, objective functions and constraints, and 
finally the selection of appropriate solution 
computation techniques. 
Decision variables  
The set of retrofit actions in this study concerns 
combinations of choices regarding windows, external 
wall insulation material, roof insulation material and 
installation of solar collector to the existing building. 

Therefore, four types of binary decision variables 
, , ,WIN EWAL ROF SC

i j k lx x x x  for different window types, 
external wall insulation material, roof insulation 
material and alternative solar collectors are defined, 
respectively. 
Objective functions  
Retrofit Cost (ReCost) 
The overall investment cost for the building retrofit 
ReCost(X) (X denotes a solution consisting in a  vector 
of all decision variables stated above) is calculated by 
adding retrofit action costs as follows:       ( ) =       ∑             +        ∑           +         ∑           +    ∑                  
 

Where:  

EWALA – exterior wall surface area [m2]; 

EWAL
iC - cost in [€/m2] for external wall insulation 

material type i; 

ROFA  - roof surface area [m2]; 

ROF
jC - cost in [€/m2] for roof insulation material type    

j; 

WINA - windows surface area [m2]; 

 WIN
kC – cost in [€/m2] for window type k; 

SC
lC - cost for solar collector type l. 

Energy Savings (ES) 
The general procedure for estimating the energy 
savings, ES, from a retrofit project is based on the 
calculation of the difference between the pre-retrofit 
energy demand predicted from a model and the post-
retrofit energy demand:   ( ) =     −     ( )            (2)   

where 

preE - the energy demand derived from a pre-retrofit 
simulation of the building.  

postE - the building energy demand after implementing 
the retrofit actions, predicted by simulation. 
The annual energy demand of the building, calculated 
by TRNSYS, consists in energy demand for space 
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heating, cooling and domestic hot water (DHW) 
systems. Energy demand for lighting is not included 
because it is not expected to significantly change a 
result of the implementation of retrofit actions. 

Multi-objective optimization approach 

The decision variables, objective functions and 
constraints developed above, lead to the formulation of 
multi-objective programming problem (3): 
       ( ) =       ( )       ( ) =   ( ) 
s.t.       ∈  {0,1}  ∀   ∈ {1,2, … ,  }      ∈  {0,1}  ∀   ∈ {1,2, … ,  }      ∈  {0,1}  ∀   ∈ {1,2, … , }      ∈  {0,1}  ∀   ∈ {1,2, … , }                         ∑           = 1                    (3)        
   = 1 

       
   = 1 

      
   = 1 

Problem (3) is a combinatorial multi-objective 
problem, in which the objectives of minimizing retrofit 
costs and maximizing energy savings are conflicting.  

The model has been implemented in MATLAB and a 
Tchebycheff programming procedure has been 
developed to tackle the multi-objective optimization. 
To apply Tchebycheff programming, the decision 
model is rearranged to aggregate the two objective 
functions. In this method weighting vectors p are used 
to define different weighted Tchebycheff metrics 
(Steuer 1986). Considering this, the decision problem 
is formulated as follows: 
     { }  .  .  ≥ (  ( ) −   ∗)     ∗   ≥     ∗ −   ( )      ∗   ≥ 0 
x ∈ S 
 

(4) 

where: 
S denotes all the vectors that satisfy all the feasible 
region of multi-objective problem (3); 
Z1

*
 denotes the cost of the solution that minimizes the 

first objective; 
Z2

*
 denotes the energy savings of the solution that 

minimizes the second objective. 
In the above formulation, (  ,  ) ∈ ᴧ  are constants 
representing the weight of each objective, where: ᴧ =   (  ,  ) ∈     |   ≥ 0,   = 1 

     
For strictly positive weight values this formulation 
yields solutions that are non-dominated (efficient, 
Pareto optimal): for each of these solutions there is no 
other feasible solution able to improve one of the 
objectives without worsening, at least, one of the other 
objectives. These weights can be changed to obtain 
different compromise solutions. In this work weights 
have been used to sample the entire decision space and 
provide the DM a sub-set of non-dominated solutions 
that is representative of different trade-offs at stake in 
different regions of the decision space, thus avoiding 
an exhaustive computation. For this purpose, weights 
have been changed with a given step, while respecting    ∈  ᴧ . The aim is to offer the DM usable 
information for actual decision purposes; for instance, 
grasping that in a certain region of the decision space it 
is necessary to sacrifice cost a significant amount to 
gain just a small amount in the energy savings 
objective function. 
 
AN ILLUSTRATIVE EXAMPLE  
The building under study is a semi-detached house 
(one family) constructed in 1945, situated in central 
region of Portugal (Figure 1). The gross floor area of 
the house is 97 m2 and its average height is 2.47 m. 
The glazing area represents 10% of the floor area. 

The building has a concrete structure. The walls are 
built in concrete with no thermal insulation (U = 2.37 
W/ m2K). The house has standard single glazing (U = 
3.4 W/m2K) and window frames are in wood. Its main 
facade is toward south-east. The house is heated with 
electrical heaters, using a natural gas standard boiler 
for sanitary hot water production. 
To reduce the execution time of simulation, a 
simplified model is used to represent the house as a 
single zone. The summary of results from the energy 
analysis of the building before retrofit is reported in 
Table 1. 
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Figure2. Schematic plan of basement and ground floor 
of case study. 
 
 
Table 1.  Building performance before retrofit 

Building performance indicators 

Total annual heating demand 216.35[kWh/m2yr]   

Total annual cooling demand 4.95[kWh/m2yr] 

Total annual DHW demand 52.33[kWh/m2yr] 

Total annual energy demand 273.63[kWh/m2yr] 

 
A list of alternative retrofit actions applied in this study 
is based on a CYPE rehabilitation price generator 
database (CYPEingenieros 2010). Typical retrofit 
actions including different external wall insulation 
materials, roof insulation materials, window types and 
solar collectors have been introduced in the list aiming 
at improving the building energy savings and thermal 
comfort in a cost effective manner. Tables 2-5 present 
lists of the retrofit actions. 
After energy analysis of the building, the non-
dominated solutions to the MOO problem that 
individually optimize each objective function are 
computed (solutions S1, and S2 in Table 6). The 
components of the ideal solution (the individual optima 
to each objective function), which is the initial 
reference point, are displayed in bold italic. That is, the 
reference point in the objective function space consists 
in the individual optimal value to each objective 
functions, which cannot be attained simultaneously 
since the functions are conflicting. Table 6 also 
indicates the solution configuration, that is the 
identification of the corresponding retrofit actions 
leading to each solution. 
It is seen from this table that when retrofit cost 
(ReCost) is optimized, the external wall and roof 
insulation material, window and solar collector with 
minimum cost are selected, resulting, however, in 
minimum energy savings. 
On the other hand, when the energy savings objective 
is optimized, the external wall and roof insulation 

material and window with the minimum thermal 
transmittance are selected. Furthermore, a solar 
collector with the highest area and energy efficiency is 
selected. However, the retrofit actions combination 
results in a significant increase of the retrofit cost.  
As stated earlier, a Tchebycheff programming 
approach has been used to compute non-dominated 
solutions displaying different trade-offs between the 
objective functions. The non-dominated solution that 
minimizes the Tchebycheff distance to the ideal 
solution is then computed for different combinations of 
objective function weight coefficients, which makes 
possible to obtain a representative sample of the non-
dominated frontier. 
Figure 3 displays the non-dominated solutions for the 
biobjective model (3). Figure 4 shows how the 
objective values change in relation with the specific 
value of the weights (each point depicts the 
compromise obtained for a different combination of 
weight values). This figure clearly shows the 
competitive nature of objective functions energy 
savings and retrofit costs. As the weight on energy 
saving (p2) increases, the set of actions leading to 
higher energy savings and at the same time higher cost 
have been selected.    
For intermediary values of the weight coefficients, 
several solutions are obtained that favour each 
objective function at a higher or lower level depending 
on the specific values that have been selected. 
For this particular case, most of the potential savings 
can be achied with a relatively low cost. Savings 
increase steeply with costs until a “sweet spot” of 
spending 3800€ to achive savings of 1.21E04 
kWh/year. After that, more spending leads to 
diminishing returns as far as energy savings concerned. 
The results of the proposed approach demonstrate the 
practicability as well as the strength of applying it to 
provide decision support in the problem of building 
retrofit, namely for exploiting the trade-offs between 
the competing objectives in different regions of the 
non-dominated frontier. This approach allows for 
simultaneous consideration of all available 
combination of retrofit actions, as well as consideration 
of any logical, physical, and technical constraints. 
Furthermore, the multi-objective model provides the 
possibility of considering multiple objective functions 
without confining the user to single objective function.  
Finally, the result of the application of a Tchebycheff 
programming technique to compute solutions to the 
case study shows the feasibility of this methodology to 
find well balanced strategies for retrofitting of 
buildings to be presented to a DM in the framework of 
a decision support system. 
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Figure 3.  Multi-objective solutions for the building 
retrofit strategies (two objective functions) 
 

 
Figure 4.  Objective functions changes with respect to 
weights in the Tchebycheff formulation. 

CONCLUSION 
One of the key steps in building retrofit is the selection 
of retrofit actions among a large number of 
possibilities. This problem, is in fact a multi-objective 
optimization problem, characterized by the existence of 
multiple and competing objectives, a set of feasible 
solutions that are not predefined but are implicitly 
defined by a set of parameters and constraints that 
should be taken into account to reach the best possible 
solution. 
This paper described an optimization methodology 
based on a combination of TRNSYS, GenOpt and a 
multi-objective optimization algorithm developed in 
MATLAB. The proposed approach was applied to a 
real world case study, and the results demonstrate the 
practicability of the approach.  

Considering all the possibilities that the DM has 
available for building retrofit (e.g. HVAC systems and 
renewable energy sources), as well as all the objective 
that he/she may wish to optimize (CO2 emission, social 
objective, etc.) may lead to combinatorial explosion of 
the decision problem, thus making the solving 
procedure extremely difficult and time-consuming. In 
such case, other optimization techniques, namely 
evolutionary multi-objective algorithms may become 
necessary for tackling the problem. Besides, using 
approximation methodologies like regression 

modelling of the building in the optimization part 
would be of interest.  
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Table 2.  Characteristics of alternative external wall insulation materials 

N Insulation types Name  Thickness (m) U    (W/m2K)        Cost (€/m2) 

1 

Cork 

OUTWALL_CORKHIGH3 0.03 1.408 5.55 

2 OUTWALL_CORKHIGH4 0.04 1.124 7.18 

3 OUTWALL_CORKHIGH5 0.05 0.935 8.98 

4 OUTWALL_CORKHIGH6 0.06 0.800 10.77 

5 OUTWALL_CORKHIGH7 0.07 0.699 12.23 

6 OUTWALL_CORKHIGH8 0.08 0.621 14.36 

7 OUTWALL_CORKHIGH9 0.09 0.559 16.78 

8 OUTWALL_CORKHIGH10 0.1 0.508 17.95 

9 

EPS 

OUTWALL_EPSLOW3 0.03 0.800 7.64 

10 OUTWALL_EPSLOW4 0.04 0.621 8.34 

11 OUTWALL_EPSLOW5 0.05 0.508 9.03 

12 OUTWALL_EPSLOW6 0.06 0.429 9.74 

13 OUTWALL_EPSLOW7 0.07 0.372 10.44 

14 OUTWALL_EPSLOW8 0.08 0.328 11.15 

15 OUTWALL_EPSLOW9 0.09 0.293 12.35 

16 OUTWALL_EPSLOW10 0.1 0.265 13.68 

17 

XPS 

OUTWALL_XPSLOW3 0.03 0.800 9.65 

18 OUTWALL_XPSLOW4 0.04 0.621 11.64 

19 OUTWALL_XPSLOW5 0.05 0.508 14.43 

20 OUTWALL_XPSLOW6 0.06 0.429 17.22 

21 OUTWALL_XPSLOW7 0.07 0.372 19.34 

22 OUTWALL_XPSLOW8 0.08 0.328 22.78 

23 OUTWALL_XPSLOW9 0.09 0.293 24.43 

24 OUTWALL_XPSLOW10 0.1 0.265 26.78 
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Table 3.  Characteristics of alternative roof insulation materials 

N Insulation types Name Thickness (m) U (W/m2K) Cost (€/m2) 

1 

XPS (extruded 

polystyrene stone 

wool) 

ROOF_XPS3 0.03 0.800 9.65 

2 ROOF_XPS4 0.04 0.621 11.64 

3 ROOF_XPS5 0.05 0.508 14.43 

4 ROOF_XPS6 0.06 0.429 17.22 

5 ROOF_XPS7 0.07 0.372 19.34 

6 ROOF_XPS8 0.08 0.328 22.78 

7 

EPS (expanded 

polystyrene) 

ROOF_EPS3 0.03 0.800 4.32 

8 ROOF_EPS4 0.04 0.621 5.60 

9 ROOF_EPS5 0.05 0.508 6.87 

10 ROOF_EPS6 0.06 0.429 8.14 

11 ROOF_EPS7 0.07 0.372 9.43 

12 ROOF_EPS8 0.08 0.328 10.70 

13 

Polyurethane 

ROOF_PU3 0.03 0.658 8.34 

14 ROOF_PU4 0.04 0.508 10.98 

15 ROOF_PU5 0.05 0.413 13.40 

16 ROOF_PU6 0.06 0.348 15.30 

17 ROOF_PU7 0.07 0.301 17.86 

18 ROOF_PU8 0.08 0.265 20.18 
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Table 4.  Characteristics of alternative windows 

N Name 

Thermal 

transmittance 

(W/m2°C) 

Effective solar 

energy 

transmittance (%) 

Cost (€/m2) 

1 SGSILVER 1.05 28.80 58.70 

2 SGPLANISOLGREEN 1.16 26.50 67.82 

3 SGCLIMATOP 0.52 58.50 102.25 

 

Table 5.  Characteristics of alternative solar collector systems 

N Type Name 

Generation 

efficiency 

(%) 

Collector 

area (m2) 
Cost(€/m2) 

1 

Flat 

collector 

FC702 70 2 700 

2 FC802 80 2 800 

3 FC704 70 4 1250 

4 FC804 80 4 1600 

 

 
Table 6. Non-dominated solutions that optimize each objective. 

 

Solution Type of solution ReCost(€) ES (kWh/year) EWAL ROF WIN SC 

S1 [min] ReCost 2843.15 9065.06 1 7 1 1 

S2 [max] ES 7245.52 12792.15 24 18 3 4 
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MAPPING HVAC SYSTEMS FOR SIMULATION IN ENERGYPLUS 1 
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ABSTRACT 
For building energy simulation tools to be accessible to 
designers, tool interfaces should present a conventional 
view of HVAC systems to the user, and then map this 
view to the internal data model used in the tool. The 
paper outlines a process that enables design engineers 
to create HVAC system representations using industry 
standard terminology and system, icon and typological 
representations and convert that unified representation 
into the format required by the whole building energy 
simulation tool EnergyPlus. This paper describes each 
stage of the conversion process, which involves 
transformations between the following representations: 
1) engineer’s representation, 2) component connectivity 
representation, 3) representation in the internal data 
model used in the Simergy graphical user interface for 
EnergyPlus, and 4) EnergyPlus representation. 
The paper also describes mappings between these 
representations and the development of a rule-based 
validation and assignment framework required to 
implement that mapping. In addition, the paper 
describes the implementation of this process in 
Simergy.  

INTRODUCTION 
In the absence of comprehensive Graphical User 
Interfaces, whole building energy simulation models 
are difficult to create and modify (See et al., 2011). 
Building geometry is acknowledged to be the most 
time-consuming input (Bazjanac, 2001), but HVAC and 
control systems present the greatest level of difficulty 
for modelers. As a result, the cost of simulation 
modeling has served as a barrier to widespread use, 
thereby slowing the uptake of simulation tools in the 
design-build-commission-operate process. 
Some whole building simulation tools, e.g. DOE-2 
(Winkelmann et al., 1993) only allow selection at the 
HVAC system level. This has the advantage of simple 
input but lacks flexibility. Other tools, e.g. IES-VE 
(IES, 2012), TRNSYS  (TRNSYS, 2004) and 

EnergyPlus (EnergyPlus, 2012), support description at 
the component level. A component-level description 
provides much greater flexibility but requires 
correspondingly more input information, though this 
problem can be alleviated by the use of templates of 
standard systems as starting points for the description of 
non-standard systems or of variants of standard 
systems.  

Each tool has a different representation of HVAC 
systems as compared to standard engineering 
representations and translation between the two 
representations is not a trivial task (Bazjanac, 2001, 
2008). Engineers require additional training in order to 
understand tool-specific terminology and modeling 
constructs, which has posed another challege to tool 
adoption. This paper describes an attempt to minimize 
this problem by providing a drawing environment in the 
Simergy (See et al., 2011) graphical user interface for 
EnergyPlus that allows the HVAC system to be 
specified in a form that resembles single line 
mechanical schematic diagrams. The paper then 
describes the sequence of transformations required to 
generate the corresponding input file data for 
EnergyPlus and the development of a rule-based 
validation and assignment framework necessary to 
implement that mapping are also discussed. In addition, 
a simple use case that presents the implementation of 
this process in the Simergy graphical user interface is 
described. With appropriate modification, this process 
is applicable to all simulation tools and would enable  
standardization of HVAC system representation and 
visualization. 

HVAC SYSTEM INPUT 
To allow for industry standard HVAC system 
representation, a collaborative process was established 
through which a team of engineers and architects 
continuously provided practioner-focussed input for the 
HVAC interface layout, the icons used for screen 
representation, the workflow for cross referencing loops 
and labeling and data display formats. Through this 
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process, several methods were identified to reduce 
HVAC system input time while allowing for effective 
manipulation of system configuration at a component 
level and letting users establish, edit and view HVAC 
controls in more intuitive ways.  
Visualization and editing of the system is implemented 
within Simergy at different levels ranging from the 
overall system level to aspects of different loop designs 
down to the individual component level. Each of the 
200+ HVAC component types within EnergyPlus has 
an icon in Simergy, distributed across six stencils so 
that they are grouped in an intuitive and accessible way.  
The user can draw or view the air, hot water, chilled 
water, condenser water and mixed water loops 
associated with the design. In addition, sensors and 
controls can be incorporated into the design on a 
separate display layer, allowing the user to view them 
integrated into the loop design or to turn them off, so 
that a simpler view of the loop is shown.  The two 
dimensional representations are set up to be familiar to 
design engineers, with the intent that they will be 
accessible and intuitive to a wider range of users.  
Another aspect of this approach is the use of HVAC 
system templates.  Each of the HVAC system templates 
contains the inputs and component icons for the 
complete system design, so that simulations can be run 
just by selecting the appropriate templates. When 
selecting an HVAC system template, the user can 
visualize any or all of the air, water and condenser 
loops overlaid with the sensor and controls layout, 
including the system-level controls that determine the 
operation of the whole loop.   

The work flow in Simergy involves defining the 
building geometry and the thermal zones before 
specifying the HVAC system. The first step is to define 
the HVAC equipment associated with each zone – air 
terminal units, such as VAV boxes, and/or hydronic 
equipment, such as fan-coil units or radiant slabs. The 
zone HVAC equipment components can either be 
selected individually or combinations of components 
can be imported using predefined templates. The zone-
level equipment definitions are then used to 
automatically generate the demand side of each air loop 
and parts of the demand side of each water loop. The 
typical starting point in the definition of the supply side 
of each loop is a predefined template, which can be 
customized by deleting or adding components using the 
drag-and-drop capabilities of the HVAC diagram 
editor. It is also possible to build up the supply side of a 
loop from scratch using the editor.  

Simergy allows users to group zones that that are 
served by the same air loop and have the same types of 
zone-level HVAC equipment. In the example presented 
below, one Zone HVAC Group consists of all the 

perimeter zones, which have reheat coils in their VAV 
terminal units and another Zone HVAC Group of core 
zones that have no reheat coils in their VAV boxes.  
This grouping minimizes the number of demand side 
parallel branches in the diagram, making it possible to 
display the whole air loop without horizontal scolling – 
there could be tens of zones served by a single air loop 
but it is usually possible to aggregated them into a small 
number of groups, as in the example just given. This 
grouping facilitates automating the creation of the 
demand side of the air loop, speeding up the model 
creation process. A key part of the demand side, the 
Zone HVAC group, can also be set up as a template so 
that the user can easily incorporate different types of 
equipment into the Demand Side of the Air Loop.   

Example 

Figure 1A shows the screen representation of a single 
duct variable-air-volume (VAV) air conditioning 
system created in Simergy for the purposes of whole 
building energy simulation in EnergyPlus. A heat 
exchanger between the outside and exhaust air streams 
provides heat recovery and the dampers in the 
economizer modulate the ratio of the outside and 
recirculation air flow rates. The air is conditioned by 
heating and cooling coils and the conditioned air is 
circulated to the zones and back to the economizer by 
variable speed supply and return fans. EnergyPlus input 
files typically do not have parallel branches of the 
supply side of the air loop, but this generality, which is 
used in the water loops, has been introduced to allow 
for future expansion of EnergyPlus. 

In the example, the return air flows through a single 
return plenum that serves all the zones.  In the diagram, 
the connection from each Zone HVAC Group 
represents multiple connections, one from each zone.  
Similarly, the icons for the VAV terminal units each 
represent multiple terminal units, one for each zone. 
The labels on the right hand side of the icon 
representing the terminal units with reheat coils are 
‘off-page references’ that link to the hot water loop 
diagram.  These reheat coils appear as a Coil Group on 
the demand side of the hot water loop, together with 
other Coil Groups representing the reheat coils for 
zones served by other air loops. 

HVAC SYSTEM TRANSFORMATION 
PROCESS  
Figures 1A through 1D below depict the series of 
transformations necessary to map the engineer’s mental 
model of an HVAC system to the actual representation 
of that system for simulating energy use with 
EnergyPlus. Figure 1B shows the underlying 
topological representation that is stored in the drawing 
module and is used to generate the screen view. Note  
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that there are two connections from the outlet of the 
supply fan because the user drew one connection from 
the fan to the inlet of each air terminal for each zone 
group. The horizonal portion of each connection are 
superimposed in the screen display (Figure 1A).  

Figure 1C shows the representation of the same single 
duct VAV system in the main internal data model in 
Simergy (SimModel – see below), where it is divided 
into Supply and Demand subloops. Each subloop is 
further decomposed, as described below, in preparation 
for transformation to the EnergyPlus representation, 
shown in Figure 1D.   

Splitters and Mixers 

In Simergy, a splitter is created automatically whenever 
two or more connections are made to the same outlet 
port; similarly, a mixer is created automatically 
whenever two or more connections are made to the 
same inlet port. However, this automatic process breaks 
down when a mixer would be followed immediately by 
a splitter.  Consider the situation shown in Figure 2. 

 
 
 
 
 
 
 
Figure 2: The general case in which outlets on two 
components, A and B, are connected to inlets on two 
other components, C and D. 

In the absence of drawing icons that represent splitters 
and mixers, the user would have to draw the four 
connections shown in the figure in order to indicate that 
the outlet of A is connected to the inlets to C and D and 
that the outlet of B is also connected to the inlets to C 
and D. This configuration is not equivalent to the 
configuration shown in Figure 3 unless the ratio of the 
flow rates in connections 1 and 3 is specified to be the 
same as the ratio of the flow rates in connections 2 and 
4.  The solution adopted in Simergy is to have splitter 
and mixer icons available in the drawing palate so that 
the configuration shown in Figure 3 can be created 
explicitly. The use of explicit splitter and mixer objects 
is not required where the configuration is unambiguous, 
i.e. where a mixer is not followed immediately by a 
mixer, in order to make the drawing process faster. 
Another use of these splitter and mixer icons is to 
control the layout of the drawing in cases where the 
automatic routing does not produce the desired 
appearance. 

Simergy, provdes both levels of functionality for 
representing HVAC system line diagrams. Small mixer 
and splitter shapes can be dragged and dropped onto the 
screen to resolve the ambiguity described above, and 
there is automatic creation of splitters and mixers in 
non-ambiguous situations.  

 

 
 
 
 
 
 
 
Figure 3: The particular case where the flows from two 
components, A and B, are mixed and then split before 
entering components C and D. 

SimModel 
The Simulation Domain Model, or SimModel, is a new 
XML-based schema that supports Simergy and is 
described in more detail by O’Donnell et al. (2011). 
SimModel is largely a union of the IFC data schema 
(BuildingSMART, 2012) and the EnergyPlus input data 
model, and was created in order to support 
interoperability between various building energy 
simulation tools. It was developed to enable future 
versions of Simergy to support other simulation 
programs, including Radiance (Radiance, 2011) and 
Modelica-based tools (Modelica, 2012). 
SimModel includes a class definition for Systems. Class 
‘SimSystem’ includes THE ‘Type’ definitions 
‘HVACAir’, ‘HVACHotWater’, ‘HVACChilledWater’ 
AND ‘HVACCondenser’ to define each of the 
mechanical fluid loops in EnergyPlus. Each ‘Type’ 
includes further definitions for various associated ‘Sub-
Types’. For example, the SimSystem type HVACAir 
has associated Sub-Types that include ‘Supply’ and 
‘Demand’. Each Sub-Type is identified as a sub-system 
that is part of the system ‘HVACAir’. The type 
‘HVACAir’ also contains other related sub-types that 
further classify ‘Supply’ as ‘SupplySideSupplyPath’, 
‘SupplySideReturnPath’, and ‘Outside Air’ AND 
further classify ‘Demand’ as ‘DemanSideSupplyPath’, 
‘DemandSideZoneHVAC’ And ‘DemandSideReturn-
Path’. 

The System/Type/Sub-Type categorisation ensures that 
each component in the air loop can be assigned to either 
a Supply or Demand sub-system and then further 
assigned to appropriate sub-systems, such as 
SupplySideSupplyPath or SupplySideReturnPath, based 
on the framework and rules described in the next 
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section. The dotted lines in Figure 1C depict each of 
these assignments for the example single duct VAV 
system air loop. The topological grouping down to the 
lowest level facilitates transformation to the EnergyPlus 
representation depicted in Figure 1D, prior to 
generation of the EnergyPlus input file.  

The decomposition of HVAC loops into Supply and 
Demand subloops, and the further decomposition into 
Branches and Zone Air Paths, is fundamental in 
EnergyPlus but this decomposition is not required for 
inherrently modular tools such as TRNSYS and 
Modelic-based tools.  In such cases, the input file only 
requires information about the components and their 
immediate connections to adjacent components, making 
the translation from the SimModel representation to the 
simulation engine representation relatively simple and 
straightforward.  

The ‘HVAC System Mapping Framework for 
Assignment and Validation’ section describes in more 
detail the framework that supports the transformation 
from the drawing model (Figure 1B) to the SimModel 
representation (Figure 1C) and sets up the 
transformation from the SimModel representation to the 
EnergyPlus representation (Figure 1D). The ‘HVAC 
System Visualization’ section gives a brief overiew of 
the features in Simergy that aid the representation of an 
engineering design drawing on the screen.  

SYSTEM MAPPING FRAMEWORK FOR 
VALIDATION AND ASSIGNMENT  
To enable the transformations from the representation 
in Figure 1B to that in Figure 1D described earlier, a 
comprehensive assignment and validation framework 
was created for implementation in Simergy. This 
framework includes the creation of assignment and 
validation rules in a spreadsheet based format. The 
spreadsheet rules are then converted to XML and 
applied during run time using functions that help 
traverse and check loop topology for engineering 
accuracy, completeness and consistency. 

Validation 

The validation rules serve two purposes, the first of 
which is to check the connections between components 
to confirm that the outlets of each component are 
connected to inlets on other components of the same 
fluid type, e.g. air to air, not air to water.  (In general, 
these constraints are first enforced by the drawing 
process in Simergy.) 

The second set of rules is EnergyPlus-specific and 
ensures that the user-created air and water loops comply 

with the constraints on HVAC loop topology in 
EnergyPlus and with EnergyPlus requirements 
regarding the number and location of critical 
components.  These include: 

x No more than one set of parallel branches on 
either the supply side or the demand side of a 
water loop 

x Fans must be on the supply side of the air loop 
x An economizer must have an outside air 

damper and a recirculation air damper and 
may have an exhaust damper 

x A primary-secondary water loop must have 
either a loop pump or a set of branch pumps on 
the supply (primary) side and on the demand 
(secondary) side of the loop. 

These rules are a combination of engineering 
requirements that are enforced by EnergyPlus and 
limitations on the possible configurations required to 
make the numerical solution more tractable. An 
example of a screen generated in the validation process 
is shown in Figure 4. In this example, the user has 
constructed an air loop with two Zone HVAC Groups 
and then initiated the validation process for that loop. 
Errors are displayed both as descriptive text and 
graphically on the drawing tab (yellow triangles 
containing exclamation points). For the purpose of this 
demonstration, a dual duct air terminal was used within 
a single duct system - an engineering, non-EnergyPlus-
specific check. In addition, the supply fan did not have 
an availability schedule specified, as required for 
EnergyPlus. Both errors are reported by the program. 
When a user requests validation of the air loop, or a 
validation event is launched before simulation, any 
errors encountered are delivered as either 'warnings', 
'severe errors' or 'fatal errors' with each level 
determining what the outcome of the validation 
function is. If a fatal error is encountered, the validation 
engine will stop at that point until the user corrects the 
particular error. In case of 'warnings' or 'severe errors', 
the engine will continue processing and provide a 
complete list at the end of a validation run.  
Assignment  
The validation rules are closely linked to the process of 
analysing the topology of the loop in order to assign 
components to branches and branches to paths and 
subloops required to transform the system diagram 
drawn by the user into the SimModel representation and 
then into the EnergyPlus representation.   
 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

29



 

Figure 4: Validation example 

DISCUSSION AND CONCLUSION 
The visualization, assignment and validation 
frameworks in Simergy significantly simplify the 
creation of HVAC systems for the purposes of whole 
building energy simulation. Use of industry standard 
visual representations and automating the 
transformation to the representation required for 
simulation is projected to reduce significantly the time 
involved in setting up simulation runs and, ultimately, 
to improve the design of buildings.  
As the explicit modeling and simulation of HVAC 
systems at the component level becomes more common 
and the variety of user interfaces increases, either for 
EnergyPlus or for different simulation engines, it is 
becoming increasingly desirable for these interface to 
present an engineering-oriented, tool-neutral system 
representation to minimize the tool-specific training 
required for new users and to facilitate the use of 
multiple tools by a single user in order to address 
different modeling needs or the preference of different 
design teams for different simulation tools. In addition, 
in the absence of a standardized approach, it is 
extremely difficult for one modeler to reproduce the 
work of another (Bazjanac et al., 2011). 
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ABSTRACT� 
As weatherization of multifamily buildings becomes 
more widespread, improvement is needed in energy 
audit tools for multifamily buildings. On the wish list of 
field experts is the capability to model multizone build-
ings (i.e., one thermal zone per dwelling unit) with 
simplified user input to improve analysis of decentral-
ized and centralized HVAC and domestic hot water 
systems without creating detailed building models. To 
provide the desired capabilities, development of an 
enhanced energy audit tool was begun in 2011. The tool 
is a strategically structured, flexible, one-zone-per-unit 
DOE-2.1e model coupled with a simplified user inter-
face to model small to large multifamily buildings with 
decentralized or centralized systems and associated 
energy measures. This paper describes the modeling 
concept and its implementation. 

INTRODUCTION 
Increasing attention to multifamily building energy use 
and weatherization led to an assessment of needs relat-
ed to multifamily energy audits. Through two Web-
based meetings held in November 2010, input was 
obtained from two field personnel groups from across 
the United States—multifamily audit method experts 
and audit tool users—regarding existing audit tools 
and methods, issues, potential improvements, and 
desired capabilities. Malhotra et al. (2012) describes 
the background leading to this effort; recommendations, 
issues and trends; the influence of national input on 
development of a new multifamily energy audit tool for 
the Weatherization Assistance Program (WAP) (US 
DOE 2012); and the conceptual plan for design, devel-
opment, and integration of its key analysis components. 
 
Following recommendations from practitioners and 
experts, development of a new energy audit tool for 

                                                           
The submitted manuscript has been authored by a contractor of the 
U.S. government under contract number DE-AC05-00OR22725. 
Accordingly, the U.S. government retains a nonexclusive, royalty-
free license to publish or reproduce the published form of this contri-
bution, or allow others to do so, for the U.S. Government. 

multifamily weatherization began as a collaborative 
effort by Oak Ridge National Laboratory (ORNL) and 
Lawrence Berkeley National Laboratory (LBNL). The 
energy calculation engine (including the simulation 
model and supplementary calculation modules) is 
shared by ORNL’s Weatherization Assistant (weatheri-
zation.ornl.gov/assistant.shtml) and LBNL’s Home 
Energy SaverTM pro (HESpro) (hespro.lbl.gov/).  
 
On the ORNL side, the energy calculation engine is 
coupled with a user interface and output reporting ca-
pabilities based on WAP regulations and guidelines to 
develop the Multifamily Tool for Energy Audits (Mul-
TEA). MulTEA is part of the Web-based Weatheriza-
tion Assistant suite of tools that also includes energy 
audit tools for single-family and manufactured homes. 
On the LBNL side, same engine will be used in HESpro 
to expand it to handle multifamily buildings.  
 
The new multifamily simulation model is designed to 
address small and large multifamily buildings with 
decentralized and centralized heating, ventilation, and 
air-conditioning (HVAC) and domestic hot water 
(DHW) systems. Version 1 of MulTEA, which address-
es small multifamily buildings with decentralized 
HVAC systems, is currently in field testing. The capa-
bility to model large buildings and centralized systems 
will be incorporated in Version 2. This paper describes 
the concept of a multizone, flexible DOE 2.1e simula-
tion model formulated to address the need for detailed 
modeling capability with a simplified user interface. 

DESIRED MODELING AND ANALYSIS 
CAPABILITIES 
Input from user group participants in the Web-based 
meetings indicated that existing DOE-approved audit 
tools pose limitations in whole-building energy analysis 
with multiple systems. The existing tools allow model-
ing of either separate dwelling units with individual 
systems, or a single-zone building served by one prima-
ry heating system. They do not account for interactions 
between zones and systems. The former approach 
works acceptably for small multifamily buildings but 
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has limited analysis capability for whole-building retro-
fit measures. The latter approach has worked reasona-
bly well for large buildings with one central system, but 
it requires aggregating system parameters and tricking 
the tool into providing a one-system answer for decen-
tralized systems. The available tools perform better for 
buildings in heating-dominated climates, rather than in 
cooling-dominated climates. 
 
Input from audit method experts indicated the need for 
important improvements, including better handling of 
multiple zones and decentralized systems, improved 
treatment of ventilation systems and infiltration assess-
ments, inclusion of rules-based savings calculations, 
more flexibility with heating or cooling equipment 
efficiencies, and utility bill reconciliation. 

FUNCTIONALITY AND USABILITY 
REQUIREMENTS 
Following the national input for desired improvements 
in modeling and analysis capabilities, an assessment of 
functionality and usability requirements of the audit 
tool was performed. Target building characteristics 
(size and configuration of the building and systems) and 
the skill levels of target users were important considera-
tions in determining the modeling approach and design 
of the user interface.  

Target Building Characteristics 
For WAP energy audit purposes, DOE considers multi-
family buildings to be those containing five dwelling 
units or more (MF 5+). A review of the 2005 Residen-
tial Energy Consumption Survey (RECS) (US EIA 
2009) data revealed statistics for building scale and 
system types by region for MF 5+ buildings.  
 
There are approximately 17 million dwelling units in 
MF 5+ buildings in the United States. Figure 1 shows 
the distribution of dwelling units by major census re-
gions and the variation across regions. Although RECS 
data do not address multifamily “buildings” directly, 
analysis of the data using derived parameters indicates 
that the distribution of buildings by region is approxi-
mately the same as the distribution of the dwelling 
units. Also, 70–80% of all MF 5+ dwelling units are in 
“small” multifamily buildings in all four regions. 
 

 
Figure 1: Distribution of MF 5+ dwelling units 
across the United States by major census region 

Statistics for heating system type show that about 75% 
of all dwelling units in MF 5+ buildings have simpler 
systems. Figure 2 shows a distribution of dwelling unit 
populations with simpler (decentralized) and complex 
(centralized) systems by major census region. It indi-
cates that complex systems are dominant in the North-
east and decreasingly prevalent moving to the Midwest, 
South, and West. 
 

 
Figure 2: Distribution of MF 5+ dwelling units by 

system types in major US census regions 
 
The national input also indicates that multifamily hous-
ing types ranging from small buildings to high-rise 
apartments are found in almost all states. Small multi-
family buildings being audited range from walk-up 
buildings of up to three stories with central steam heat-
ing systems, to garden-style apartments with individual 
HVAC systems (and sometimes a central system for 
common areas).  
 
The building scale and system configuration are two 
key sources of variation in multifamily buildings that 
may require different methods of handling. Multifamily 
building typologies add to this requirement by multiple 
degrees. A review of multifamily housing types shows 
that multifamily building typologies vary widely (CDI 
2011, HUD 2012) and cannot all be analyzed using one 
model. For example, compact, box-shape buildings 
with double-loaded corridors and protected entrances; 
apartments with breezeways or open verandas; and 
garden-style apartments similar to single-family units—
all require different models. To address these building 
and system configurations, either a flexible building 
model or multiple modeling templates are needed. 

Target Users and Skill Level 
To collect modeling inputs efficiently, it is important to 
consider the users’ level of skill at obtaining building 
data in determining the level of detail to include in the 
user interface. It is important to note that the multifami-
ly audit tool would primarily be used by energy audi-
tors in weatherization agencies to conduct energy audits 
in multifamily buildings.  
 
In general, the skill level of a multifamily building 
energy auditor can be assumed to be advanced, as these 
auditors must meet the national workforce guidelines 
for multifamily building energy upgrades (BPI 2008) 
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and obtain required certification(s) on the national 
training platform1. However, there may be instances 
when agencies/auditors mostly dealing with single-
family weatherization begin to audit small multifamily 
buildings. Therefore, some level of conformity is re-
quired between the existing single-family audit tools 
and planned multifamily audit tool. 

MODELING APPROACH 
Energy simulation is a very powerful approach, and its 
benefits are often enticing. However, an excessive 
focus on detailed modeling may provide only marginal 
benefits and compromise the usability of the tool. At 
the same time, oversimplification of audit inputs may 
undermine the benefits of simulation. Therefore, opti-
mal levels of modeling detail and audit input simplifica-
tion are needed. The following discussion presents 
general criteria that guided the modeling approach. 

Zoning 
Multifamily buildings typically have dwelling units 
facing different orientations, and may have dissimilar 
floors, common areas (open or enclosed, conditioned or 
unconditioned), and vertically connected spaces (e.g., 
stairwell and shafts). Multiple thermal zones are re-
quired to adequately model the impact of the energy 
interactions of a zone with the outdoors and with at-
tached dissimilar zones, and to evaluate zone-specific 
retrofit measures. Modeling the energy interactions of a 
zone with the outdoors requires separate zones for cor-
ner units and embedded units facing different orienta-
tions. Modeling a zone’s energy interactions with 
attached dissimilar zones requires separate zones for 
common areas.  
 
Dividing the building into too many zones may increase 
modeling errors. Therefore, for Version 1 of the tool to 
have a reasonable number of zones, only four typical 
floors (i.e., top floor, intermediate floor with a floor-
multiplier, first floor, and below-ground floor) are 
modeled. On each floor, multiple thermal zones for 
dwelling units having dissimilar exposures, and one 
thermal zone each for enclosed hallways (conditioned 
or unconditioned), other conditioned spaces aggregated, 
and other unconditioned spaces aggregated are mod-
eled. Zones for an attic space and a crawlspace are also 
incorporated in the model. Figure 3 shows examples of 
multifamily building configurations addressed by the 
proposed zoning scheme, and highlights typical floors 
and dwelling unit zones required for modeling different 
building configurations. 

                                                           
1 The workforce guidelines and training platform modules of the 
technical standards are currently in development. Until they are 
finalized, the interim standards document can be consulted to under-
stand the skill levels required. 

 

Figure 3: Examples of multifamily building configura-
tions addressed by the proposed zoning scheme 

 

System Assignment 
HVAC and DHW systems in multifamily buildings 
may be centralized, decentralized, or a combination of 
both. The characteristics, loads seen by the system, 
operation and efficiency under part-load conditions, and 
retrofit measures are all quite different for centralized 
versus decentralized systems. Therefore, modeling 
systems and assigning them to zones to reasonably 
represent the installed configuration is important. The 
model is developed to handle decentralized systems in 
all the thermal zones described, a centralized system 
serving a whole building, or a combination of decen-
tralized systems serving dwelling units and a central-
ized system serving common areas of the building. 

Component Modeling 
Building components and associated measures that 
impact heating or cooling energy use directly or indi-
rectly (e.g., shell, HVAC system, indoor lighting and 
appliances) must be analyzed as part of the whole-
building energy simulation. However, some of these 
components and measures (e.g., infiltration, HVAC 
system tune-up) are hard to model and require separate 
analysis methods, such as side calculations and evi-
dence-based energy performance or savings estimates. 
For other components and measures that have noninter-
active energy impacts (e.g., exterior lighting and 
equipment, DHW system) or that are better handled 
outside DOE-2 (e.g., distribution system), separate 
analysis methods are preferred.  
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The level of analysis and modeling detail is determined 
by considering the role and treatment of a component in 
the building energy audit process. In general, the WAP 
allows retrofit measures that involve materials listed in 
Appendix A of 10 CFR Part 440 (US GPO 2005) or 
that are approved by DOE on a case-by-case basis. 
Analysis of these measures requires detailed modeling 
of components that are candidates for retrofit. Other 
components may be analyzed using aggregated or aver-
aged inputs without compromising the modeling bene-
fits.  
 
Through aggregated or averaged modeling inputs, vari-
ations among dwelling units in terms of characteristics 
of the shell component, indoor conditions, systems, 
occupancy, and schedules are handled. Thus all dwell-
ing units are modeled as identical zones in all respects 
except variations in exposure, which are handled well 
through the zoning scheme described previously. Ag-
gregated or averaged modeling inputs are also found 
useful for combining multiple common areas existing 
on a floor as one thermal zone. 

Implementation of Modeling Approach 
The modeling approach described is implemented at 
two levels, the front-end graphical user interface (GUI) 
and the backend DOE-2.1e simulation model (BDL, or 
building description language), connected through 
backend calculations that convert GUI inputs to BDL 
inputs. These key components collectively ensure that 
the desired modeling capabilities are addressed in the 
BDL without complicating the data input process on the 
GUI. Backend calculations also prepare inputs for the 
supplementary analysis modules outside DOE-2 simu-
lation. These are described in the following sections. 

USER INTERFACE 
The GUI data input forms are designed for describing 
the building, shell, systems, lighting, and appliances to 
model all targeted zones of the building to the desired 
level of detail. Efficiently incorporating all relevant 
building inputs for a wide range of possible building 
scenarios required a judicious layout of data input fields 
on the GUI forms.  
 
Figures 4 through 6 show Building, Walls and HVAC 
systems forms, respectively, to demonstrate how the 
building, shell and system component details are laid 
out in the interface.  

Building Form 
The Building form (Figure 4) collects information 
about the size and configuration of the building and its 
spaces. Specific inferences from user inputs that allow 
the simplification of input requirements are made as 
follows: 

x The existence of the top, intermediate, first, and be-
low-ground floors, and the floor multiplier for the 
intermediate floor are determined from the user in-
puts for number of floors above and below grade. 

x The existence of zones (i.e., dwelling units, enclosed 
hallways, other conditioned spaces, and other un-
conditioned spaces) on different floors is determined 
from the user inputs for area of zones by level. The 
existence of an attic and a crawlspace is determined 
implicitly from the user inputs for roof type (i.e., at-
tic roof) and floor type (i.e., above-crawlspace floor) 
on the shell forms. 

x The existence of typical dwelling units having dif-
ferent exposures, and the multipliers for dwelling 
units with identical exposures are determined from 
the user inputs for number of units by exposed sides 
and floor level in the graphical input fields. 

x The building shape is approximated from the user 
selection for building configuration that lists typical 
compact and winged layouts. The arrangement of 
dwelling units in the building is approximated from 
the user selection for building configuration com-
bined with hallway configuration (i.e., single-
loaded, double-loaded, nonexistent). These approx-
imations help estimate the coordinates of zones, 
which are required for modeling the impact of build-
ing self-shading. Shading from nearby objects (e.g., 
vegetation, neighboring buildings) would require 
additional inputs for their height and distance from 
the building. 

Shell Forms 
The shell forms describe the construction, size, and 
retrofit measures for walls (Figure 5), roof, floors (i.e., 
surface components), windows, and doors (i.e., sub-
surface components). Key considerations behind the 
shell forms are as follows: 
x Multiple exterior walls, underground walls, and par-

tition walls can be described using the Wall form; 
multiple segments of attic roofs, cathedral roofs, and 
flat roofs can be defined using the Roof form; and 
multiple ground-coupled floors, exposed floors, 
above-crawlspace floors, and interior floors can be 
described using the Floor form.  

x All heat transfer components must be described ex-
plicitly, including partitions that are considered for 
retrofit. Description of adiabatic surfaces is not re-
quired.2 

                                                           
2 To account for the thermal mass of interior surfaces in a zone, the 
model determines adiabatic wall area by subtracting user-defined 
zone-specific wall area from estimated total enclosing wall area (i.e., 
based on an assumed zone perimeter-to-floor area ratio). Adiabatic 
floor area is determined from user-defined zone area minus area of 
user-defined floor component assigned to that zone.  
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and conditional macros (##if) (Winkelmann et al. 
1993). The BDL is developed in segments (i.e., include-
files) that are pulled together in the BDL input stream 
by a parent input file. This file calls all level 1 include-
files, some of which call level 2 include-files (e.g., 
inclusion of level 2 zone-specific surface description in 
level 1 space description). Blocks of inputs for similar 
commands and commands that appear multiple times 
are defined collectively using definition macros. The 
definition macros optionally use arguments (i.e., varia-
bles that can be assigned a value at the time the defini-
tions are referenced in the BDL). Conditional macros 
are extensively used for including or excluding portions 
of codes based on the existence and type of building 
and system components inferred from the GUI inputs. 
Structuring the BDL in this manner offers many ad-
vantages in terms of its development and testing: 
x Development of the BDL as a set of include-files, 

once it is created, allows parallel development of its 
individual parts, which can be tested with the re-
maining parts seamlessly; 

x Use of definition macros with arguments for repeti-
tive blocks of inputs makes the BDL more concise, 
minimizing modeling errors. Errors, if introduced, 
are easy to identify and fix;  

x Defining macros collectively for similar commands 
allows faster development of the BDL and prevents 
omission, duplication, or other modeling errors; 

x New modeling entities (e.g., zones and surfaces) can 
be defined and added easily; 

x Conditional macros allow the BDL to be flexible yet 
precise enough to address any number of floors, any 
arrangement of dwelling units, and the existence of 
common spaces in the building. 

Key Modules of the BDL 
The following files collectively build a complete build-
ing model of a multifamily building: 

main.inp 
This is the main BDL input file that pulls all level 1 
include-files together, including those required under 
LOADS and SYSTEMS subprograms.5 All other files 
described below (*.inc) are include-files. 

userInput.inc  
This level 1 include-file defines all macros required to 
receive GUI inputs and preprocessed values derived 
from GUI inputs, and passes them downstream. Exam-
ples of GUI inputs include general building inputs such 
as area of spaces, number of floors, and number of 
dwelling units. Examples of preprocessed modeling 

                                                           
5 PLANT inputs will be expanded in Version 2 of MulTEA. 

inputs include material properties derived from descrip-
tive user inputs for construction. 

preCalc.inc 
The useInput.inc include-file contains a limited number 
of macros that are collected as GUI input or pre-
processed values. preCalc.inc, a level 1 include-file, 
defines additional macros required by the BDL based 
on those already defined in userInput.inc.  

def<entity>.inc 
These level 1 include-files contain macro definitions of 
construction layers, surface components, spaces, zones, 
and systems, which are referenced multiple times in the 
BDL. For example, all dwelling units that face a specif-
ic orientation have identical walls, windows, and doors; 
and all dwelling units on a specific floor have identical 
floors, roofs, and ceilings. These identical shell compo-
nents are modeled in multiple zones simply by referring 
to macro definitions rather than using expanded com-
mands. Furthermore, all walls, roofs, ceilings, and 
floors are assumed to have up to a five-layer construc-
tion assembly. Using a five-argument macro definition, 
all constructions are modeled simply by referring to the 
same macro definition and assigning materials to the 
five arguments.  

<entity>.inc 
These level 1 include-files are used for describing 
schedules, materials, layers, construction, glass types, 
and space conditions. These include-files use expanded 
commands or refer to macro definitions defined previ-
ously in various def<entity>.inc include-files. 

SPACE.inc 
This level 1 include-file is the core of the LOADS sub-
program that is coded to be flexible by using condition-
al macros for including or excluding floor levels, zones, 
surfaces, and sub-surfaces. Figure 3 indicates how this 
include-file can generate multiple building configura-
tions by using the flexible modeling scheme. These 
include-files use macro definitions of spaces defined in 
defSPACE.inc. The key points of this scheme, in paral-
lel with the key points of the GUI, are as follows:  
x Only typical floors are modeled, which include a top 

floor, an intermediate floor with floor multipliers, a 
first floor, and a below-grade floor.  

x Six enclosed zone-types are modeled: dwelling unit, 
enclosed hallway, other conditioned space, other 
unconditioned space, attic, and crawlspace.6 All 
zone types except attic and crawlspace can exist on 

                                                           
6 Other conditioned spaces and other unconditioned spaces combine 
all common spaces that are part of the building. More spaces can be 
added (e.g., modeled as separate zone types, as needed, as long as 
such a change is made at all levels: defining areas, surfaces, internal 
loads, and systems). 
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all floor levels. Among these, dwelling units having 
dissimilar exposures are modeled as separate zones, 
and dwelling units with identical exposures are 
modeled using multipliers. 

x Under each zone, a set of orientation-specific in-
clude-files are called for modeling walls, windows 
and doors, and floor level-specific include-files are 
called for modeling floor and ceiling/roof.  

x The zones are assumed to be rectangular in plan. 
This allows the coordinates of shell components to 
be derived easily using the dimensions of the en-
closing surface components. 

<Vsurf><zone><orientation>.inc and 
<Hsurf><zone>< level>.inc 
These level 2 include-files define multiple walls, win-
dows, and doors (i.e., vertical surfaces and subsurfac-
es), and multiple floors, ceilings and roofs (i.e., 
horizontal surfaces) under conditional macros, which 
include or exclude multiple instances of these surfaces 
based on the user inputs. These include-files use macro 
definitions of surfaces and sub-surfaces defined in 
various def<entity>.inc include-files. 

ZONE.inc and SYSTEM.inc 
These level 1 include-files are the core of the 
SYSTEMS subprogram, and use the same conditional 
macros as described in SPACE.inc for including or 
excluding zones and assigning systems to these zones. 
These include-files use macro definitions of zones and 
systems defined in defZONE.inc and defSYSTEM.inc. 

SUMMARY 
This paper presents the flexible, multizone modeling 
concept formulated for the development of a multifami-
ly building energy audit tool for the WAP. This effort is 
in response to the need for an improved audit tool with 
the basic ability to model multiple zones and multiple 
systems (i.e., multiple equipment of a central system or 
multiple decentralized systems). The design of the user 
interface and the structure of the BDL are described to 
demonstrate the implementation of the modeling con-
cept. The modeling approach allows rapid development 
and testing of the BDL. This same approach could be 
used directly for building types such as hotels, motels, 
and dormitories, and followed for creating custom tem-
plates for other building types for which a single zoning 
scheme is not applicable. 
 
The current version of this tool addresses low- to mid-
rise multifamily buildings with decentralized HVAC 
systems. For high-rise multifamily buildings, additional 
capabilities need to be added, such as modeling of 
spaces spanning multiple floors as separate zones (e.g., 
stairwells, elevators, ventilation shafts, garbage chutes), 
improved analysis of infiltration, and modeling of cen-

tralized HVAC systems, including ventilation-only 
systems. For multiple building developments (e.g., 
those served by a district heating/cooling system), a 
revised user interface would be required to allow de-
scription of multiple buildings in blocks, and additional 
modules would be needed in the BDL to model plant 
equipment. 
 
For developing any similar modeling system, the devel-
opment steps of analyzing desired/required capabilities, 
building stock configurations, zoning possibilities, 
tradeoffs of input simplicity versus modeling complexi-
ty, and feasibility of implementation approach using a 
selected modeling engine, would still be needed.  
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CREATING ZONING APPROXIMATIONS TO BUILDING ENERGY MODELS USING
THE KOOPMAN OPERATOR

Michael Georgescu, Bryan Eisenhower, and Igor Mezić
Department of Mechanical Engineering, University of California, Santa Barbara

ABSTRACT
As the scope of building construction increases and de-

signs become more integrated, building energy models
have found widespread use in evaluating building per-
formance. Despite the growing sophistication of build-
ing modelling tools, errors can arise from the approxima-
tions that are made during model creation. This paper ad-
dresses model zoning, i.e., how the volume of a building
is divided into regions where properties are assumed to
be uniform. Zoning is important during the creation of
a model because the accuracy of prediction from simu-
lating a model reduces when dissimilar zones are lumped
together. In this paper, a systematic approach to creat-
ing zoning approximations is introduced to investigate the
effect of zoning on simulation accuracy. Applying the
Koopman operator, an infinite-dimensional, linear oper-
ator that captures nonlinear, finite-dimensional dynamics
without linearization, a detailed building model is stud-
ied. Using the Koopman operator, the temperature history
of rooms produced by a building simulation can be de-
composed into Koopman modes. These modes identify
dynamically significant behavior which will form a basis
for the creation of zoning approximations. An implemen-
tation of this technique is illustrated in a building model
of an actual building designed with both mechanical and
natural conditioning.

INTRODUCTION
Development of building energy models has been on-

going for several decades, and model-based analysis has
found use in multiple areas of the building systems field.
Applications of model-based analysis include proof-of-
concept feasibility studies that may be performed during
the design phase of building construction (Binks 2011;
Gross and Hu 2011; Hes et al. 2011), benchmarking en-
ergy efficiency such as performed for obtaining LEED
certification (UCSGBC 2011), and control or retrofit stud-
ies after building construction has been completed (Chah-
wane et al. 2011; Kabele et al. 2011). As a result of the
variety of uses that exist for building models, the field
is becoming increasingly interdisciplinary with interests
from architects to engineers from industry and academia
with varying technical backgrounds.

The relevant dynamics of a building can be described
by a system of partial differential equations (PDEs). This
system is often too time consuming to fully simulate for
long durations of time (e.g., a yearlong period), therefore
approximations are normally made. Examples include
one-dimensional heat transfer through walls and floors
and uniform material properties. Thus the original PDEs
are transformed into a lumped parameter system which
takes less time to solve numerically. Building simulation
environments such as EnergyPlus, TRNSYS, ESP-r, use
these assumptions when predicting building performance
and numerous studies exist that reinforce the validity of
these simulation environments and their assumptions for
predicting building heat transfer(Bradley, Kummert, and
McDowell 2004; US:DOE 2012). Generally, the most de-
tailed models these programs are capable of producing are
those in which each room of a building is treated as an in-
dividual zone with uniform properties. However in prac-
tice, a model where each room is individually zoned can
be time consuming to develop. To reduce the time neces-
sary to develop a model, the creator of the model devises
zoning approximations where the properties of multiple
rooms are lumped together into a single zone. From this
simplification, the model representation of a building can
contain fewer zones than there are physical rooms. Since
the number of parameters becomes increasingly difficult
to manage as model complexity grows, and complex mod-
els require more time to fully simulate, zoning approxi-
mations are made to mitigate these problems. Depending
on the background and field of the modeler, different ap-
proximations may be deemed acceptable. Currently, the
lumping of rooms is usually performed heuristically and
based on some similarity between the lumped rooms (e.g.
similar internal loads, shared HVAC components, etc.).

Several studies exist describing the effects that zoning
approximations have on a building model. In (O’Brien,
Athienitis, and Kesik 2011), the sensitivity to zoning of a
5 room model is explored, and the author shows that mod-
els with too few thermal zones can under-predict energy
usage and comfort by over-predicting the rate of air mix-
ing caused when rooms are lumped together. A technique
for model order reduction of building models is presented
in (Deng et al. 2010) which creates zoning approxima-
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tions based on the time constants of rooms and their walls.
These approximations preserve the physical interpretation
of the building model bringing insight to the behavior of
zones through control of the aggressiveness of the reduc-
tion scheme. This approach however requires knowledge
of the equations describing the temperature evolution of
the building model. When using building simulation en-
vironments, the thermal balance is not explicitly available
to the user. The approach for creating zoning approxima-
tions presented in this paper is based off of observations of
temperature with no knowledge of the equations describ-
ing the thermal balance of the building model.

In this paper, zoning approximations of building mod-
els are systematically determined (utilizing the Koopman
operator). The Koopman operator is a linear, infinite-
dimensional operator that captures nonlinear, finite di-
mensional dynamics without linearization. Using proper-
ties of this operator, dominant modes of thermal behavior
can be extracted from a building simulation. The Koop-
man operator has previously been used to study the ther-
mal behavior of other buildings. In (Eisenhower et al.
2010), an EnergyPlus model of a building was partially
calibrated to measured data by comparing the modes pro-
duced by the model to that from measured temperature
data. With information provided by these modes, one can
determine when different zones of a building simulation
are dynamically similar suggesting that they can be com-
bined into a single effective zone with minimal effect on
model prediction.

Besides zoning approximations, additional assump-
tions are made by modelers during the creation of a build-
ing model such as defining internal loads and operating
schedules. This process can be error prone and inconsis-
tent creating uncertainties which are not negligible (Tup-
per et al. 2011). The model studied in this paper does
not incorporate any internal loads or operating schedules.
This is however, not a limitation of the method, and inter-
nal loads and schedules may be included in future studies.
For illustrative purposes, focus is instead given to thermal
influences of the simulated weather on the building model
when evaluating zoning approximations, and how accu-
racy decreases as a model is more coarsely zoned. Accu-
rately capturing the environment’s influence on the heat
transfer of a building is important because inaccuracies
from a coarsely zoned building model can compound with
the imprecisions in defining internal loads, schedules, and
other model parameters.

The remainder of this paper is organized as follows: in
the following section, a brief overview of the Koopman
operator is given. Using the Koopman operator, a de-
tailed building model is analyzed, and zoning approxima-
tions are created based off of similarities between adjacent
zones which are present from the spectrum of the opera-

tor. The paper is concluded with a summary of zoning
approximations created, and their effect on model perfor-
mance.

THE KOOPMAN OPERATOR
To introduce the Koopman operator, consider the evo-

lution of a nonlinear dynamical system given by

x(t +1) = F(x(t)) (1)

where x 2 M are the state space variables belonging to
a finite, but multi-dimensional space M, and F : M ! M
maps the variables at time t to time t + 1. The Koopman
operator U is a linear operator that acts on M in the fol-
lowing manner: for g : M ! R, where g is a function de-
scribing observations of the state space variables, U maps
g to a new function Ug given by

Ug(x) = g(F(x(t))) = g(x(t +1)). (2)

While the dynamical system may be nonlinear and
evolve on a finite-dimensional space, the Koopman op-
erator is linear, but infinite-dimensional.

The Koopman operator describes the evolution of an
observable one step in time. For example, in the case of a
homogeneous linear time-invariant system with the state
vector as the observable, the Koopman operator can ex-
plicitly be written as the state-transformation matrix for a
fixed time-step. In more complex systems, the Koopman
operator is not as easily expressed.

Because the Koopman operator is linear, its eigenfunc-
tions and eigenvalues are defined as follows: for eigen-
function yk : M ! C and constant eigenvalues lk 2 C

Uyk(x) = lkyk(x). k = 1,2, ... (3)

Vector-valued observables, g : M ! Rn, can be ex-
pressed in terms of eigenfunctions and eigenvectors of the
Koopman operator by

g(x) =
•

Â
k=1

lkyk(x)vk. (4)

We assume g(x) is in the span of eigenfunctions which
is true if if the initial condition x0 is on any attractor. In
Eq.4, {vk}•

k=1 are a set of vectors called Koopman modes,
and are coefficients of the projections of observables onto
the eigenfunctions of the Koopman operator. Koopman
modes describe the dynamics of observables at different
frequencies (proportional to lk), and will be the basis for
creating zoning approximations described later in this pa-
per.
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In (Mezic and Banaszuk 2004), a relationship between
Fourier analysis and Koopman modes is identified. There
are several methods available for calculating Koopman
modes such as using the Arnoldi algorithm (Susuki and
Mezic 2010), or by using harmonic averages of the spa-
tial field (Mezic 2005). When observables are periodic,
the decomposition can be computed using discreet Fourier
transformation (Rowley et al. 2009) (as is the case for
a yearlong building simulation). For more information
about model decomposition using the Koopman operator,
refer to the references above

In this paper, the Koopman operator is utilized in cre-
ating zoning approximations by analyzing the amplitude
and phase of Koopman modes that are largest in mag-
nitude. The observables used in this paper to calculate
Koopman modes are the temperatures of building zones.
These modes help illustrate characteristic patterns of tem-
perature behavior that are intrinsic to the design and sim-
ulated weather of the building. By examining the modes
that reflect the most dominant heat transfer characteris-
tics of the building model, zoning approximations can be
defined to create simplified models that aim to best repro-
duce the temperature behavior of the original model for
the simulated conditions.

THE ENGINEERING SCIENCE BUILDING

Figure 1: Building (Left) and EnergyPlus model (Right)

The Engineering Science Building (ESB) was con-
structed in 2003 at the University of California, Santa
Barbara. The building is 80,500 square foot and used
mainly for microelectromechanical systems (MEMS) re-
search. The ESB includes naturally ventilated office areas,
research laboratories, and a class 100/1000 clean room.
Because of air quality requirements on room temperature
and cleanliness, the clean room and research laboratories
are continuously ventilated. Due to the level of perfor-
mance maintained by the heating, ventilation, and air con-
ditioning (HVAC) system, the ESB is one of the largest
users of energy on the campus consuming approximately
7,000,000 kWh of energy annually.

A model of the ESB was created in DesignBuilder us-
ing EnergyPlus version 6.0.0.023 from available design
drawings. The simulated environment was generated us-
ing Santa Barbara Municipal Airport TMY3 (typical me-
teorological year) weather data. The ESB was chosen for

analysis because its floor plan contains both mechanically
and naturally ventilated areas that serve a variety space
usages (i.e., offices, laboratories, clean room). Although
no HVAC system is incorporated in the model, the layout
of rooms are distributed differently with influences from
the HVAC system design depending on the type of space
usage. Office areas contain smaller rooms that are more
densely positioned while in contrast the research labora-
tories and clean rooms areas contain much larger rooms.
This allows the effect of zoning to be studied for each
of these space usages. In the model, each room is repre-
sented as its own thermal zone. Table 1 summarizes some
of the defining features of the initial EnergyPlus model.
This initial model contains 191 zones, with a time-step
duration of 15 minutes. The model takes about 45 min-
utes to simulate on computer with 2.53 GHz CPU.

KOOPMAN ANALYSIS OF THE ENERGYPLUS
MODEL

In this section, Koopman modes will be studied to un-
derstand the thermal behavior of the detailed EnergyPlus
model. We will first discuss the spectrum of the Koopman
operator and identify significant Koopman modes and the
frequencies at which they occur. Characteristics of these
modes will illustrate trends, at various time scales, that
occur in the in the thermal behavior of the detailed model.
Using similarities between these modes, zoning approxi-
mations will be created by grouping adjacent zones that
express themselves similarly across the modes being con-
sidered. These approximations allow the simplified mod-
els to be created which attempt to best capture the tem-
perature behavior of the original detailed model but with
fewer zones.

To determine which Koopman modes are most preva-
lent in the thermal behavior of the building, the spectrum
of the Koopman operator was calculated from observa-
tions of zone temperatures. The magnitude of the spec-
trum for the detailed EnergyPlus model is illustrated in
Figure 2.

To interpret Figure 2, each column of the figure cor-
responds to a Koopman mode at a particular frequency
and each row represents a thermal zone. Horizontal bands

Table 1: Features of the EnergyPlus model
# of Zones Area (sqft.)

Total Building 191 80,500
Offices 94 15,000

Clean Room 14 10,000
Laboratories 49 21,000

Quantity
Modelled Walls 2247

Modelled Windows 478
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Figure 2: (Color Online) Koopman spectrum for the zones
of the detailed EnergyPlus model (Periods larger than 30
hours are not illustrated).

Table 2: Statistics of the Koopman modes that are largest
in magnitude.

Period (Hours) Maximum Minimum Mean
8760 3.459 1.000 2.040

24 2.055 0.121 0.626
12 0.788 0.022 0.136
8 0.371 0.004 0.048
6 0.221 0.006 0.029

in the spectrum denotes that the temperature behavior
of a particular zone has spectral content across multiple
Koopman modes while vertical bands indicate that a large
group of zones are influential to a particular Koopman
mode. Within the spectrum, the modes with the largest
magnitude correspond to the 8760 hour, 24 hour, 12 hour,
8 hour, and 6 hour period. Table 2 compares the magni-
tudes of these modes. The modes capture features of os-
cillations of zone temperature occurring at different time
scales. Since the temperature of the model studied is only
affected by weather, the longest duration mode reflects
temperature trends that occur seasonally (e.g., higher zone
temperatures during the summer/lower zone temperature
during the winter) while the remaining modes identify
temperature patterns at daily and hourly time scales.

Comparing the amplitudes and phases of zones within
each mode highlights elements of the design of the build-
ing. In Figure 3, the distribution of amplitudes and phases
of the 5 modes of Table 2 are shown, and in Figure 4, the
amplitudes and phases of zones from the longer duration
modes are shown spatially against a plan view of the sec-
ond floor of the building.

In these figures, modes at longer time scales contain
smaller variations in phase, but have large variations in

Figure 3: (Color Online) Amplitude and phase of zones
for the five modes considered. Adjacent zones with similar
amplitudes or phases are grouped together when creating
zoning approximations.

amplitude. Looking at modes on faster time scales, the
opposite occurs as modes contain large variations in phase
with smaller changes in the values of amplitude between
zones. These patterns reveal some dominant features and
effects of the simulated weather and building orientation
on zone temperature.

Within the mode of yearlong duration, the phases of
zones are similar in magnitude (compared to modes of
shorter duration) since heat transfer at this time scale oc-
curs more slowly compared to the time constant of the
thermal mass of the building, but the amplitude of zones
vary greatly since there are different amounts of glazing
from windows and insulation between different areas of
the building. The zones corresponding to the more heav-
ily insulated research laboratories have a lower amplitude
of temperature oscillation compared to the heavily glazed
naturally ventilated offices. In the modes reflecting build-
ing dynamics at faster time scales, there are large vari-
ances in phases of zones as these modes reflect orienta-
tion driven short term events such as early morning and
late afternoon sun exposure that can cause a sudden surge
in heating in a zone for several hours depending on which
side of a building the zone is located on.

Using characteristics of these modes, one can better un-
derstand when zones may behave similarly at one time
scale but differently at another. By exploiting similarities
of adjacent zones occurring among all influential modes,
a zoning approximation can be made that best preserves
the temperature behavior of the original model.

In comparing these modes, adjacent zones are grouped
together, with respect to having similar amplitude or phase
within a mode, if their distance from each other is within
a pre-specified tolerance r. The following metrics were
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Figure 4: (Color Online) Amplitudes (top row) and phases (bottom row) of zones from the three Koopman modes that
are largest in magnitude plotted against a plan view of the 2nd floor of the building. (Note differences in magnitude of
color scale between images)

used for comparing the amplitudes and phases of zones:
given two zones i and j and a maximum allowable differ-
ence in magnitude within a particular mode k, if

|kvk(xi)k�kvk(x j)k|< r, (5)

zones i and j are grouped together and treated as similarly
behaving with respect to their amplitude within the mode
considered.

For the phase of two zones i and j and a maximum al-
lowable difference in magnitude within a particular mode
k, if

|\(vk(xi))�\(vk(x j))|< r, (6)

zones i and j are grouped together and treated as simi-
larly behaving with respect to their phase within the mode

considered.

When creating a zoning approximation, two zones are
lumped together if they are grouped with respect their
amplitude and phase across all modes. Because the
amplitudes and phases of zones are distributed differ-
ently across the Koopman modes considered, two adja-
cent zones may not be grouped based on amplitude and
phase across all modes for a particular value of r. Figure
5 illustrates the sensitivity of the grouping of zones as the
value of r is varied.

The value of r was normalized across the phases and
amplitudes of different modes, so that when a zoning ap-
proximation is created, the amplitudes and phases across
all modes are weighted equally. The procedure of creating
zoning approximations from an EnergyPlus model using
Koopman modes is:
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Figure 5: (Color Online) The sensitivity of the reduction
in the number of zones as the magnitude of r is increased.

1. Simulate full-order EnergyPlus mode outputting ob-
servables of interest (in this case zone temperature).

2. Calculate Koopman modes by projecting observ-
ables onto eigenfunctions of the Koopman operator.

3. Combine adjacent zones with Koopman modes of
similar amplitude and phase at frequencies of inter-
est.

Using this procedure, numerous zoning approxima-
tions, with varying degrees of simplification, were cre-
ated by adjusting the value of r, and simplified EnergyPlus
models with a reduced number of zones were created. The
performance of these models will now be discussed.

COMPARISON OF ZONING APPROXIMATIONS
A number of simplified models were created by in-

creasing the tolerance, r, used in determining if two ad-
jacent zones behave sufficiently similar to be lumped to-
gether. When zones are lumped, shared walls are mod-
elled as internal zone objects with thermal mass. To gauge
the impact of reduced zoning on model predictive abil-
ity, the effect of an HVAC system was simulated, using
the “Ideal Loads Air System” in EnergyPlus, where each
zone is ideally heated/cooled, and the temperature of each
zone is controlled to 20�C throughout the simulation. Ac-
curacy of a simplified model is determined by comparing
its prediction of HVAC energy consumption with that of
the original detailed model. Additionally, the effect of ne-
glecting the thermal mass from shared walls of reduced
zones was also investigated. This was done to reflect stan-

Table 3: Change in model predictive capability of heating
and cooling loads as the number of zones are reduced.
# of Zones Heating (kWh) Cooling (kWh) % Error

191 384526 113144 0.0%
176 384645 113094 0.01%
154 384631 113124 0.02%
135 384504 113142 0.00%
112 384471 112844 0.07%
103 384442 112801 0.09%
95 383852 112211 0.32%
89 383781 112207 0.34%
77 383373 111808 0.50%
72 382717 111951 0.60%
60 382431 111655 0.72%
32 374011 106897 3.37%
10 346216 86128 13.13%

dard practice, as shared walls are not commonly captured
in building modelling programs when multiple rooms are
treated as a single zone in reduced models. The accuracy
of simplified models with varying level of zoning refine-
ment are shown in Figure 6 and Table 3.

The original detailed model contains 191 zones. As
the tolerance increases when comparing amplitudes and
phases of Koopman modes, more adjacent zones are de-
termined to be sufficiently similar to each other, reduc-
ing the total number of zones. When the shared walls
of lumped rooms are neglected, accuracy decreases more
quickly as illustrated in Figure 6. As the number of
zones reduces, the calculated HVAC energy decreases as
shown in Table 3. This will always occurs when zones are
lumped since the air within the building becomes more
well-mixed. In Figure 6, the error in prediction is in-
versely proportional to the number of modelled zones.

Between the models, there is very little loss in predic-
tive ability when the shared walls of lumped rooms are
treated as internal masses in the reduced models. If these
internal walls are not modelled, accuracy of the reduced
model diminishes at a much faster rate. To get an impres-
sion of how a reduced model is zoned, the floor plans of
the 191 zone, 112 zone, and 60 zone models are illustrated
in Figure 7.

In the reduced models, one can see how using Kopman
modes preserves features of the floor plan of the building
that were previously seen in Figure 4. Despite the differ-
ences in zoning between the original model and 60 zone
model, the error of the reduced model is less than 1% for
the conditions simulated.

CONCLUSIONS
In this paper, a detailed building energy model was an-

alyzed using the Koopman operator in order to identify,
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Figure 6: Simplified model accuracy (relative to initial detailed model) as the number of zones are reduced.

and systematically develop, zoning approximations based
off of observations of zone temperature. The goal of these
approximations is to reduce the complexity of the model
while minimally impacting model accuracy. Through
calculating Koopman modes, influences of the simulated
weather on zones can be seen at different time scales, and
by identifying similarities across these time scales, mod-
els containing a reduced number of zones were created
which attempted to best preserve the temperature behav-
ior of the original detailed model.

In the model studied, the number of zones were re-
duced from 191 zones to 32 zones with a 3.3% error in
prediction (7.1 % if thermal mass from internal walls of
lumped zones are neglected). Unfortunately, the detailed
model had to be simulated once in order to gather trends
on the temperature histories of zones with which to ana-
lyze the system. From the zoning approximations gener-
ated through this method, several observations were made
on types of simplifications that had little impact on ac-
curacy. These simplifications can potentially be applied
when creating other models without requiring a detailed
model to be simulated. Some guidelines to observe which
can help maintain model accuracy are:

• When merging zones, the thermal mass of unmod-
eled walls should be captured

• Zones containing exterior surfaces should not be
merged with zones that do not contain exterior sur-
faces

• Perimeter zones that are merged should have similar

surface orientations and window areas

• Zones containing a small volume and surface area
can be merged with a much larger adjacent zone with
little change loss of accuracy

Figure 7: Boundaries of two zoning approximations com-
pared to the original model zone layout (second floor of
the building shown). Gray lines indicate zone boundaries
of original 191 zone model. Thick solid lines indicate zone
boundaries of a 60 zone approximation and dotted lines
indicate additional boundaries of a 112 zone approxima-
tion.

An obstacle encountered during model reduction de-
scribed in this paper is that a detailed model must first
be created in order to establish a baseline for model accu-
racy. However, creating a detail model in this way takes
a significant amount of time, is more computationally ex-
pensive, and often amplifies uncertainty (when the num-
ber of parameters in the model increases). Accurate model
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simplification described in this paper addresses the com-
putational time required by reducing the number of con-
structions in a building model. In addition to this, when
similar zones are aggregated, less parametric information
is needed to describe the building and hence reduce un-
certainty in its prediction.
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NOMENCLATURE
F nonlinear function
x state space variables
xi i-th state space variable
t sampling instance
M high dimension manifold
R set of real numbers
U Koopman operator
g observation function
yk k-th Koopman eigenfunction
lk k-th Koopman eigenvalue
vk k-th Koopman mode
k eigenvalue/eigenfunction index
C set of complex number
r maximum allowable difference in mag-

nitude
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ABSTRACT 
A large office building has a 140 m atrium which is split 
into four sections: atriums 1,   2,   and   3   and   a   “sky  
garden”  which is the upper most atrium with trees and 
shrubs. The atrium was simulated first in EnergyPlus to 
obtain the correct surface conditions for the critical days 
and then in Star CCM+. 
The first CFD analysis showed uncomfortable 
temperatures on the upper balconies in each section in 
the summer months. The optimization of the jet nozzles 
angles, the additional components and the supply 
temperature adjustment has shown a promising 
improvement in the thermal comfort on the balconies. 

INTRODUCTION 
Building Performance Simulation (BPS) has a key role 
for better design and improvement of new residential 
and commercial buildings (Mahdavi and Reis 1998, 
Malkawi and Augenbroe 2003, Hensen et al. 2004). It 
can help the designers to compare different scenarios 
for the buildings by changing the temperatures, flow 
rates and locations for installing HVAC systems to 
obtain thermal comfort.  

The BPS tools contain Building Energy Simulations 
(BES) tools and Computational Fluid Dynamics (CFD) 
tools. The BES tools are widely used at the academic 
level and include e.g. Energy Plus (EnergyPlus 2005) 
and ESP-r (Clarke 2001, Strachan et al. 2008), etc. The 
widely used CFD tools are Fluent (Fluent 2006), Star-
CCM+ (Star-CCM+ 2011), OpenFOAM (OpenFOAM 
2004), etc. 
BES tools are based on yearly simulations to find the 
most critical days of the year from a thermal comfort 
point of view. Most of the BPS simulations start by 
investigating the buildings with BES tools and later 
CFD. CFD deals with a set of non-linear partial 
differential equations for predicting some variables such 
as temperature, velocity, pressure, etc. (Anderson 1995, 
Ferziger and Peric 2002). It is capable of higher 
resolution modeling of flow patterns and temperature 
ditributions than the BES tools.  

The current study deals with a 140 m atrium that is 
situated in Azerbaijan; here the climate is cold in the 
winter and hot in the summer. The atrium has a glass 
façade on its north and south sides. The atrium is 
divided into four smaller atriums and the results for 
Atrium 1 are presented in this paper. The atrium was 
simulated first in EnergyPlus to obtain the correct 
surface conditions for the critical days to be studied and 
then in Star CCM+ to help the design team stay within 
the comfort criteria of 18°C to 27°C. The aim of this 
paper is first to present the CFD analysis for the 
summer months. Then, the design will be optimized 
using the results from this analysis in order to fullfill the 
thermal comfort criteria.  

SIMULATIONS 

Building Description 
The building has a height of 140m with an atrium that 
runs up through the center of the building. The 
specifications of this atrium are shown in Figure 1. The 
atrium is split into four parts. This paper focuses on 
atrium 1, the first of these four parts. Here there are 
balconies on both sides of the atrium at every floor level 
from floor 3 to floor 9. Each balcony has a fresh air 
outlet, as well as chilled floors and fan coil units 
designed to provide a comfort zone of between 18-
27°C. These balconies can be accessed by the people 
from each side of the building. There are two bridges 
spanning the width of the atrium allowing people to 
cross one side to the other side. These bridges are at 
floor levels 5 and 7. The bridges are conditioned to 
meet the comfort criteria of 18 to 27°C using chilled 
floors. The ground floor is conditioned using a chilled 
floor and jet nozzles which direct streams of fresh air 
15m into the space.   
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Figure 1 The building specification 

 
Figure 2 Conditioning in the first quarter of the 

atrium 
The current study focuses on Atrium 1. It has a height 
of 38.7 m. The StarCCM+ CFD software is used for 
modeling the Atrium. After building the three 
dimentional geometry, the next step is to mesh the 
atrium. The mesh density needs to be checked to ensure 
that the quality of the mesh will provide us with a 
reasonable result. REHAVA (Nielsen et al. 2007) 
suggests that the number of good cells can be calculated 
by the following equation. 

 Eq. (1) 

 Where N is the number of cells and V is the room 
volume [m ]. 

The atrium volume is substituted into Eq. (1) and the 
calculation shows that the number of mesh should be at 
least 1.1 million. In the current study the number of 
mesh is about 2 million and it fulfills the criteria to have 
a fine mesh in the atrium. The models used for meshing 
the geometry are Polyhedral Mesher, Prism Layer 

Mesher and Surface Remesher. The base size mesh is 1 
m, the number of the prism layer is 3 and the prism 
layer stretching and surface growth rate cell are 1.1. The 
mesh is considered to be denser close to the supply 
outlets, returns and the walls. The mesh is checked and 
has a low mesh skewness angle. 

Boundary Conditions 
Atrium1 uses jet nozzles to supply its spaces with fresh 
air. These have a high velocity which throws the air far 
into the atrium to place fresh air into the central region 
of the atrium. 5,000 m /h of fresh air is supplied by the 
jet nozzles. The remaining 10,000 m /h of fresh air is 
delivered through air handling unit diffusers. These are 
located on the underside of the balconies in the atrium. 
The top balconies contain the returns for the fresh air. 
All supply air is conditioned to 20°C. 
Each balcony has a fan coil unit on the underside. There 
is one supply and four returns for each fan coil unit. The 
air is supplied at 18°C with 1,400 m /h for each 
balcony. A balcony with supply outlet and returns is 
shown in Figure 3. 
 

 
Figure 3 The balcony returns and supply outlets and 

their location 
 
The balconies all have cooled floors, which help to keep 
the temperature on and around them between 18°C and 
27°C. There are two revolving doors in both sides of the 
atrium. It is assumed that each revolving door has an 
inlet and outlet which allows the air to go in and out of 
the building.  
The physical models used for the simulations are the k-ε  
turbulence model, segregated flow, three dimensional, 
ideal gas and steady state conditions for solving the 
Navier Stokes and energy equations. 
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A performance model was run to obtain the boundary 
conditions for the wall and façade temperatures for the 
model. The simulation program used to run this model 
was EnergyPlus v6. The model was run for a year and 
the hottest and coldest days of the year were chosen 
from this model to be applied to the CFD model for the 
summer variations. The hottest day was July 21st with 
the hottest hour at 4pm, the outside dry bulb 
temperature at this time was 40°C (wet bulb 
temperature was 25°C). Based on the yearly results, 
surface temperatures of the core wall and different wall 
orientations of the atrium were obtained and used as 
inputs for the CFD model. 
 

RESULTS 

Temperature and Velocity Variations within the 
Atrium 
The atrium has an average temperature of 31°C. 
According to Figure 4, the temperature on the ground 
floor is around 25°C and this slowly rises until it 
reaches around 36°C at the ceiling. The temperatures 
for summer comfort in the atrium are between 18°C – 
27°C for any floor crossing the atrium and also for the 
balconies. The rest of the atrium should be at or below 
outside air temperature (40°C on the hottest day which 
is the situation the model simulated). 
 

 

 
Figure 4 Temperature distribution in the middle of 

the atrium 
 
Figure 5 is a graphical representation of the results seen 
in the slice. The height and temperature of each of the 
cells within this slice has been taken and plotted on the 

graph. The graph shows a fairly linear pattern; the 
higher in the atrium, the higher the temperature. The 
fourth and sixth floors that cross the atrium are cooled 
and as a result show a much lower temperature than the 
surrounding area. There are a couple of lines that show 
a higher temperature at the same height. These are the 
temperatures at the façade. 
 

 
Figure 5 Temperature of the atrium at different 

heights 
 
Figure 6 shows the velocity vector within the atrium. 
The velocity flow rates are between 0 m/s and 0.5 m/s. 
The facades see a greater velocity than the center of the 
atrium. This is because the facades have a hotter 
temperature than the interior so the air rises up faster. 
The air above is hotter and so when the cool and the hot 
air meet they move faster. The velocity here is still very 
low, at around 0.2 m/s. 
 

 
Figure 6 Velocity distribution in the middle of the 

atrium 
 
Figure 7 shows the temperature distribution through the 
balconies. Overall the entrance hall (atrium1) shows 
stratification in temperature from 26°C on the bottom to 
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36°C at the top. The facades have a slightly higher 
temperature than the rest of the atrium.  
 

 

 
Figure 7 Temperature distribution through the 

balconies 
 
Figure 8 shows the velocity distribution through the 
balcony. The fan coil units have air coming straight 
down from the balconies. The lower balcony has fresh 
air as well as the fan coil units; this is why the velocity 
is greater in this area. 
 

 
Figure 8 Velocity distribution through the balconies 

 
The temperature on the ground floor is around 25°C to 
26°C. This is within the temperature bounds required 
for the comfort of both the front desk and the people 
entering the atrium. The temperature on the fourth floor 
connection between the cores is around 31°C – 33°C. 
This is fairly hot and might be uncomfortable if there is 
a desk area here. The connection floor on floor 6 is very 
hot between 34°C and 36°C, which is likely very 
uncomfortable for anyone who might work there. The 
fresh air in the summer flows straight down from the 
diffusers under the balconies and the air from the fan 
coil flows straight down the core wall.  The fresh air 
reaches the people by flowing under the balcony floor, 
joining with the supply air from the fan coil and moving 
down on to the balcony. 
Optimizations, e.g. raising the air flow rates, lowering 
the supply air temperature and changing air injection 
angles are considered in the next step. 

Variant 1 for Atrium 1 
Technical details concerning the heating and equipment 
change in the new design procedure are as follows: 

 Increased air flow was added to the Atrium 1 
bridges in order to make the bridge floor more 
comfortable in the summer. 4 cooling outlets 
have been added to the lower part of the bridge 
balustrade with a 15 m length and a 0.49 m 
height from the bridge floor, considering that 
the maximum velocity coming out of the 
outlets is below 0.15 m/s with a combined flow 
rate of 16,000 m /h. 

 Cooling unit on each balustrade of the bridge: 
4,000 m /h each 
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 Outlet temperature of 18°C 
 Two 3m×3m returns added beneath the upper 

bridge floor and on the ceiling 
Figure 9 shows the new equipment with changes in 
the geometry. 

 
Figure 9 Variant 1 geometry 

 
According to Figure 10, the temperature on the ground 
floor is around 24°C and this slowly rises until it 
reaches around 35°C at the ceiling. The atrium has a 
volume average temperature of 29.6°C. 
 

 

 
Figure 10 Temperature distribution in the middle of 

atrium 
 
The cold air rises from the floor and flows over the 
balustrades which are 1m in height. This air flows down 
to the bridge underneath and then into the atrium as 
shown in Figure 11.  

 

 
Figure 11 Velocity distribution in the middle of atrium 

 
Figure 12 shows a section that is 0.25 m above the floor 
of the upper bridge. The temperature 0.25 m from the 
floor is fairly even at around 20 - 24°C. However, the 
temperature at the same level of the floor bridge and 
inside the atrium has higher temperature of about 32°C. 
 
 

 

 
Figure 12 Temperature distribution in the middle of 

atrium 
 
 
 
Figure 13 shows the velocity distribution 0.25 m above 
the floor of the upper bridge. The velocity above the 
floor is overall low between 0 and 0.2 m/s.  
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Figure 13 Velocity distribution in the middle of atrium 

 
Overall the situation in Atrium 1 is improved in the 
summer. Atrium 1 has a lower average temperature 
(29.6°C) with a range of 24°C-35°C (deltaT of 11 K) 
between the ground floor and the top floor compared to 
the previous situation (31°C).  The temperature on the 
bridges in Atrium 1 is improved and is in the range of 
the comfort level. The temperatures range from 20°C to 
24°C. 
The fresh air from the outlets flows along the floor on 
the upper bridge, and creates a more comfortable cooler 
environment than in the previous situation. The flow 
from the upper floor flows over the balustrades and falls 
on to the lower bridge. On the lower bridge, the thermal 
requirements are met and the temperature is between 
20°C-24°C. The velocity is low and is between 0-0.2 
m/s. The temperature on the balcony in the upper floors 
has improved but is still higher than the previous 
simulation. 

Variant 2 for Atrium 1 
 
Technical details concerning the heating and equipment 
change in the new design procedure are as follows: 

 Increased air flow was added to the Atrium 1 
bridges in order to make the bridge floor more 
comfortable in the summer. 8 cooling radial 
outlets with nominal diameter of  400 mm have 
been added 6.8 m above the lower and upper 
bridges with 2,000 m /h flow rates each and 
18°C.  

 13 jet nozzles were added in the lower left part 
each 400 m /h, 14°C, angle of 10° to the lower 
part of the bridge balustrade with the 
maximum velocity of 10 m/s. 11 jet nozzles 
were added in the lower right part. 18 jet 
nozzles were added in the upper left and right 
parts each 400m /h, 14°C, angle of 75°. 

 Jet nozzle returns are located 6.8 m above the 
lower and upper bridges on the right and left 
sides.  

 Three returns were added on each upper and 
lower bridge floor with two right and left side 
returns with -2,000 m /h and the middle return 
with -4,000 m /h. 

Figure 14 shows the geometry for the variant 2 
simulation. 

 
Figure 14 Variant 2 geometry 

 
According to Figure 15, the temperature on the ground 
floor is around 24°C and this slowly rises until it 
reaches around 31°C at the ceiling. The atrium has a 
volume average temperature of 27.7°C. 

 

 
Figure 15 Temperature distribution in the middle of 

atrium 
Figure 16 shows the velocity in the atrium. The cold air 
coming out of the radial outlets flows down onto the 
upper floor bridge and keeps the temperature 
comfortable on the bridge. The jet nozzles on the right 
and left hand sides act like an air curtain and separate 
the air in the atrium and the air above the floor bridges.  
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Figure 16 Velocity distribution in the middle of atrium 

 
Figure 17 shows the temperature distribution 0.8 m 
above the floor of the upper bridge. The temperature 
0.8 m from the floor is fairly even at around 20 - 24°C. 
However, the temperature around the floor bridge is 
about 30°C. 
 
 

 

 
Figure 17 Temperature distribution in the middle of 

atrium 
 
Figure 18 shows the velocity distribution 0.8 m above 
the floor of the upper bridge. The velocity above the 
floor is overall low between 0 and 0.2 m/s. however, the 
velocity is higher where the radial outlets push the air 
downwards. 
 

 
Figure 18 Velocity distribution in the middle of 

atrium 
 
Overall the situation in Atrium 1 is improved in the 
summer. Atrium 1 has a lower average temperature 
(27.7°C) compared to the previous situations (31°C and 
29.6°C).  The temperature on the bridges in Atrium 1 is 
improved and is in the range of the comfort level. The 
temperatures range from 20°C to 24°C. The balcony 
also has a comfortable temperature compared to the 
previous simulations.  

CONCLUSION 
Atrium 1, with a height of 38.7 m was investigated in 
order to find the best mechanical design to have a 
comfort level of 18°C-27°C on the balconies and floors. 
The first simulation shows that the average temperature 
of the atrium is 31°C. The temepratures on the 
balconies and the floor bridges are not comfortable 
since they have a higher temeprature than 27°C. 
Therefore, the HVAC systems have been changed and 
the first new variant applied to the model. The avarege 
temeprature of 29.6°C is obtained with the new variant 
change, the floor bridge temeprature was improved and 
met the thermal comfort criteria. However, the 
temeprature on the balconies did not meet the criteria, 
therefore another modification was made to improve the 
model. Therefore the second new variant was designed 
and simulated. In the last simulation, the average 
temperature decreased to 27.7°C. Also the temeprature 
on the floor bridges and balconies met the thermal 
comfort criteria. 
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ABSTRACT 

Thermostats are notorious for being difficult to use. 

Consequently, heating is manually controlled by 

occupants in most homes, including those with 

programmable thermostats. Conventional modeling 

approaches fail at capturing behavioral elements by 

relying on fixed setpoint schedules. To accurately 

assess the energy impact of thermostat operation 

requires two changes to the way simulations are carried 

out. First, thermostat setpoint programs must be defined 

based on how thermostats are actually operated instead 

of the usually assumed ideal behavior; and second, 

realistic occupancy schedules must be adopted instead 

of average schedules. This may require layering of 

behavioral logic atop thermostat logic. In this paper we 

present an approach for doing this using Energy Plus 

and American Time Use Survey (ATUS) data, together 

with some examples. 

INTRODUCTION 

For more than 30 years studies have examined occupant 

interaction with thermostats, more recently focusing on 

programmable thermostats (PTs) in particular. Their 

aim is usually to determine usability or existence of 

energy savings. Results are conflicting, where some 

researchers find that PTs result in savings, others find 

the opposite. Often this is due to occupants’ lifestyle or 

behavior, which can vary up to 26% (van Raaij and 

Verhallen 1983). This ultimately presents a challenge to 

those who endeavor to predict energy consumption 

through modeling, as this behavior does not conform to 

the rigid schedules currently input into simulation 

software. In response, advances in probabilistic and 

stochastic algorithms have been made. 

Perceptions of how HVAC systems work play an 

integral role in how an occupant interacts with the 

system (Peffer et al. 2011; Meier et al. 2010). Meier et 

al. cite some misconceptions including: 

 Thermostat is simply an on/off switch 

 Thermostat is a dimmer switch for heat (valve 

theory) 

 Turning down the thermostat does not reduce 

energy consumption (or not substantially) 

 Boiler thermostat is used to change the temperature 

in the room (as if it is a room thermostat) 

 People are afraid of using PTs (unknown terrible 

consequences) 

Others regard a thermostat as an accelerator, where 

turning it higher will heat faster (Kempton 1986). This 

is identical to the valve model. Still, others believe that 

turning up the heat in a cold space will consume more 

energy initially; therefore they maintain a constant 

temperature to avoid this surge in energy usage.  

Hoes et al. (2009) cite Degelman, who finds that 

occupant behavior has a greater impact on energy 

performance than the thermal processes of the façade. 

Their use of a stochastic sub-hourly occupancy control 

(SHOCC) model assumes an active user, or one who 

wants to save energy by operating windows and lights. 

The SHOCC, better for lower occupancies like 

residences, was used in conjunction with the User 

Simulation of Space Utilization (USSU) model, better 

for more sporadic occupancies such as open offices, to 

represent occupant behavior. The need for more 

advanced behavioral models was determined via 

flowchart, as presence and interaction are two major 

components. They also show that design robustness 

plays a factor.  

Richardson et al. (2008) present a high-resolution 

model for modeling occupancy in UK homes based on 

UK Time Use Survey data that relies on Markov-Chain 

techniques to generate occupancy profiles that are 

statistically similar to that of the survey data. This 

method is the most similar to the one we present. 

Haiad et al. (2004) found 59 models to represent human 

behavior, leading to over 300,000 simulations. They 

acknowledge that for the average energy investigation, 

this is prohibitive; however, their study in California, 

begins to examine thermostat interaction more 

precisely. They list the average heating and cooling 

setback temperatures, for example. Woods (2006) also 

considers average heating setpoint temperatures by 

month and models behavior using Shannon entropy, 

which examines consistency of the setpoint 

temperatures.  
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Nevius and Pigg (2000) found that even with PTs, 

17.2% and 26.7% of occupants do not use setbacks for 

night and day, respectively. According to a survey of 20 

low income homes in Wisconsin (Meier et al. 2010) 

85% claimed to use the programmable features of their 

thermostat; however, photographs of their thermostats 

belied their reports, as only 30% were programmed, 

45% were on hold, 5% were off. Their online survey 

found that 89% of respondents rarely or never used PT 

to set a weekly or weekend program, and 54% used the 

on/off switch at least weekly.  

Tanimoto et al. (2006), assess occupant behavior, but 

investigate all activities in a household, not adjustment 

of a thermostat, by developing a probablistic model 

based on time use data from Japan. Yamaguchi et al. 

(2011) agree that to more accurately represent occupant 

behavior in high resolution, stochastic modeling and 

time use data must be used. This is a good start. 

Similarly, insight can be gained from models for 

occupants’ behavior with operable windows, as in Yun 

et al. (2009), which also employs Markov chain and 

Monte Carlo models. One major drawback of these 

models is the inability to model day-to-day patterns. 

Page et al. (2007) take Tanimoto et al.’s approach one 

step further by considering time-independence, unlike 

transition probability based approaches, in which the 

current state of behavior is highly dependent on the 

state immediately-before. They call this a mobility 

parameter and it is used to consider absences of more 

than one day.  

Overall trends are seen between the papers. Yun and 

van Raajn classify users into behavioral categories – 

passive, average and active – not unlike the personas 

explored by Goldstein et al (2010). Occupants’ attitudes 

towards energy savings were also considered, with 

conflicting conclusions – being pro-energy efficiency 

did not always lead to savings. Cross and Judd, and 

Meier et al., give percentages of participants who 

behave in a particular manner. Nevis and Pigg, Haiad et 

al., and Woods give setpoint temperatures for certain 

periods of time. Many authors report users being 

confused by their thermostat, while the amount of 

available features is increasing.  

MODELING OCCUPANT BEHAVIOR 

Few occupants operate their thermostats predicatbly. 

Preliminary data from an ongoing thermostat field 

study corroborate this. Not only do people fail at 

programming thermostats correctly, they also operate 

them inconsistently. This is not surprising given the 

prior work describing how people mentally model 

thermostats.  

Accordingly, we envision that it is possible to create 

logical models based on statistical variability to better-

simulate the action of thermostats in households. 

Subsquent field testing could enable the determination 

of the prevalence of each mental model, thus enabling 

more accurate impact analysis. 

Two main kinds of behavioral interaction may take 

place with a thermostat. One has to do with making 

adjustments to the thermostat, e.g., overriding the 

current setpoint. And the other has to do with the actual 

programming of the thermostat. In this paper, we deal 

only with manual adjustments to thermostats, however 

thermostat programs could easily be integrated into this 

methodology.  

Behavior-driven variability may occur in several ways. 

First, in the temperatures that are selected, and second, 

in the frequency with which a thermostat is adjusted. 

The temperature selection may depend on several 

factors, such as who is present, what clothing is worn, 

and a person’s beliefs about how a thermostat works.  

A given household may have a typical range of prefered 

temperatures. In another case, the occupants may 

operate the thermostat with a consistent temperature 

overshoot (following the valve or accelerator mental 

model of thermostat operation), followed by a 

subsequent overcorrection (e.g., opening the window, 

or shutting off the heating system completely). In yet 

another case, a family may operate their thermostat 

according to a permanent temperature hold, or perhaps 

according to a rationally-set program. Each of these 

behaviors will produce a different energy consumption 

result, and many will produce a substantial variation.  

Instead of oscillating between two fixed setpoints, users 

may choose a temperature based on random factors that 

cannot be known within the scope of a building 

simulation. To account for this variability, setpoint 

temperatures may be modeled as a random variable 

within a typical range. With random number generators 

present in most spreadsheet programs, such behavior 

can be readily modeled.  

In addition to user behavior, one must also be able to 

model when the behavior takes place. Most 

importantly, with the exception of highly-advanced 

thermostats, users can only adjust the thermostat when 

they are at home. Behavior could be modeled such that 

the thermostat is adjusted when someone leaves or 

enters the house. Alternatively, a specified number of 

random adjustments could be made while occupants are 

at home. In the next section, we look at ways of 

modeling occupancy in better detail. 

MODELING OCCUPANCY PATTERNS 

Average schedules are not typical schedules. Normally, 

modelers define fixed schedules for thermostat 

setpoints and building occupancy based on average or 

ideal conditions. Figure 1 shows the likelihood of a 

person being found at home according to the time of 

day (BLS 2011). Yet, on a given day, actual occupancy 
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patterns can differ substantially from the average. 

People come and go. Each line in Figure 2 represents 

the binary occupancy patterns of 20 individuals on a 

given day.  

 

 

Figure 1 Average probability of being at home 

 

Figure 2 Actual occupancy patterns of 20 individuals 

 

Since occupancy schedules can differ substantially from 

day to day, so can the need for heating or cooling. This 

is especially true when thermostats are operated 

manually according to desire for comfort while at 

home. From a modeling perspective, this is important, 

because buildings have a thermal memory due to the 

heat capacity of materials. This is why having a setpoint 

of 60 degrees during the night and 80 degrees during 

the day is not the same as having a setpoint of 70 

degrees all the time. Variability in thermostat setpoints, 

as caused by occupants, may significantly impact 

energy use predictions. This can lead to incorrect 

conclusions about the effectiveness of programmable 

thermostats. 

To model when people are at home, we used data from 

the American Time Use Survey (ATUS) to determine 

both actual and average occupancy behaviors across the 

survey population. Each survey participant recorded the 

time, duration, and location of all their activities 

throughout one day. Figure 3 represents the daily 

schedules of all 13,259 survey participants, with each 

column representing one person’s day from morning to 

evening. The lower graphs show the variability among 

different kinds of days (e.g., weekdays, weekends, and 

holidays). A standard occupancy schedule does not 

capture this variability.  

 

 

 

 
 

Weekdays Only Weekends Only Holidays Only 

Employed 
  

 59.2% n=3,942 
 

 72.1% n=3,956 
 

 70.4% n=120 

Unemployed 
  

 82.1%  n=2,550 
 

 81.3%  n=2,603 
 

 82.1% n=88 

All Surveyed 
  

 67.9% n=6,492 
 

 76.1% n=6,559 
 

 73.6% n=208 

Figure 3 Daily whereabouts of Americans: Each vertical stripe represents one person’s day. 

Green= at home; Red=at work or school; Yellow=other location. Percentages= time spent at home. 
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A model developed by Richardson et al. (2008) can 

create synthetic daily occupancy patterns similar to 

those in Figure 2, based on weekend or weekday 

patterns and household size. Taking this technique one 

step further, it is possible to focus on subsets of the 

population to develop even more representative 

schedules, akin to the personas explored by Goldstein 

et al. (2010) for commercial buildings. Such finer-

grained models can better address specific 

demographics, such as those who work night shifts, 

live alone, are retired, or travel frequently. As an 

example, the lower portion of Figure 3 shows the 

differences in reported occupancy schedules between 

the employed and the unemployed. Whereas the 

unemployed spend about 82% of their time at home, 

regardless of the day of the week, the employed are at 

home 72% of the time on weekends, and 59% of the 

time on weekdays. Such differences in occupancy 

could produce significantly different temperature 

setpoint schedules, resulting in different estimates for 

energy use.  

One way of modeling occupancy is by randomly 

sampling daily schedules from the ATUS dataset to 

populate a spreadsheet of hourly occupancy values. 

This is the most straightforward way. Sampling can be 

done restrictively. You could, for instance, select daily 

schedules by matching specific critiera of the 

responders, such as household size, employment status, 

or income. Sampling based on weekend or weekday 

may or may not matter, depending on the criteria. 

Another way of modeling occupancy is to develop a 

Markov-Chain model of state-transitions. For example, 

you could calculate the probability of occupancy 

changing from one state to another from one hour to 

the next, like Yamaguchi. This allows the creation of 

new occupancy patterns that have the same 

characteristics of those from the survey. The advantage 

of this approach is that once the state transition 

probabilities are determined for the population you 

wish to model, you no longer need to rely on the 

original dataset. The disadvantage is that it requires 

more analytical effort.  

For the simulations in this paper, we use both fixed and 

sampled schedules.  

SIMULATIONS 

Here we illustrate the modeling approach with a few 

examples, all of which are based on the same building 

input file and climate (Zone 5A, Chicago). For each 

case we focus only on annual natural gas heating 

energy (GJ). For simplicity, in the fixed schedules, we 

ignore the differences between weekends and 

weekdays.  

The input file represents a 2 bedroom, 1 bathroom, 

single-story residential building of 1,000 ft
2
 (40ft x 

25ft), created using BEopt (NREL 2012) default 

parameters and exported as an EnergyPlus IDF file.  

Next, we modified the thermostat setpoint schedules in 

the IDF file to reference an external spreadsheet of 

hourly values. Each column of this spreadsheet 

represents a unique annual temperature schedule (8,760 

rows, one for each hour of the year).  

Using a Python script, we generated a batch of input 

files, each pointing to a different column in the 

thermostat spreadsheet. With the Energy Plus grouping 

feature, we batched together all the input files and ran 

them at once.  

Finally, using another Python script, we extracted the 

heating energy values from the output spreadsheets for 

analysis.  

Once set up, the entire process can be repeated in a 

matter of minutes. Experimenting on the effect of 

different schedules can be done simply by modifying 

the temperature schedule file and re-running the 

simulation batch. For reference, simulating 100 

schedules in the simple residential building takes about 

10 minutes on a modern laptop.  

 

Fixed Occupancy Schedule Examples 

Ex. 1: Fixed Setpoint 

As a baseline, we begin with a simple parametric 

simulation to model the dependence of annual heating 

energy demand on a fixed setpoint temperature. 

Unsurprisingly, the results in Figure 4 indicate the 

rising need for heating energy as setpoint temperature 

increases. 

 
Figure 4 Heating energy vs. fixed setpoint temperature 

 

Ex. 2: Variable Setpoints, Random Values 

In this case, we assume that at 8am and 6pm daily, 

someone in the household adjusts the setpoint to a 

random integer value between 65 and 75 degrees 

inclusive. We repeat this experiment 100 times to 

determine the influence of random behavior on energy 

consumption. 
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The average setpoint temperature was the same as in 

Ex. 1 (70.0°F), yet the calculated energy consumption 

was always higher (3.7% higher on average) than for 

fixed setpoints as shown in Figure 5. The x-axis 

temperatures in this figure represent the average 

setpoint temperature during the heating season (Oct. 1 

to May 31).  

 
Figure 5 Heating energy vs. setpoint temperature 

 

Ex. 3: Daytime Off, Ideal Behavior 

In this example we model the ideal behavior of 

someone who leaves for work at 8am and returns at 

6pm daily. Instead of using a setback temperature, this 

person turns off their heating system completely.  

 

Ex. 4: Nighttime Setback, Ideal Behavior 

In this example we model an ideal night setback to 

60°F, beginning at 11pm and ending at 6am. During 

the remaining hours, the temperature is set to the value 

shown on the x-axis of Figure 6. Not surprisingly the 

nighttime setback provides better savings than the 

daytime setback, since daytime temperatures tend to be 

warmer and because of solar gains. 

 
Figure 6 Heating energy vs. setpoint temperature. 

 

Ex. 5: Nighttime Setback, Realistic Behavior 

In this example, we model the same case as in Ex. 4, 

but with the introduction of variable occupant 

behavior. Here we assume the occupant has a 50% 

chance of remembering to turn down the heat to 60°F 

at 11pm, and at 6am, the temperature is reset to 70°F 

without fail. The model is run 100 times to show the 

variation due to chance.  

The results in Figure 7 show the significance of 

behavioral variability. As expected, the results lie 

between the fixed and ideal setback examples, yet the 

spread between maximum and minimum energy 

consumption spans about one third of their difference.  

 

Figure 7 Heating energy vs. setpoint temperature 

 

Variable Occupancy Schedule Examples 

Ex. 6: Realistic Occupancy, Ideal Setback 

In this example, we created 100 unique annual 

schedules of 365 unique workdays by randomly 

sampling daily schedules from the population of 

employed survey responders. Again, we neglect 

weekends in this study to keep things simple. To model 

the ideal behavior with the random schedule, we assign 

70°F whenever the person is home and 60°F when they 

are away. 

Results in Figure 8 show the best savings yet, but again 

with a significant range in variability. At worst, this 

strategy appears to perform only slightly better than the 

case of ideal nighttime setback, but at best it does 5% 

better. 

 

Figure 8 Heating energy vs. setpoint temperature 
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Analysis of the 100 generated schedules revealed that 

the entire sample was at home 59.8% of the time, 

compared with 59.2% for the raw data, indicating that 

the sampling technique is fairly representative. If 

higher certainty is desired, more trials could be run. 

 

Ex. 7: Realistic Occupancy, Variable Behavior 

In this final example, we model schedules based on 

both the realistic occupancy schedules of Ex. 6 and the 

irregular behavior of the occupants.  

Here we assume that whenever occupants leave the 

house, they remember 50% of the time to set the 

thermostat to a random temperature between 59-61°F, 

otherwise the setpoint remains as it was. When people 

return home, they randomly adjust the temperature to a 

value between 65 and 75°F, where it remains until they 

leave again. 

Figure 9 shows that this case has the widest range of 

variability among the cases investigated. The results 

are far worse than the ideal case of Ex. 6, even though 

the same set of randomized schedules were used in 

each case. The difference between the means of Ex. 6 

and 7 could represent the potential energy savings 

benefit of a smart thermostat as compared to typical 

operation. 

 

Figure 9 Heating energy vs. setpoint temperature 

 

CONCLUSIONS 

In this paper we have demonstrated a practical 

stochastic approach for modeling occupant behavior 

and realistic occupancy patterns, using existing tools 

and readily available data.  

Variations in energy use caused by irregular occupant 

behavior and occupancy can be significant (on the 

order of 5%), making it difficult to properly evaluate 

true savings of some energy efficiency measures. 

Using this approach can lead to better understanding of 

the building-user interaction, which may ultimately 

lead to better strategies for reducing energy 

consumption in buildings. 

Data from future thermostat field studies (one is 

currently underway) will help guide the selection of the 

probablistic parameters that will make these models 

even more useful.  
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ABSTRACT 
Natural ventilation, used appropriately, has the potential 
to provide both significant HVAC energy savings, and 
improvements in occupant satisfaction.  

Central to the development of natural ventilation 
models is the need to accurately represent the behavior 
of building occupants. The work covered in this paper 
describes a method of implementing a stochastic 
window model in EnergyPlus. Simulated window use 
data from three stochastic window opening models was 
then compared to measured window opening behavior, 
collected in a naturally-ventilated office in California. 
Recommendations regarding the selection of stochastic 
window use models, and their implementation in 
EnergyPlus, are presented.  

INTRODUCTION 
The California commercial building sector uses a 
significant  portion  of  the  state’s  primary  energy.  Of  the  
energy used on-site, 48% is used in heating, cooling 
and ventilating office buildings (CEUS). In order to 
meet   California’s   commitment   to   reduce   carbon  
emissions by 25% by 2020 and 80% by 2050 (AB32), a 
significant portion of the existing commercial building 
stock will need to be retrofitted to adopt low-carbon 
HVAC strategies. During the next 25 years, the 
potential energy savings from retrofitting existing 
buildings will greatly exceed the potential savings from 
optimizing new buildings for energy efficiency (Coffey 
2009). 

Natural ventilation offers the opportunity to provide 
energy savings and reductions in greenhouse gas 
emissions from commercial buildings in both California 
and the U.S. at large. Consequently, the California 
Energy Commission is supporting a multi-faceted 
research project that is intended to address barriers to 
broader adoption of natural ventilation in California.   
The principle goal of this project is to conduct a 
comprehensive study of these issues and provide the 
knowledge and new tools to the community that will 
allow owners, designers and policy makers to make 

informed decisions on the pros and cons of natural 
ventilation for cooling and ventilation of commercial 
buildings in California. 

Historically, a significant barrier to realizing these 
potential savings has been the perceived risk associated 
with applying unconventional HVAC strategies. 
Building stakeholders need assurance that natural 
ventilation will provide comfortable indoor air 
temperatures and maintain acceptable indoor air 
quality.  Accurate building-simulation-based natural 
ventilation models can be used to ensure the efficacy of 
natural ventilation and deliver this assurance. The 
validity of these models is critical to limiting perceived 
risks and encouraging the broader adoption of natural 
ventilation.  As a part of this broader research project 
we plan to assess and build upon the performance of 
current natural ventilation models. 

The work covered in this paper describes a method of 
implementing stochastic window use models in 
EnergyPlus. Three variations of an established and 
previously validated window use model (Rijal 2008) 
were implemented. Model prediction results were 
compared to measured window use behavior of 
occupants in a naturally-ventilated office building in 
Alameda, California. Using lessons learned from 
observed behavior in this building case study and other 
published studies, we explore appropriate methods of 
implementing occupant behavior models in EnergyPlus. 
Stochastic window use models offer potential 
improvements   over   EnergyPlus’s   current   deterministic  
window use models. These improved models will be 
used in future work to estimate the impact on building 
energy use and IAQ, of retrofitting existing California 
commercial buildings for natural ventilation.   

Current stochastic occupant models  
The first window state probability model was derived 
from three independent surveys in the UK, Pakistan and 
Europe (Nicol 2001). Since then, a significant number 
of models describing window use have been developed. 
A report by Borgeson (2008) provides a summary of 
developments through 2008. It reports that the 
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references covered have both areas of general 
agreement and disagreement.  

The key areas where current models generally agree are 
as follows. Firstly, human behavior is stochastic, not 
deterministic, but there are clear trends in the measured 
data. Models based on the probability of a window 
being used are therefore best suited to represent this 
behavior.  Secondly, occupants tend not to interact with 
their windows often. 

One area where the current models vary significantly is 
in their approach to implementing these stochastic 
models of window intervention behavior. Simple 
models predict whether or not a window is likely to be 
opened based on environmental conditions, while more 
complex models use Markov chains or survival analysis 
to incorporate time varying factors including the current 
state of the window in their models (Borgeson 2008). 

There is currently no consensus as to whether outdoor 
or indoor temperatures are the dominant factor 
determining behavior. Recent work by Dutton (2010) 
goes part way to explaining this uncertainty by 
proposing that the dominant factor differs depending on 
whether the interventions are to open or close the 
windows. During the heating season, the outside 
temperature was shown to be the dominant factor 
influencing window closing interventions. By contrast, 
during periods where the building was free running (no 
heating), indoor temperatures had the most statistically 
significant impact on window closing interventions.  

Significant differences are noted in the relative 
importance each author places on temporal aspects of 
window control, such as initial entry in to the building, 
as opposed to only considering occupant thermal 
comfort.  Models developed by Haldi et al (2009) and 
Humphreys (Rijal 2008) are based on the idea that the 
principle driver of occupant window intervention is 
occupant discomfort. In contrast, work by Yun-
Steemers (2007, 2008), Pfafferott & Herkel (2008) and 
Dutton (2010) observed that window opening primarily 
occurred immediately after entry into the room. 

MODELING BEHAVOR IN ENERGYPLUS 
Implementing user-defined models using the 
EnergyPlus building simulation tool is non-trivial.  
Several options are currently available. Firstly, 
EnergyPlus is open to collective open source 
development; users can obtain a copy of the Fortran-
based EnergyPlus source code, and implement desired 
changes in their own development version. 
Alternatively, building system controls can be modeled 
in Modelica and then, using the Building Controls 
Virtual Test Bed, EnergyPlus can be linked with the 
Modelica development environment (Wetter 2009). 
This approach holds some significant advantages over 

source code development, including rapid development 
and prototyping, and a free-to-use library of component 
models. A third option is to use a module within 
EnergyPlus, the Energy Management System (EMS). 
The EMS provides a script-based environment where 
users can simulate system control models. The EMS 
allows users to gain access to read and override a range 
of internal simulation variables, some of which are not 
ordinarily accessible to users. Users read variable 
values  using  “sensor”  objects  and  write  into  “actuator”  
objects (EnergyPlus 2011). The EMS brings with it its 
own set of issues. Implementing simple control 
strategies in EMS can be time-consuming, requiring 
considerable duplication of script, and increasing 
occurrences of user error, which is exacerbated by the 
limited debugging capabilities of the module. The EMS 
however, is native to EnergyPlus, and allows complete 
user-defined control of window state based on 
simulation variables or schedules. For these two 
reasons, it was selected as the platform to implement 
our models of occupant window use.   

However, as discussed, most recent models of window 
opening are probabilistic in nature, making them 
difficult to implement in EnergyPlus. EnergyPlus 
performs multiple warm-up simulations using design 
day environmental conditions repeated back to back, 
prior to performing simulation runs. EnergyPlus 
expects that by running the same conditions repeatedly, 
it will eventually reach a stable state.  Since the 
outcome of these stochastic models is likely to change 
each time the warm-up day is simulated, the models are 
likely to diverge, resulting in a non-convergence error 
message in EnergyPlus. Although simulations can 
complete (i.e. the full annual simulation is performed), 
the potential impact of this error on EnergyPlus system 
auto-sizing routines is currently undetermined.  

Implementation in EMS  
By considering the results of studies monitoring 
window use, three potential issues related to the 
application of window opening models in EnergyPlus 
have been identified.  Firstly, a significant proportion of 
published window models generate a binary outcome 
where windows are either opened or closed (Borgeson 
2008). There is some uncertainty as to whether these 
binary models are applicable in the case where 
windows can be opened by varying degrees, such as in 
our Alameda case study. Secondly, developers of large 
building models commonly do not implement each 
individual window in the model. A reduced set of larger 
windows is often used to represent the glazed portion of 
the building facade. An example of this is the DOE 
large office building reference model (NREL 2008). 
Finally, window-opening models typically do not 
consider the variable occupancy of open-plan spaces 
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(Rijal 2008). It is currently uncertain how to apply 
stochastic models of window use in open-plan spaces, 
where multiple occupants with varying schedules are 
impacted.  

Methods of addressing these potential issues were 
explored using three differing implementations of a 
binary stochastic window opening model in 
EnergyPlus’s   EMS   module. The original model was 
selected because it had been previously successfully 
implemented in building simulation and validated 
against measured data (Rijal 2008). The first 
implementation uses Rijal's (2008) model as published 
(we will call this RM1). A second alternative is 
proposed for use in simplified building models (we will 
call this one RM2), and the third (RM3) is identical to 
RM2, except that windows may be opened when 
occupants enter the room as long as the space is 
thermally comfortable.  

Window Opening Model  

The RM1 model was implemented in four steps.  
Firstly, the daily running mean average outdoor 
temperatures (Trm) were calculated (based on the last 20 
days), and used to calculate the adaptive comfort 
temperature (Tcomf). 

𝑓𝑜𝑟  𝑇 > 10  °𝐶 ∶    𝑇 = 0.33𝑇 + 18.8 

𝑓𝑜𝑟  𝑇 ≤ 10  °𝐶 ∶    𝑇 = 0.0.09𝑇 + 22.6 

Equation 1 

It should be noted that the result of the RM1 model is 
acutely sensitive to this adaptive comfort temperature. 
It is thus recommended that, if the user uses a weather 
file to calculate the adaptive comfort range, they should 
ensure that the file is representative of local weather 
conditions. In addition, a sensitivity analysis should 
ideally be performed so that a distribution, rather than 
point estimate of outcomes, can be provided. Then 
secondly, hourly measurement periods were categorized 
as either hot, cold or comfortable, determined by 
whether the indoor operative temperature is more than 2 
degrees C above (hot)  or below (cold)  the comfort 
temperature. Thirdly, when occupants were either too 
hot or too cold, an assessment was made of the 
probability that the window either opened or closed 
using Equation 2. 

The operative indoor temperature (Top) and the 
instantaneous outdoor temperature (Tout) were obtained 
using EMS sensor objects and then used in Equation 2. 

𝑙𝑜𝑔𝑖𝑡(𝑝 ) = 0.171  𝑇 +   0.166  𝑇 − 6.4 

𝑙𝑜𝑔𝑖𝑡(𝑝 ) = 𝑙𝑜𝑔    Equation 2 

Where pw is the probability of the window opening 
(when   occupants   were   “hot”)   and   closing   (when  
occupants  are  “cold”).   

Finally, whether a window was actually open or closed 
was determined by comparing pw to a randomly-
generated number between 0 and 1. If pw was greater 
than the number, then the window was opened, and if 
pw was less than the random number, then the window 
was closed. This was repeated for all 15 windows and 1 
glazed patio door, rolling a new random number each 
time. Random numbers were obtained in the EMS 
module using the EMS internal function 
“@RandomUniform”,   which   returns   a   uniformly  
distributed pseudo random number between defined 
bounds.  

The key difference between RM1 and RM2 lies in this 
final assessment of whether the window is opened or 
closed. For model RM2, the following simplification 
was made. In RM1 each window is either fully open or 
completely closed based on the comparison between pw 
and the outcome of a dice roll. By contrast, in RM2, the 
window open fraction for all windows in the room is 
adjusted in accordance with Equation 3. When 
occupants  are  either  too  “hot”  or  too  “cold,”  the  fraction  
of windows open is adjusted to account for 
interventions occurring each hour occupants remain 
uncomfortable. The value of pw, and hence the new 
window open fraction (OFnew), can be any value 
between 0 and 1.  

If occupants are too hot: 

𝑂𝐹 = (1 − 𝑂𝐹 ) ∗ 𝑝   +   𝑂𝐹  

If occupants are too cold: 

𝑂𝐹 = 𝑂𝐹 ∗ 𝑝       Equation 3 
The rationale for this simplification follows: in the limit 
where the number of windows within each thermal zone 
is large, the proportion of windows subjected to a 
change in state (either opening or closing) can be 
approximated by pw. This follows, because the value of 
pw will be identical for each window in a thermal zone 
with a common operative temperature.  
Thus, as the number of windows in the zone approaches 
infinity, the portion of opened windows as predicted by 
the RM2 model tends towards an outcome as predicted 
by RM1.  
The RM3 implementation was identical to RM2, except 
that RM3 accounts for the possibility that occupants 
may open a window upon entering the office even if 
they are comfortable. This was implemented as 
Equation 4: 

(𝑈𝑝𝑜𝑛  𝑖𝑛𝑖𝑡𝑖𝑎𝑙  𝑒𝑛𝑡𝑟𝑦  𝑜𝑛𝑙𝑦)    𝑂𝐹 = 𝑝     Equation 4 
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MEASURED DATA COMPARISON 

Occupant Window Use Monitoring 

Installation and collection of window state data was 
performed by our partners at the UC Berkeley Center 
for the Built Environment (CBE). The office used in 
this study occupies the second floor of a two-story 
building located on Alameda Island, California.  The 
office space is nominally split into two large open-plan 
areas, with a total floor area of 2,640 ft.2 The building 
does not have any mechanical ventilation system, and 
space heating is provided when necessary using small 
electrical resistance heaters. Twelve overhead fans with 
fully variable control are available for use by 
occupants. Fifteen sash windows located on all four 
sides of the office provide natural ventilation for fresh 
air and cooling. Figure 1 shows the locations and 
identifiers of the windows and the relative positions of 
the occupants’ desks. Windows f1 through to f8 are 
located in the front office, while windows b1 to b7 are 
located in the rear. Occupants are free to open any of 
the functioning windows in the office. However, 
several of the windows are located above desks and are 
not easily accessible. The work schedules of the 
employees are such that people are often away from the 
office, meeting clients or working remotely.  

 
Figure 1 Office layout and camera locations 

To measure window position, two digital cameras 
(Canon PowerShot A570) each with a wide-angle lens 
converter (Opteka HD  0.20X Professional Super AF 
fisheye lens, real angle of view = 174 deg.) were 

installed on ceiling joists facing the two open-plan 
offices. Figure 1 shows the locations and directions of 
the two cameras.  The camera’s  firmware  was  modified  
to allow the camera to be controlled automatically using 
scripting (Konis, 2011). This feature was used to 
automate the acquisition of JPEG images on regular (5-
minute) intervals.  Daily batches of JPEGs were then 
composited into movies and visually examined to 
determine window position. While it was possible to 
obtain estimates of the window state for the majority of 
observed periods, excessive glare caused by low solar 
altitudes compromised identification for certain periods. 
Figure 3 shows an example image where window state 
was mostly indeterminable, Figure 4 was taken during a 
period with significantly less glare and window states 
are easily discernable. Methods are now available to 
produce calibrated High Dynamic Range (HDR) images 
from bracketed sets of low dynamic range JPEG images 
(Inanici and Galvin 2004), making it possible to 
preserve a greater level of scene detail.  The use of 
HDR images would have been useful in recovering the 
window open fraction and may be used in future 
studies.  

Measurement of Office Environment 
Temperature and humidity were recorded throughout 
the study period at five-minute intervals using four 
HOBO loggers.  HOBOs were positioned at a height of 
approximately 1.5 meters, adjacent to occupied desks, 
and evenly distributed around the office. A weather 
station was installed on a mast attached to the side of 
the building to collect outdoor temperature, humidity, 
wind speed and direction.  

Occupant Comfort and Behavior 
Table 1 gives the fraction of occupied time that the 
given window was open, where occupied time is 
defined as 6 am to 6 pm, Monday through Friday. The 
results support observations that certain windows 
within the space are never used by the occupants.  

Table 1 Fraction of occupied window open time 
Month Percent  of occupied time open 

  F1 F2 F3 F4 F5 F6 F7 F8 

September 19% 19% 29% 27% 0% 49% 31% 54% 

October 10% 0% 3% 3% 0% 13% 3% 15% 

November 0% 0% 0% 0% 0% 1% 0% 0% 

December 1% 0% 0% 0% 0% 0% 0% 0% 
  D B1 B2 B3 B4 B5 B6 B7 

September 71% 8% 0% 0% 0% 0% 9% 0% 

October 34% 4% 0% 0% 0% 0% 26% 0% 

November 16% 0% 0% 0% 0% 0% 3% 0% 
December 4% 0% 0% 0% 0% 0% 0% 0% 
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This may be due in part to a difficulty reaching them, or 
because, a similarly located, but closer, window was 
found to provide sufficient ventilation cooling.   
Figures 7 through 9 show the number of open windows 
for each hour for four periods from September through 
to December. On the same two plots are the coincident 
indoor temperatures and comfort temperature bands.  
Table 2 shows the adaptive comfort state of occupants 
during periods where window opening and closing 
interventions occurred. More specifically, the metric 
presented is the number of interventions that occurred 
when occupants were in a given comfort state, divided 
by the total number of those interventions. 
Figures 7 through 9, and the analysis presented in Table 
2 show that the majority of window interventions 
occurred when the adaptive comfort model predicted 
that occupants were thermally comfortable, consistent 
with  the  ‘open  when  possible’  view  of  behavior. 

Table 2 Occupant comfort state during periods with 
window opening and closing interventions. 

 Comfortable Too hot Too cold 

Window Openings 72% 11% 17% 

Window Closings  85% 3% 12% 

 

Model Comparisons 
A comparison was made between measured window 
use and the outcomes predicted using first the RM1 
model, and then the RM2 and RM3 simplifications. A 
simplified two-zone office model was created in 
EnergyPlus with 15 windows and one door. A short 
weather file was then generated that covered the period 
of study, using the measured outdoor temperature data 
collected from our station. Indoor environmental 
conditions in the space were controlled within a narrow 
range (0.2˚C) to an hourly schedule based on measured 
indoor temperatures. Using the EMS module, the 
window opening state was then set based on the 
outcome of an implementation of our three models. The 
Tout used in Equation 2 was the instantaneous outdoor 
temperature taken from the bespoke Alameda weather 
file. 

A comparison was then made between the daily average 
fraction of open windows (Fractionaverage) using the 
measured and modeled data. For the purpose of this 
comparison, windows that were never used by 
occupants were not included in the calculation of the 
proportion of open windows. Five of the fifteen 
windows were not used throughout the observed period, 
and so were assumed to be either inaccessible, 
inoperable, or superfluous. The daily average fraction 
of open windows was calculated for both measured and 
model results using Equation 5. 

12

0
    

   average

Hourly windowopen fraction
Fraction

Hoursinwork day
    

Equation 5 

Where the hourly window open fraction is the number 
of open windows in a given hour, divided by ten (the 
total number of used windows.) Figure 2 shows that the 
comparison between the hourly fraction of open 
windows over the study period, as measured and 
predicted by RM1, RM2 and RM3, gave Pearson 
product-moment correlation coefficient squared (R2) 
values of 0.54, 0.54, and 0.7 respectively.  

 
Figure 2 Daily window open fraction 

Monthly averages of the daily average fraction of open 
windows were calculated including only occupied 
periods during the work week.  

Table 3 Monthly average open fraction  
Month Measured RM1 RM2 RM3 

September 0.43 0.51 0.50 0.76 
October 0.15 0.27 0.27 0.46 

November 0.03 0.02 0.02 0.06 
December 0.01 0.01 0.00 0.01 

For the total measurement period, predictions of the 
daily average fraction of open windows given by RM1, 
RM2 and RM3 were on average 30%, 29% and 60% 
higher than measured results, respectively. 
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Results showed that the trend of reduced window use 
during colder months was well represented by all of the 
models. However, early morning openings by 
occupants who either desired fresh air or who 
anticipated a requirement for cooling later in the day, 
was found to be reproduced by only RM3. In addition, 
the models were not aware of specific windows that are 
rarely or never used, and so overstated the fraction of 
windows open during hot periods.  

CONCLUSION 
The work presented in this paper presents the 
application of a stochastic window opening model in 
EnergyPlus. In the cases where multiple windows are 
known to exist within the thermal zone, two alternative 
deterministic simplifications of the model were also 
assessed. Reviews of prior studies of window use 
together with this case study reveal inherent problems 
in applying models of window usage. These problems 
would be confounded without supplemental 
information on how occupants actually use, or will use, 
their space. 

It is not currently understood how applicable many of 
the currently published window use models are if 
applied to office configurations that differ significantly 
from the office configurations used to derive the 
models. One possible difference is the type of windows 
used, whether they are either fully open or fully closed 
(hopper type), or variable opening (casement or sash). 
Another potential difference is the office layout, private 
or open plan.  

The window use model applied in this work used a 
binary indicator of occupant presence as per the original 
implementation (Rijal 2008). By contrast, in the 
Alameda case study, occupancy rarely exceeded 80% of 
full capacity, with a wide variation in arrival times. 
This disparity likely contributes to the observed 
differences between modeled and measured behavior. 
Further work would need to be done to establish 
whether scaling model predictions by the fraction of 
occupants present would improve predictions.  

It is recommended that EnergyPlus users select 
occupant models that are derived from data collected 
under similar office configurations (private office, large 
open plan, etc.). When possible, engineers should 
survey occupant building use in an existing or similar 
building to help inform and guide the selection of 
occupant models in general.  

In our sample case study, several windows were found 
to be completely unused throughout the measured 
period over a broad range of internal temperatures. 
Occupants were often shown to use their windows upon 
entry to the building, over a range of thermal comfort 
conditions. This behavior was confirmed by informal 

questioning of the occupants. This observation again 
brings into question the predictive capacity of a window 
opening model that assumes occupants only intervene 
to change the state of their windows based solely on 
their adaptive comfort state. Comparing measured 
window opening data with modeled data confirmed that 
models RM1 and RM2 did not capture observed early 
morning opening, resulting in low R2 values. 
Comparisons between the truly stochastic RM1 model 
and its simplified deterministic derivative, RM2, 
demonstrated that, for this fifteen-window building 
model, the difference between the RM1 and RM2 
models predicted outcomes were statistically 
insignificant.  

The use of the simplified models presents several 
advantages. Firstly, because the models are repeatable, 
EnergyPlus is less likely to give non-convergence 
errors. Secondly, the effort required to model large 
numbers of individual windows in a single thermal zone 
can be significantly reduced, as multiple windows on 
each facade can be represented by a single window of 
equivalent effective area. The main focus of this current 
work was not the validation of a given stochastic model 
however, but rather to demonstrate the application of 
stochastic models in EnergyPlus and explore the 
potential hurdles related to their application.  

Future work will assess different window use models 
from a range of authors. One of these models will be 
used to make estimates of the energy saving and indoor 
air   quality   implications   of   retrofitting   California’s  
commercial buildings to use natural ventilation.   
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APPENDIX 
 

 
Figure 3 High  glare  example  of  “fish  eye”  image 

 
Figure 4 Low glare example  of  “fish  eye”  image 
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 Figure 5 Number of open windows and indoor and comfort temperatures from September to October 

  

 
Figure 6 Number of open windows and indoor and comfort temperatures from October to November 

 

 
Figure 7 Number of open windows and indoor and comfort temperatures from November to December 
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ABSTRACT 
The boundary conditions for thermal modeling of 
fenestration systems assume an adiabatic condition 
between the fenestration system installed and the 
opaque envelope system. This theoretical adiabatic 
boundary condition may not be appropriate owing to 
heat transfer at the interfaces, particularly for 
aluminum-framed windows affixed to metal-framed 
walls. In such scenarios, the heat transfer at the 
interface may increase the discrepancy between real 
world thermal indices and laboratory measured or 
calculated indices based on NFRC Rating System.This 
paper discusses the development of Window-Wall 
Interface (WWI) Correction Factors to improve energy 
impacts of building envelope systems. 

INTRODUCTION 
Thermal modeling to determine thermal indices of 
fenestration systems for rating purposes or to be used in 
whole building energy analysis program is well 
documented.  The boundary conditions for this 
modeling are applied assuming that the fenestration 
systems are installed in the test chambers where there is 
negligible heat transfer (i.e. adiabatic condition) 
between the fenestration system installed and the walls 
of chamber in which the fenestration system is 
installed. Modern building envelope systems include 
various thermal bridging elements. In terms of 
fenestration system modeling, it is assumed that frame 
two-dimensional heat transfer affects 63.5 mm on the 
glazing beyond which the heat transfer is one-
dimensional (NFRC100, 2010). However, in reality, 
when these fenestration systems are installed in 
buildings, heat transfer at the window-wall interface 
may be significant.  
A theoretical adiabatic boundary condition may not be 
appropriate and the heat transfer at the interface may 
increase the discrepancy between laboratory determined 
and real world thermal indices. Although several 
researches have focused on fenestration and opaque 
envelope systems separately, there is a lack of research 
documentation related to the heat transfer impacts at the 

interface of window-wall systems. Among others, the 
interface between the aluminum-framed window and 
metal-framed opaque envelope construction is more 
susceptible for heat transfer. Curcija et al (2001) 
discussed the importance of window-wall interfaces to 
develop correlations or correction factors taking into 
consideration the real world effects of heat transfer that 
happens at the intersections of window-wall systems. In 
spite of several advancements in the research and 
development of NFRC rating system, the heat transfer 
issues at the interfaces of window-wall systems have 
been largely ignored.  
ASHRAE 1365-RP (ASHRAE, 2011) attempted to 
catalogue the thermal performance data of common 
building envelope details for mid- and high- rise 
construction, particularly those that were not addressed 
in other ASHRAE publications. Both analytical 
solutions and guarded hot box tests were conducted to 
validate heat transfer models. For intersections, 
ASHRAE 1365-RP quantified the linear and point 
transmittances for easier inclusion for energy use 
analysis. In the ASHRAE study, two details (“#7-
exterior insulated steel stud wall with insulated flush 
slab intersection” and “#34-precast sandwich panel 
w/out cavity insulation with curtain wall transition”) 
that corresponds to glazing and wall intersections were 
studied. Although such an approach improves thermal 
performance data of opaque envelope constructions, i.e. 
offers an alternate method to the series, parallel path, 
and zonal method in Chapter 25, “Heat, Air, and 
Moisture Control in Building Assemblies – 
Fundamentals” of 2009 ASHRAE Handbook – 
Fundamentals (ASHRAE Handbook, 2009), one of the 
limiting factor is the lack of thermal transmittances due 
to changes in window size. Currently, the point 
transmittance related to window transition is specific to 
the window size used in the experiment. Changes to 
window size will change point transmittance values 
(ASHRAE, 2011). 
This paper discusses the development of WWI 
Correction Factors for two specific combinations of 
aluminum- framed windows and metal- framed opaque 
envelope constructions in order to improve energy 
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impacts of building envelope systems. The total 
fenestration product U-factor of the envelope system is 
updated with the estimated WWI Correction Factors 
developed in this paper to include the effects of 
window-wall intersections. WWI Correction Factors 
improve prediction of heat transfer between the 
fenestration system and opaque envelope. The 
development of WWI Correction Factors is the first 
step toward aiding the process of integrating 
fenestration systems in opaque envelope systems. For 
this paper, lab tests were not conducted for comparison 
purposes. 

MODEL DEVELOPMENT 
For this project, two types of window-wall 
constructions were used. Although both the window-
wall constructions used for this project comprised of a 
combination of aluminum-framed fenestration system 
and metal-framed opaque envelope constructions, they 
differ in their intrinsic design details as developed by 
the architects. These window-wall constructions were 
selected from actual construction documents. In order 
to determine heat transfer between window-wall 
constructions, sill has been included in the model. 
Future studies will include headers. To evaluate the 
impact of glazing system types, for each of these 
window-wall constructions, three types of double 
glazed systems were modeled. They are double clear 
(CL), hard coat low-emissivity (HC), and soft coat low-
emissivity. In hard coat low-e type, the coating is 
covalently bonded to the glass using Chemical Vapor 
Deposition technology. This type is also referred to as 
“pyrolytic.” The soft coat low-e type or “sputtered” is 
manufactured using Magnetron Sputtering Vacuum 
Deposition technology. Sputtered type is not durable 
when compared to hard coat type.  
To compute the WWI Correction Factors, two modeling 
approaches were used to determine total fenestration 
product U-factors of the above-mentioned glazing 
system type. While the first approach did not include 
the effects of adjacent opaque envelope constructions, 
the second approach included the modeling of opaque 
envelope constructions. In other words, the first set of 
models were based on NFRC modeling methodology, 
i.e. excludes any modeling of adjacent opaque envelope 
constructions to represent a theoretical adiabatic 
boundary condition, and the second set of models 
include adjacent opaque envelope constructions. In all, 
12 models were developed that represented fenestration 
systems – with and without adjacent opaque envelope 
constructions, table 1. 
From table 1, models #1 to #6 use typical NFRC 
modeling approach that excludes adjacent opaque 
envelope constructions in thermal modeling of 
fenestration systems irrespective of the types and 
combinations of fenestration frames and envelope 

construction types. NFRC 100-2010 (NFRC100, 2010) 
assumes a theoretical adiabatic boundary condition 
between fenestration system’s frame (aluminum) and 
adjacent opaque envelope construction (metal- framed). 
On the other hand, models #7 to #12 uses a unique 
modeling approach that recognizes the heat transfer 
between the box beams (tube steel structures placed to 
structurally hold the windows in place) and fenestration 
system. 
Table 1. List of models. 
Model.

No. 
Name Constr. Type Glazing System 

Frame Wall CL HC SC 
1 A1-CL A1 - 3�   
2 A1-HC A1 -  3  
3 A1-SC A1 -   3 
4 A2-CL A2 - 3�   
5 A2-HC A2 -  3  
6 A2-SC A2 -   3 
7 A1W1-CL A1 W1 3�   
8 A1W1-HC A1 W1  3  
9 A1W1-SC A1 W1   3 
10 A2W2-CL A2 W2 3�   
11 A2W2-HC A2 W2  3  
12 A2W2-SC A2 W2   3 
 
A fenestration system type “Casement – Single” of size 
600 mm x 1,500 mm (24 in x 59 in) was assessed for 
total fenestration product U-factor. It was assumed that 
space between the glass panes are filled with air. The 
glazing system comprised of glazing, spacer, and 
desiccant. The typical glazing system (CL type) is a 
double 6mm (1/4 in) clear 6 mm (1/4 in) with 12.7 mm 
(1/2 in) air gap with metal spacer. Both HC and SC 
types use low-e coatings with emissivities of 0.202 and 
0.043 respectively. As a first step, the glazing systems 
were modeled in WINDOW 6 (LBNL, 2011). The 
center-of-glass U-factors were calculated using NFRC 
100-2010 environmental conditions. The center-of-
glass U-factors are 2.69 W/m2K (0.47 Btu/hr-ft2F), 
1.73 W/m2K (0.31 Btu/hr-ft2F), and 1.41 W/m2K (0.25 
Btu/hr-ft2F) for double clear, HC, and SC respectively. 
The fenestration system was simulated in a vertical 
position. Environmental conditions for the experiment 
were based on Section 8.2, NFRC-100 2010. Using 
THERM (LBNL, 2011), the frame and edge-of-glass 
conductivities were calculated, table 2; figures 1-6.  
Results show an increase in frame and edge-of-glass U-
factors when adjacent opaque envelope construction is 
included in modeling heat transfer. For example, in a 
double clear glazing system placed in type 1 of 
envelope construction, frame and edge-of-glass U-
factors increased by 20.8% and 2.5% when adjacent 
envelope constructions were included. Similarly, for 
type 2 envelope constructions, U-factors increased 
when opaque envelope constructions were included in 
modeling. For low-e glazing systems, these changes 
were even greater. 
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Figure 1. Model A1-CL showing wall construction. 
 

  
Figures 2 & 3. A1-CL (left) and A1W1-CL (right). 

 

 
Figure 4. Model A2-CL showing wall construction. 
 

      
 
Figures 5 & 6. THERM models: A2-CL (left) and 
A2W2-CL (right). 

Table 2. Frame and edge-of-glass U-factors. 
 
Name Frame Edge-of-Glass 

W/m2.K % Diff W/m2.K % Diff 
A1-CL 1.36 20.8% 0.46 2.5% A1W1-CL 1.64 0.47 
A1-HC 1.36 21.5% 0.34 4.2% A1W1-HC 1.66 0.36 
A1-SC 1.36 21.8% 0.31 5.0% A1W1-SC 1.66 0.32 
A2-CL 2.03 11.8% 0..46 1.9% A2W2-CL 2.27 0.47 
A2-HC 2.03 12.5% 0.34 3.3% A2W2-HC 2.29 0.35 
A2-SC 2.03 12.7% 0.30 4.0% A2W2-SC 2.29 0.32 
 

RESULTS AND DISCUSSION 
Finally, the THERM results were imported in 
WINDOW software (THERM 6.3/WINDOW 6.3, 
2011) to calculate total fenestration product U-factor, 
table 3. The total fenestration product U-factor was 
determined based on the requirements of Reference 2 
and Section 4.3.2.1, NFRC Simulation Manual 
(THERM 6.3/WINDOW 6.3, 2011). Area-weighted 
method as described in Section 4.1.3 of ISO 15099 was 
used to calculate overall fenestration U-factor. Thermo-
physical properties of materials used in fenestration 
system were determined in accordance with NFRC 101-
2010 (NFRC 101, 2010).  
 
Table 3. Total fenestration product U-factors. 
 

Name Fenestration U-factor 
 W/m2.K % Diff 
A1-CL 4.13 11.8% A1W1-CL 4.61 
A1-HC 3.54 14.4% A1W1-HC 4.04 
A1-SC 3.34 15.4% A1W1-SC 3.85 
A2-CL 5.15 7.7% A2W2-CL 5.55 
A2-HC 4.56 9.3% A2W2-HC 4.99 
A2-SC 4.36 9.9% A2W2-SC 4.80 

 
From table 3, it is evident that the total fenestration 
product U-factors increased when opaque envelope 
constructions were included in modeling. For example, 
for type 1 envelope construction, on average, an 
increase of 14.9% can be noticed for low-e glazing 
system. Likewise, for type 2 envelope construction, the 
average increase for low-e glazing system is 9.6%. 
These changes in heat transfer characteristics of 
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fenestration systems will results in changes to envelope 
loads and, thereby, energy use. In other words, for 
certain fenestration – opaque envelope system 
configurations such as aluminum-framed windows and 
metal-framed walls, the current modeling approach, 
particularly NFRC recommended theoretical adiabatic 
condition, to determine total fenestration product U-
factor may be deemed incorrect. However, through the 
inclusion of a Correction Factor (WWI Correction 
Factor, in this case), the total fenestration product U-
factors may be improved to reflect real world 
phenomenon. For example, WWI Correction Factors, 
14.9% and 9.6% may be used for envelope construction 
types 1 and 2 respectively.  

CONCLUSION 
This paper discussed the development of WWI 
Correction Factors for two combinations of aluminum- 
framed window and metal- framed envelope 
constructions to improve energy impacts of building 
envelope systems. WWI Correction Factors improve 
prediction of heat transfer between the fenestration 
system and opaque envelope. The development of WWI 
Correction Factors will aid in standardizing the process 
of integrating fenestration systems in opaque envelope 
systems. These fenestration indices may be passed into 
whole building energy modeling tools for accurate 
prediction of energy use. It is to be noted that the 
current example uses a specific window type. Besides, 
two-dimensional heat transfer software program has 
been used for this experiment and lab tests were not 
conducted.  
In order to develop WWI Correction Factors at a more 
generic- level for easy inclusion in building energy use 
calculations, additional simulations would have to be 
performed. Future study will include changes to 
window type, dimensions, insulation material, other 
combinations of aluminum- framed window and metal- 
framed envelope construction types, and types of glass 

treatments to determine more generic range of WWI 
Correction Factors for easy implementation in existing 
energy simulation software. None of the current 
building energy modeling software has the potential to 
calculate WWI Correction Factors. However, the 
generic range of WWI Correction Factors, once 
developed, can be implemented within the energy 
modeling software. For example, in EnergyPlus™, a 
modified WWI Correction Factor can be implemented 
to the frame section of fenestration such that the frame 
U-factor is corrected. Alternatively, the corrected U-
factor may be input in the “simple glazing method” of 
EnergyPlus. 
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ABSTRACT 

The current use of mock-ups in building 
envelope design is to serve as critical 
milestones in validating the envelope 
performance.  There is increasing emphasis of 
the importance of physical mock-ups, in 
particular during pre-construction stages, in 
emerging guidelines, specifications and 
building practice methods.  However physical 
mock-ups construe the design process as  
linear and can exacerbrate the project 
workflow when problems are discovered 
through these mock-ups at this late building 
design phase.  To allow for more flexibility 
and interaction of the mock-up validation 
process into the re-terative design generation 
process, an alternate more robust mode of 
investigation needs to be explored.   Virtual 
mock-ups are economical, less time 
consuming and robust options to their physical 
counterpart including their potential to 
integrate with building information modeling.  
This paper discusses research conducted on 
implications of virtual mock-ups and how 
their implementation, through case studies, 
was used as study models within an integrated 
exchange platform.   

INTRODUCTION 
Building envelope systems are multi-layered 
assemblies that play an important role 
impacting a large scope of descision-based 
performance factors: aesthetics, separation 
between inside and outside, indoor 
environments and thermal control of 
buildings.  The heavy burden on the building 

envelope leads to a complex process in its 
realization from design through to fabrication 
and installation.  Performance criteria include 
compliance of intended design aesthetics, 
functon, durability, value, control and 
constructability. Its design and build process is 
multi-faceted with a convergence of many 
disciplines and specialties often leading to 
issues of efficiency, integration, coordination 
and effective data exchange.     
A critical step in the construction of the 
building envelope systems is seen as its mock-
up and testing.  Mock-ups are isolated replicas 
of building envelope systems and depending 
on its scope can be used to test required 
metrics of thermal resistance, air and moisture 
infiltration and structural performance.  A 
physical mock-up is a full-sized installation 
that includes partial structure, attachment and 
envelope systems; intended to study, test and 
provide validation of the design and 
construction methods, for compliance of the 
prescribed performance criteria. The building 
envelope undergoes these physical mock-ups 
on select projects and in particular on projects 
with complex building forms/materials, risk-
averse owners, or high budgets.  However 
implementation occurs later in the building 
workflow and tends to create disruptions in 
schedule and cost in the latter phases.  
A virtual mock-up, referenced in this paper, is 
consequently the digital counterpart to the 
physical mock-up.  The different attributes 
and opportunities that the virtual mock-up 
offers, can be summarized as early project 
implementation at much-reduced costs, 
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integration with fabrication/construction, and 
improvement of efficiency of the physical 
mock-up process.  
In practice, with commissioning becoming 
more commonplace, inclusion of physical 
mock-ups in pre-construction is highly 
encouraged, as outlined in guideline 
documents such as ASHRAE Guideline 0 
/NIBS 3 Total Commissioning Guidelines 
(which includes steps for building envelope 
commissioning).  Although emphasis is made 
on the necessity of mock-ups there is little 
discussion of how to integrate the reiterative 
design process with the construction process.  
This paper references research conducted on 
workflows and presents two examples of 
different scenarios of implementing virtual 
mock-ups into the design process and mapped 
connections to various analyses of envelope 
and building energy modeling. A systems 
approach was used to better integrate 
processes and include fabrication and 
installation information during design phase. 

WORKFLOW ANALYSIS  
The workflow of the building envelope design 
and construction (installation) process needs 
to be considered to understand the 
effectiveness of virtual mock-ups. Workflow 
studies were performed on projects utilizing 
conventional and progressive modes of 
teamwork to identify differences and learning 
outcomes of their approaches.  
For conventional modes of practice, the 
building envelope design to construction 
workflow was primarily disjointed with 
uncoordinated processes within and between 
two main stages – the design stage and 
construction stage – by the design team and 
the construction team respectively. Although 
both teams have common concerns of 
envelope performance – thermal bridging, air 
and water infiltration, constructability, 
integration, structural integrity, and durability 
– their methods of validation are different and 
have little direct data exchange on most 

criteria issues. The physical mock-up would 
be perceived as the preparatory step where the 
two teams are forced to come together – a 
coordination event – orchestrated by the 
general contractor.  Unfortunately due to its 
down-stream implementation, any resulting 
changes are not typically able to undergo the 
same prior simulation (e.g., hygrothermal, 
heat, air and moisture (HAM)) analysis as the 
design used for the physical mock-up.  In 
effect, the simulation results would become 
obsolete as there would be inadequate time for 
model reiteration. 
There was evidence of project teams seeking 
different approaches to better integrate the 
critical parameters of each team representative 
ranging from architect, engineer to fabricator, 
installer through the use of digital tools to 
create virtual study mock-ups of the proposed 
envelope design. 
For example projects such as Beekman Tower 
by Gehry Partners in New York City was one 
of the project case studies performed in this 
research. For this project, the process of data 
exchange was automated through the use of 
high-level detailed digital representation of the 
building envelope and its conversion into the 
fabrication process. Early and close 
collaborations throughout the design phase to 
integrate parameters for fabrication and 
installation into the design was critical for this 
automation process. The highly customized 
complex curtain wall system of Beekman  was 
fully conceived through close collaborations 
on visual effects, parametrization of the 
components to include constructability 
constraints, and assembly information 
delivery. As described, the success of the 
project was the formation of “an optimal 
coordination of the involved parties and the 
use of state of the art digital tools to drive the 
design-fabrication-erection process. The 
project reportedly produced less than 100 RFI 
during construction” (Post 2010). Based on a 
more standardized building envelope project 
(Khan 2011), virtual mock-ups presented cost 
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savings of about 70% with an additional 
benefit of unlimited investigations of different 
conditions within small budget increments.   
 
Virtual mock-ups are highly detailed digital 
models of specified areas of the building 
envelope with the aim to include simulation 
and direct links to fabrication processes 
(Figure 1).   

Figure 1 Activities within two objective phases 
–Design and Construction of Building 

Envelope Systems. 
 
Although the benefits of physical mock-ups 
are touted by envelope specialists, there is the 
reality that these mock-ups can be costly and 
time-consuming resulting in their adoption on 
larger budget projects where their costs are 
marginal compared to the building envelope 
budget.  The question then becomes for the 
other projects where the budget is not 
favorable for mock-ups, how can they gain in 
the same way and also result in high 
performing building envelope systems?  
These questions pose a need for better 
integration and the need to bridge the gap 
between what projects can afford and 
streamlining the essential steps for  a building 
envelope that can meet the required 
performance criteria.  Although the NIBS 
building envelope commissioning process 
strongly encourages physical mock-ups and 
testing into the project workflow, it is not 
mandatory.  Physical mock-ups can carry high 
cost implications, scheduling difficulties and 
in some cases little justification if there are 
minor modifications to a pre-certified system.  

The most comprehensive and costly type of 
physical mock-up is the performance lab 
mock-up which is built at a certified third-
party off-site facility.  Certified manufacturer 
products, such as certified windows, are also 
tested at these facilities.  Therefore some of 
the mock-up and testing that do happen can be 
quite repetitive especially if the project team is 
using certified pre-tested assemblies.   
However as in the saying “the devil is in the 
details”, there is still much to be gained from 
the process of mocking up a design prior to its 
actual implementation. This is where virtual 
mock-ups can be effective and offer a faster 
and economical solution. 

SYSTEMS DESIGN 
A systems approach, analogous to mechanical 
design where there are strong linkages with 
function, fabrication and assembly during the 
design of the whole and its components, was 
considered ideal. In our study we approached 
the building envelope using a mechanical 
design and problem-solving process. There is 
already use of some level of systems-based 
design approach in custom unitized curtain 
wall systems and the most crucial decisions 
related to cost, schedule and constructability 
are made during the systems design phase.  
Decisions are synchronized with the 
fabrication and installation processes through 
in-built parameters for material 
configurations, dimensions, modularity, 
fabrication constraints and installation 
sequencing.   
Mechanical design modeling is different from 
building design modeling with the former 
based on parametric solid modeling and the 
latter on building information modeling. The 
limitation of the building information 
modeling environment is the difficulty in 
making direct connections with manufacturing 
and limited small-scale investigations (at the 
connection level). However, mechanical solid 
modeling mimics the physical processes of 
production in a factory, with the establishment 
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of parts (off a shelf), compiled into sub-
assemblies (e.g.,window unit), then assembled 
into master assemblies (virtual mock-up), as 
outlined in Figure 2.  

Figure 2 Process modeling of mechanical 
product based on parametric constraints and 

relationships. 
This paper looked at projects where there was 
some level of mock-up integration of the 
building envelope system process with 
different ways of information management 
into the BIM enabled model platforms and 
correlating information exchange strategy.   
Present initiatives to integrate mock-ups at 
various stages of the design phase were 
studied and some of the common issues that 
were raised were: 1) INCOMPLETE 
DOCUMENTATION of drawings showing 
integration of systems; 2) INCONSISTENCY 
in approaches to performance based design of 
the different envelope systems; 3) 
ISOLATION of work scope and poor 
coordination of drawings by manufacturers 
and installers; 4) VISUALIZATION late in 
the process due to mock-ups typically 
conducted during pre-construction or early 
construction phases.    
The concept of integrated virtual mock-ups 
virtually at the 3-dimensional model level 
addresses the four issues in being able to 
introduce different grains of accuracy in the 
virtual model earlier in the design phase.  The 

levels of accuracy of models and exploration 
can be categorized as Level of Development 
(LOD) and ranges from 100 to 500. LOD 400 
to 500 models are highly-detailed and accurate 
models that document how the component 
was fabricated and assembled respectively.  
Virtual mock-ups models function on the 
premise of LOD 400 models (fabrication 
model) that operate during the design 
schematics suggesting more informed levels 
of inquiry during design.    
 
CASE STUDIES AND FINDINGS 
To test the concept of virtual mock-ups we 
used two different projects with slightly 
different objectives and created virtual mock-
ups for comparison to the actual building 
conditions and workflow. Both projects were 
invested in utilizing virtual mock-ups with 
intentions for better team and process 
integration.    
Our approach was framed around retrieving 
information regarding the building envelope - 
such as shop drawings and construction 
documents - then independently creating 3-
dimensional digital model (virtual mock-ups) 
of select portions of envelope systems to 
mimic the systems being installed on the 
building. 
The first case study was of a commercial 
building that was placed on a tightly 
constrained schedule for an addition to their 
existing campus of buildings.  There was 
inadequate time for a comprehensive physical 
mock-up and the contractors’ desire to 
perform mock-ups as a methods of validation 
led to the prospects of turning to alternative 
options – virtual mock-ups. This approach was 
especially appealing since the design specified 
standardized systems with minor 
modifications proposed by the envelope 
consultant to improve performance.  
Our virtual mock-up included a typical 
window system set into a standard metal panel 
cladded wall systems.  Through assembly 
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studies, material clash checks, fabrication 
analysis, we discovered that there were 
problematic conditions not shown in any 
documentation prior to installation. The issues 
were poor integration of air and moisture 
barrier at the corners and excessive material 
build-up which inadvertently compromised 
the assembly of the window systems (Figure 
3).  

Figure 3 Study of customized window corner 
projected areas of material build-up at corner 

within glazing pocket 
During our re-creation, we were able to study 
the envelope systems individually embedding 
fabrication information and parameters, and 
simultaneously study the integration of the 
different systems.  Therefore at this modeling 
stage, we had to ask ourselves how the 
systems would be fabricated, and how they 
would be installed to build the virtual mock-
up. We found that the 2D drawings provided, 
lacked critical information that was on the 
fabrication drawing set but due to the different 

models did not make it to the shop drawing 
set.  The unitization of the fabrication and 
virtual mock-up model was essential to review 
the systems through 3D modeling and with 
integrated parameters and conditions for 
assembly and fabrication.  

Figure 4 Automatic generation of shop 
drawings, profile sections, assembly drawings 

from virtual mock-up model.  
Our modeling which revealed serious issues of 
glass lite engagement, air and water 
infiltration control of the typical window 
system was due to an excessive build up of 
additional material. The design integration of 
the air and moisture barrier, intended 
hermetically seal to the window system, had 
not attended to material clashes and build-up 
(See Figure 3).  When conveyed to the project 
team, they described that this very issue was 
discovered as an oversight in the field and the 
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construction team performed some major re-
working of these corner conditions to reduce 
excessive material build-up – which was 
inherent in the design.  
For this case study, the added benefit to the 
virtual mock-up was the abiity to 
automatically generate shop drawings, include 
profile part drawings (e.g. die drawings) and 
provide comprehensive assembly drawings 
and simulations (Figure 4).  In addition, the 
lessons learnt was that virtual mock-ups, if 
implemented early, would be a powerful study 
model for visualization, performance 
simulation, fabrication, assembly and 
coordination.   
    

Figure 5 Virtual Mock-up of the selected area 
of building envelope. Lighting rendering 

study. 

The second case study was a hospital project 
where the contractor requested the other 
participants of the construction team to 
coordinate through the use of digital models 
and form a virtual mock-up prior to the actual 
physical mock-up. The general contractor was 
committed to using physical mock-ups on the 
site, as a training and learning tool for the 
installation crews.  However the virtual mock-
up would provide opportunities to trouble-
shoot earlier than during the construction of 
the physical mock-up.  
Each sub-contractor was provided digital 
models of their responsible sections of the 
envelope systems - digital as-built models.  
The general contractor team compiled a digital 
replica of the physical mock-up using the 
provided files and merged into one virtual 
mock-up model.  However the model was not 
used a design model nor as a fully integrated 
fabrication model. This virtual mock-up 
exercise was considered an additional 
assembly and coordination validation step 
prior to their required practice of coordinating 
through the physical field mock-ups.  
 

 
Figure 6 Exploded view (to the left) of case 

study virtual mock-up to study assembly 
sequencing.  Thermal and stress analyses of 

components (above). 
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Our undertaking of this second case study was 
to interpret the intentions and lessons learnt 
from the given process initiated by the 
contractor, and to re-enact the exchange given 
the hard copy shop drawings that were 
generated from the virtual mock-up.  In 
addition we were interested in evaluating the 
file exchange methods and extending the 
scope beyond coordination. This 
implementation strategy of virtual mock-ups 
would also suggest alternate workflows for 
better interoperability.  
Our modeling began with the transfer of 
information from the provided documentation 
set to a 3D digital mechanical model.  Figures 
5 and 6 show the range of investigations in 
assembly, material study, lighting, detail 
generation, thermal analsys that was 
performed.  
Through our case studies we found significant 
merits to the systems modeling approach of 
virtual mock-up.  As outlined in the second 
case study where the main objective by the 
contractor was coordination, there were 
missed opportunities in forging links with the 
fabrication process, and consequently, with 
simulation analyses (thermal and energy).  For 
the team to have attempted to pursue these 
links, their architectural modeling approach 
would have been limiting. From our research 
analyses and assessment through project team 
discussions, we found that the use of virtual 
mock-ups introduced flexibility through 
manipulation of the level of the accuracy, 

lower cost, earlier coordination and better 
resolution of documentation. Our approach of 
utilizing a mechanical product design and 
modeling method was appropriate with the 
level of detail that would be needed for 
integration into the varies stages of building 
design.  
The benefits shown from the virtual mock-up 
analyses conducted in this research are: 
- Accuracy: of the virtual model through 

cumulative layering of information, 
allowed for early design phase insertion of 
virtual mock-up.   

- Low Cost: Major cost from initial digital 
model set-up, as opposed to high costs of 
drawing production, small-batch 
fabrication and facility use for 
performance lab mock-ups.  

- Team Integration: Critical information of 
fabrication parameters, constructability 
and assembly integrated into model early 
in the design phase.  Better discourse 
between design and construction teams.  

- Faster Installation Time:  Prior study of = 
installation of the envelope system through 
virtual mock-up minimized problems prior 
to fabrication and construction. In the case 
where physical mock-up were specified,  
coordination and performance was 
validated promptly.  

 
Figure 7 (below) Modifications in workflow 

from virtual and physical mock-up use.   
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In lieu of physical mock-ups responding to 
last minute resolutions, virtual mock-ups 
became a sutdy model to realize design-
related issues earlier and allow for effective 
team collaborations. The effectiveness of the 
virtual mock-up is summarized through 
comparing an iterative step in the construction 
documentation phase of the design process 
(Figure 7).  Virtual mock-up study model, due 
to its flexibility, inserts itself into the iterative 
design cycle, as opposed to physical mock-ups 
which remain outside the iterative design 
cycle.  

CONCLUSION 
The implementation of virtual mock-ups 
provide the opportunity to study the building 
envelope system earlier in the design process 
at various scales and levels of detail, resolving 
much of the typical disruptive troubleshooting 
done during a physical mock-up later in the 
building project phase. 
The relevancy of virtual mock-ups is 
introduced at a critical time for the AEC 
industry which is in the process of converging 
processes and exchanges to adapt to integrated 
building information modeling (BIM) modes 
of practice.  With emphasis on integrated 
workflows and coordinated models for 
effective multi-disciplinary team 
collaborations and planning,  the virtual mock-
up becomes a significant study model for 
integration and investigation. It is inevitable 
that with better visualization and early multi-
team collaborations and model exhanges, the 
envelope design process can greatly benefit 
from the virtual environment in high 
performing building envelope design and 
construction. Virtual mock-ups do not 
necessarily propose to replace physical mock-
ups but provide benefits for better 
coordination and linkages of design, 
simulation, fabrication and installation. The 
modified workflow that emerges from the 
potential applications of virtual mock-ups 
moves the envelope design process to levels of 
automation and easier access to optimzation.  

This optimzation through virtual mock-ups 
will only improve as advances in 
interoperability and simulation engines 
continue to increase productivity and 
efficiency in design and construction process. 
This research continues to investigate in  
better interaction of design and construction 
teams through cross-learning on virtual mock-
ups not only on one project but ongoing to 
reduce excessive re-working and effective 
automation.   
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ABSTRACT 

Thermal bridging through insulation layers in the 

building envelope reduces the thermal performance of 

building envelope assemblies and heat flow through 

thermal bridging can have a detrimental impact on 

whole(building energy performance. So, it is important 

for energy modelers, building engineers, and architects 

to consider the effects of thermal bridging when 

evaluating the expected performance of building 

envelope details and when designing building envelopes 

for energy efficient buildings. However, it is difficult to 

determine how much heat flows through thermal bridges 

using typical approaches, such as the area(weighted 

average of U(values, especially when dealing with 

three(dimensional (3D) heat flow paths.  

In ASHRAE Research Project 1365 (RP(1365), a 

methodology was developed, using a calibrated 3D 

model, that enables designers to account for heat flow 

through thermal bridges in a simple and practical 

manner. This approach can improve the accuracy of 

whole building performance simulations where complex 

thermal bridging is often ignored. This paper will 

provide an overview of RP(1365 and its potential 

impact on energy simulation. The impact on whole 

building energy performance will be examined for three 

building types in four different climates. 

INTRODUCTION 

Building owners and operators are increasingly 

demanding that more attention be paid to reducing 

building energy use. Although total building energy use 

is of most concern, reduction efforts are often focused 

piece(meal on individual building systems. With regards 

to the building envelope, building regulators have 

responded by steadily increasing the thermal 

performance requirements in energy codes and 

standards over the last twenty years. Designers have 

typically met these building envelope requirements by 

adding more insulation, with little attention being paid 

to thermal bridging. 

Standard practice in North America to account for 

thermal bridging within the building envelope is to 

consider thermal bridging within an assembly, for 

example a steel stud wall, but to ignore thermal bridging 

at architectural and structural details—including 

interfaces—where walls, windows, floors, and roofs 

come together. Whole building energy modeling 

procedures for performance based compliance in many 

North American energy codes and standards are either 

largely silent on thermal bridges relating to details (such 

as, slab edges, shelf angles, and flashings), or they allow 

these thermal bridges to be ignored through partial or 

full exemptions, or the procedures reduce the apparent 

significance of thermal bridges through 

oversimplification. The reasons for these omissions 

appear to be based on: 

• The belief that details do not have a significant 

impact on the overall building envelope 

performance and on whole building energy use 

because they comprise a small area compared 

to the total envelope area.  

• Past experience that shows it would take too 

much effort to quantify all thermal bridges, 

which often have complex three dimensional 

(3D) heat flow paths. 

• The lack of comprehensive thermal 

transmittance data for standard details. 

Accounting for heat flow through details has shown that 

the overall performance of many common wall 

assemblies is much less than what is currently assumed 

by many practitioners (Morrison Hershfield Ltd. 2011). 

Irrespective of the small areas of highly conductive 

materials that bypass the thermal insulation, the effect 

on overall energy consumption is significant, and 

simple changes to assembly design may be more 

effective at reducing energy use than adding more 

insulation. In addition, accounting for these details is 
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now easier because straightforward procedures to 

quantify the impact of common details have been 

developed and thermal transmittance data for standard 

details are now readily available. Realistic expectations 

of building envelope performance are necessary to 

make informed decisions related to building energy 

efficiency. 

This paper utilizes the procedures and data developed in 

the American Society of Heating, Refrigeration and Air(

Conditioning Engineers (ASHRAE) research project 

1365 (RP(1365), Thermal Performance of Building 

Envelope Details for Mid� and High�Rise Construction, 

to show how easily the impact of all thermal bridging 

can be integrated into the overall thermal performance 

of the building envelope and into whole building energy 

simulations. Examples are provided to demonstrate the 

impact that building envelope details can make on the 

overall building envelope performance, building space 

heating energy, and whole building energy use for 

multi(unit residential buildings and offices in four 

different climates. 

CURRENT PRACTICES IN ACCOUNTING 

FOR THERMAL BRIDGES 

The typical practice in North America to calculate the 

thermal performance of assemblies and details is to use 

an area(weighted average. This approach blends all the 

effects of the thermal bridges with the rest of the wall or 

roof by considering them all as one entity. Typically 

this is done by weighting the heat flow through the 

materials by the area they take up (which assumes that 

there is no interaction between materials) or by 

component modeling an assembly and averaging the 

heat flow over the area of influence of the thermal 

bridge. However, area(weighting has two major 

drawbacks.  

While areas may be easily determined for large plane 

assemblies like windows or typical wall assemblies, the 

areas of influence of details like slab edges, parapets, 

and window transitions are much more difficult to 

define because lateral heat flows, like those shown in 

Figure 1, complicate the process. The effective 

lengths—the length where a thermal bridge has 

influence on a wall assembly—can be drastically 

different depending on the starting point of the analysis. 

This can lead to lengthy calculations and arbitrary 

definitions of the areas of influence, which can reduce 

the accuracy of the results. This breaks down even 

further when the adjacent assemblies have complex heat 

flow paths due to thermal bridging in three dimensions. 

For example, ASHRAE PR(1145, Modeling Two and 

Three�Dimensional Heat Transfer through Composite 

Wall and Roof Assemblies in Hourly Simulation 

Programs, requires at least five equations to calculate 

the overall transmittance of a simple building using the 

area(weighted method (Enermodal Engineering Ltd 

2001). 

 

Figure 1 Effective lengths for area�weighted 

calculations for parapet from exterior and interior 

The other major drawback to area(weighting is that it is 

harder to quantify the individual contribution of a single 

thermal bridge because the effects are averaged over the 

entire area, diluting the impact of the thermal bridge 

with the heat flow in the field of the wall clear of 

thermal bridges. For example, the area(weighted heat 

flow at a slab detail will appear to have less of an effect 

on a wall with a 12(ft ceiling height than a on a wall 

with a 9(ft ceiling height, making it harder to appreciate 

where the larger contributions to the heat flow are. For 

these reasons it is difficult to use the area(weighting 

method to calculate thermal values consistently and to 

apply them generically for practical use beyond a single 

project.  

ASHRAE RP(1365 AND THE METHOD OF 

LINEAR TRANSMITTANCE 

ASHRAE Research Project RP�1365 

ASHRAE RP(1365 was initiated to address the 

uncertainty related to the thermal performance of the 

building envelope, which can lead to inefficient design 

of HVAC systems, inefficient building operation, 

inadequate condensation resistance at intersections of 

components, and compromised occupant comfort. The 

objective of ASHRAE RP(1365 was to provide thermal 

performance data of 40 common building envelope 

details for mid( and high(rise construction. The goal of 
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the project was to develop procedures and a catalogue 

that will allow designers quick and straightforward 

access to information but with sufficient complexity and 

accuracy to reduce uncertainty in evaluating the thermal 

performance of building envelope components. 

Modeling for this project was done using a three(

dimensional finite element analysis heat transfer 

software package by Siemens PLM Software, FEMAP 

and Nx, with Maya HTT Ltd’s TMG(Thermal solver. 

The model was validated with ISO standards and 

guarded hot(box test measurements, with good 

agreement between simulated and measured thermal 

performance for both steady(state and transient 

conditions. Details are provided in Chapter 3 of RP(

1365. 

The method of linear transmittance 

A key finding of RP(1365 was that applying an area of 

influence to a spectrum of thermal bridges, considering 

3D heat flow, cannot be done with consistency, is 

overly complicated, and in many cases is arbitrary. 

ASHRAE RP(1365 employed the method of linear 

transmittance to characterize thermal bridging in details 

to overcome the drawbacks in the area(weighting 

method.  

Instead of trying to find areas of influence, this 

approach takes the “additional” heat flow due to a 

thermal bridge and assigns it to simple mathematical 

construct of lines or points. An example of the 

simplified process for a floor slab through a wall is 

shown in Figure 2.  

  

Figure 2 Determining linear transmittance for a slab 

The additional heat flow caused by a thermal bridge is 

the difference between the heat flow from an assembly 

with and without the detail present. This approach 

allows thermal bridging in details to be treated 

separately from the wall or roof assemblies. It simplifies 

calculations because the areas of the thermal bridges are 

not required. Calculations involve adding up these 

linear and point transmittances to find the heat flow 

through the details. They can also be added to the heat 

flow through the assembly to find the overall heat flow 

through the opaque building envelope. In this approach, 

all thermal transmittances are grouped into three 

categories: clear field transmittance, linear 

transmittance, and point transmittances. Examples of 

each are shown in Figures 3, 4, and 5, respectively.  

 

Figure 3 Example clear field 

transmittance assembly 

 

 

Figure 4 Example linear 

transmittance detail 

 

 

Figure 5 Example point 

transmittance detail 

The clear field transmittance is the heat flow from the 

wall or roof assembly, including uniformly distributed 

thermal bridges that are not practical to account for on 

an individual basis, such as light gauge steel framing, 

brick ties, and cladding supports. Clear field 

transmittance is the same as the customary U(value, that 

 

Additional 

heat flow 

due to the 

slab 
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is, heat flow per area, except it is represented by Uo. For 

a specific area of opaque wall, clear field transmittance 

can be converted into an absolute heat flow Qo.  

The linear transmittance is the additional heat flow 

caused by details that can be defined by a characteristic 

length, L. For example, details with linear transmittance 

include slab edges, corners, parapets, and transitions 

between assemblies. The linear transmittance is a heat 

flow per length, and is represented by psi (Ψ).  

The point transmittance is the heat flow caused by 

thermal bridges that occur only at single, infrequent 

locations. This includes building components such as 

pipe penetrations and intersections between linear 

details. The point transmittance is a single additive 

amount of heat, represented by chi (χ). 

Calculating thermal performance using 

linear and point transmittances 

Since linear and point transmittances are separate from 

the clear field, they can be evaluated on their own. This 

way, details can be directly compared for thermal 

performance. This also means that, since they are 

separate, linear or point transmittances that have already 

been calculated can be used in the overall wall or roof 

calculations without having to remodel the assemblies 

for differences in building dimension. Since linear and 

point transmittances are quantities of additional heat 

flow, the overall heat transfer of the exterior surface is 

just a simple addition process as shown in Equation 1: 

( ) ( ) oodgethermalbri QLQQQ +Σ+⋅ΨΣ=+Σ= χ
 (1) 

Where:   

Q =  Overall heat flow from the wall or roof 

including all thermal bridges (Btu/hrE°F or 

W/K). 

Qthermalbridge = the additional heat flow caused by major 

thermal bridges (Btu/hrE°F or W/K). 

Qo =  Heat flow from the clear field assembly 

(Btu/hrE
o
F or W/K). 

Ψ =  Heat flow from linear thermal bridge 

(Btu/hrEftE°F or W/mEK). 

L =  Characteristic length of linear thermal bridge 

(ft or m). 

χ =  Heat flow from point thermal bridge (Btu/hrE°F 

or W/K). 

The overall heat flow through the wall or roof, Q, is the 

summation of all of the thermal bridges plus the clear 

field heat flow. There can be many different types of 

linear and point transmittances but they are all included 

in the final overall heat flow. For this calculation, L is 

the characteristic length of the linear thermal bridge. 

For a slab edge, this would be the length the details 

occur across the face of the building. By finding the 

heat flows separately, each component can be evaluated 

to find their relative contribution to the overall heat 

flow. By looking at the relative contribution of each 

component of the envelope, designers can prioritize 

where to expend design effort—a limited resource—in 

improving the details that will yield the greatest 

reduction in heat flow. 

Equation 1 gave the overall heat flow for a building of a 

particular size. In order to be more useful for energy 

modeling, the overall heat flow rate through the wall or 

roof is typically presented as a U(value. Knowing 

U=Q/A, Equation 1 can be converted into Equation 2:  

( ) ( )
o

Total

U
A

L
U +Σ+⋅ΨΣ= χ

 
(2) 

Where:   

U =  Overall effective wall thermal transmittance 

(Btu/hrEft
2
E°F or W/m

2
E°K). 

Uo =  Clear field thermal transmittance (Btu/hrEft
2
E°F 

or W/m
2
EK). 

ATotal =  Total opaque wall area (ft
2
 or m

2
). 

While this method could be applied to fenestration, the 

analysis of fenestration products is already well 

established in the North American building industry 

(NFRC 2010). Since fenestration and opaque walls are 

typically dealt with independently, there is no conflict 

between using the linear transmittance with the opaque 

wall sections alongside other conventional heat flow 

methods for fenestration.  

ASHRAE RP�1365 thermal performance 

catalogue 

Once a linear (Ψ) or point transmittance (χ) has been 

calculated for a particular detail, it can be used with any 

building that includes the same wall type and detail in 

design. Consequently, catalogues for thermal 

performance values for various details can be made and 

used, as a reference, for calculations without needing to 

thermally model them every time. This makes it 

convenient for practical use to determine the overall 

transmittance of the opaque building envelope.  

ASHRAE RP(1365 provides a catalogue of 40 common 

details found in mid( and high(rise construction for 

several types of assemblies. They include steel stud 

assemblies with various cladding attachments for 

exterior or split insulation, concrete mass walls, precast 

concrete walls, brick veneer assemblies, and the opaque 

portion of curtain wall assemblies. The details include 

various slab edges, parapets, window transitions, and 

beam penetrations. The catalogue provides clear field, 

linear, and point transmittances for varying amounts of 
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exterior insulation (depending on the assembly type). 

The catalogue also provides temperature indices so that 

designers can quickly determine surface temperatures 

and evaluate the risk of condensation in a particular 

detail. 

The linear transmittances can also be divided into 

ranges, essentially fitting into poor, average, and 

efficient in terms of thermal performance. For example, 

the linear transmittance for an un(insulated balcony slab 

would be in the high range (or “poor”), a partially 

insulated slab edge with a metal flashing would be in 

the medium range (or “average”), and a fully insulated 

slab face would be in the low range (or “efficient”). 

Examples for these linear transmittance ranges are 

shown in Table 1. 

These ranges are useful for preliminary design, where 

specific details have not yet been chosen. For instance, 

an initial linear transmittance for the slab edges in a 

building design could be assumed in the poor range. A 

preliminary energy model may show that there could be 

large energy savings in improving the slab edge detail. 

A low transmittance slab edge detail considered to be in 

the “efficient” range could then be chosen for the 

design. These ranges can also provide guidance for 

estimating the thermal performance of details that are 

not in catalogue and without having to explicitly model 

them. With some judgment, a particular detail can be 

compared to a similar detail in the catalogue and 

estimated whether it is likely to have a better or worse 

thermal performance. 

The amount of additional heat flow will also depend on 

the frequency of details. On a multi(storey building an 

“efficient” slab detail with a low linear transmittance 

may contribute significantly more to the overall heat 

flow than a “poor” parapet detail with a high linear 

transmittance because the slab detail occurs at every 

floor whereas the parapet details only occurs at the roof.  

Using linear and point transmittances in 

practice 

The following example illustrates the practical use of 

the linear and point transmittance approach. Take a 

single elevation of building with an R(20 exterior and 

R(13 interior split insulated steel stud assembly, as 

shown in Figure 6, with the building parameters given 

in Table 2.  

For this example the focus is on the opaque wall, since 

windows are input separately in energy modeling 

software. From this basic outline of the building, we can 

look at two sets of details. One set where the thermal 

performance of the detail is not given much 

consideration (containing poor thermal performance 

details) and one where the details have been chosen to 

minimize the heat flow through them (containing 

efficient thermal performance details). These details and 

their transmittances, taken from ASHRAE RP(1365 and 

other similar reports, are given in Table 3. 

 
Figure 6 R�20 exterior and R�13 interior split 

insulated steel stud assembly with horizontal z�girts 

Using these transmittances and the dimensional 

information given in Table 2, the total heat flow through 

the opaque wall for this elevation can be calculated 

using Equation 1, as can the individual heat flows 

through each of the details. These values are given in 

Table 4 along with their percentage contribution to the 

overall heat flow. The overall wall U( and R(values can 

also be calculated using Equation 2. These values are 

given in Table 5. 

For this example, the actual heat flows values are not 

that important because the values will vary with 

building size. But what is important is the percent 

contribution that each component makes as part of the 

total heat flow. In this example, for the poor details, 

there is more heat flow through the slab (38%) than 

through the clear wall (25%). By analyzing the heat 

flow in this manner, it is much easier to see where 

improvements to the design would be most effective. 

For poor thermal performance details, increasing the 

amount of insulation may improve the clear field 

performance; however, it is likely more advantageous 

and cost effective to provide a thermal break at the slab, 

or insulate it, to achieve energy savings. 

As illustrated in this example, accounting for details 

will show a large increase in calculated U(values, 

depending on what type of details are present. Compare 
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U(0.049 where thermal bridging is ignored, to U(0.064 

where efficient details are considered, and to U(0.194 

where poor details are considered. Not accounting for 

details can result in ignoring a significant amount of 

heat flow. For this example, the poor details have 

reduced the thermal resistance of the opaque building 

envelope by 75%, and this only takes into account four 

types of linear transmittances. There could be several 

additional types of transmittances that would also 

contribute to the heat flow. This dramatic decrease in 

thermal resistance is not limited to steel stud 

assemblies. Concrete mass walls may be very effective 

in the clear field, but those thermal benefits can be 

negated in the overall envelope performance with poor 

details.  

While this example was for an entire elevation of a 

building, this approach can also be used for other 

divisions of a building, including single floors or even 

single walls of spaces, making it very easy to include in 

a zone by zone, whole building energy model.  

EFFECTS OF THERMAL BRIDGES IN 

WHOLE BUILDING ENERGY 

SIMULATION 

Whole building energy use and the building 

envelope 

Determining the overall performance of opaque 

building envelope components including the effects of 

thermal bridging at details using the method of linear 

transmittance has been established above. To 

understand the impact on building energy use, the 

analysis must be extended to whole building energy 

modeling. The method of linear transmittance allows for 

easy integration into whole building energy models by 

inputting the modified thermal performance values on a 

surface by surface basis.  

From the example given in the previous section, 

including the heat flow associated with the details can 

reduce the wall thermal resistance by 75%. When 

inputting the thermal resistance of the walls into an 

energy model, the question becomes how much space 

heating energy is being missed when inaccurate 

thermal resistance values are modeled? 

Wall R�value sensitivity analysis 

To see the effects of neglecting the heat flow through 

the details on building energy use, a sensitivity analysis 

was performed by plotting opaque building envelope R(

values against space heating energy. The analysis was 

performed using EnergyPlus v 7.0.0 whole(building 

energy simulation software. The simulation used three 

building models from the U.S. Department of Energy’s 

Commercial Reference Buildings (U.S. DOE 2011). 

The Commercial Reference Buildings are complete 

energy models of commercial buildings specifically 

created for using EnergyPlus simulation software to 

perform whole(building energy analysis. The models 

used are the large office, the medium office, and the 

midrise multi(unit residential building (MURB) with 

15% and 60% glazing. A brief description of the 

building types is presented in Table 6. A detailed 

description of each building can be found in Deru et al. 

2011. In this sensitivity analysis, the effective overall R(

value of the walls was varied from R(5 to R(35. The 

building energy use was simulated in four cities: 

Minneapolis, Seattle, Houston, and Phoenix. 

In most energy simulation software, the building 

envelope is modeled as series of layers where the 

thermophysical properties of each layer (conductivity, 

specific heat, density, etc.) is specified by the user. The 

procedure for converting the overall effective thermal 

transmittance—as determined using RP(1365—into 

appropriate inputs for energy simulation software is as 

follows. For each opaque assembly: 

1. Determine the actual U(value using RP(1365 

accounting for all the relevant linear and point 

transmittances in the assembly.  

2. Input the assembly layer(by(layer into the 

energy simulation software and assign the 

nominal thermophysical properties to each 

layer. 

3. Calculate the nominal U(value using the 

nominal thermophysical properties of each 

layer and ignore all thermal bridges (that is, 

calculate the inverse of the sum of the R(values 

of each layer).  

4. In the energy simulation software increase the 

thermal conductivity of the insulation layer 

until the nominal U(value of the assembly is 

the same as the actual U(value that was 

calculated using RP(1365. Alternatively, in the 

energy simulation software, decrease the 

thickness of the thermal insulation layer until 

the nominal U(value is the same as the actual 

U(value.  

5. In order to accurately simulate transient 

effects, such as thermal mass, it is important to 

accurately input the actual thermophysical 

properties of layers that have thermal mass, 

such as the correct thickness, density, and 

specific heat.  
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The annual energy use for heating the large office, 

medium office, midrise multi(unit residential building 

(MURB) with 15% glazing, and MURB with 60% 

glazing, are shown in Figures 7, 8, 9, and 10, 

respectively. The units for space heating energy are in 

MJ per m
2
 of conditioned floor area.  

Figures 7 to 10 show that space heating energy use is 

sensitive to changes in opaque building envelope 

performance at low thermal resistance values, but the 

effect decreases as the thermal resistance increases. 

Although the impact varies by climate and building 

type, the impact is significant in all cases at the lower 

ranges. As per Table 10, the example wall assembly had 

an assumed thermal resistance of R(20.4 if details are 

ignored, when in fact it could be as low as R(5.2 when 

details are considered, depending on the type of details 

used. In the 16 climate and building type scenarios 

described above, this difference of thermal performance 

(from R(5 to R(20) represents from 13 to 84% error in 

the calculated heating energy when thermal bridging is 

not considered. For example, in the Seattle MURB with 

15% glazing, ignoring a reduction in R(value from R(20 

to R(5 due to thermal bridging would result in 

75 MJ/m
2
·yr (164 – 89 / 89 = 84%) not being accounted 

for. Similarly, in Minneapolis, 115 MJ/m
2
·yr would not 

be accounted for.  When the glazing area in the MURB 

is increased to 60%, more heating energy is needed to 

make up for the overall lower envelope R(value 

regardless of opaque wall R(value, so the relative 

percent difference in heating energy not accounted for is 

less. But the absolute amount of heating energy that is 

not accounted for is still significant in the colder 

climates: 55 MJ/m
2
·yr in Minneapolis and 36 MJ/m

2
·yr 

in Seattle. In the two office buildings, not accounting 

for thermal bridging also has a significant impact on 

heating energy: 13% to 27% in the large office and 24% 

to 40% in the medium office. These results illustrate the 

importance of properly accounting for the heat flow 

through the details. 

The annual energy use for cooling in the large office, 

medium  office, midrise multi(unit residential building 

(MURB) with 15% glazing, and MURB with 60% 

glazing, are shown in Figures 11, 12, 13, and 14, 

respectively. The units for space cooling energy are in 

MJ per m
2
 of conditioned floor area. This cooling 

energy includes the energy for fans, pumps, and heat 

rejection equipment. 

Figures 11 to 14 show that space cooling energy use is 

sensitive to changes in opaque building envelope 

performance at low thermal resistance values, but the 

effect decreases as the thermal resistance increases. 

Although the effect of not accounting for thermal 

bridging on cooling energy is not as significant as it is 

for heating, it can represent a significant portion of the 

cooling load in some buildings in some climates. For 

example, in the Phoenix MURB with 15% glazing using 

the same reduction as above (R(20 to R(5), 23 MJ/m
2
·yr 

(22%) of the cooling energy would not be accounted 

for. 

In order to put space heating energy use into context for 

the different building types modeled, a breakdown of 

building energy by end use is presented in Figure 15 for 

Minneapolis and an overall effective thermal resistance 

of R(15 for the opaque wall.  

The data shows that space heating energy use is a 

significant portion of the overall building energy use, 

regardless of building type, ranging from a low of about 

25% in the large office to 50% in the MURB with 60% 

glazing. 

Further discussion 

Adding more insulation to a wall assembly has multiple 

levels of diminishing returns. First, increasing the 

insulation in clear field assemblies becomes less and 

less effective due to heat flow bypassing the insulation 

through the assembly thermal bridges, such as studs and 

cladding attachments. This clear wall effect was also 

studied in ASHRAE RP(1365 and can be seen clearly in 

ASHRAE 90.1, Appendix A (ASHRAE, 2007), which 

contains tables for U(values for varying insulation 

levels for several assemblies with continuous insulation. 

Diminishing returns manifest again at the detail level 

when poor thermal performance details cause heat flow 

to completely bypass the clear wall. Adding insulation 

will only slightly improve the clear wall; however, the 

heat flow through the details will not be improved. This 

results in a minimal overall improvement on the opaque 

building envelope thermal performance. From the point 

of view of sustainability, it does not make sense to use 

more materials like insulation, when it is not performing 

its intended function. Finally, as shown in Figures 7 to 

10, as the R(value increases, the impact on the space 

heating energy decreases and eventually levels out. 

After exceeding a certain level of opaque building 

envelope thermal performance, energy savings are no 

longer realized. Thus, increasing the amount of 

insulation may have very little influence on the overall 

energy use in a building if other major heat flow areas 

are not addressed.  

CONCLUSIONS 

This paper presented concepts introduced in ASHRAE 

RP(1365 to efficiently analyze the heat flow through 

various building details and their influence on whole 

building energy. Accounting for heat flow through 

details is not typical in North America, nor is it 
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explicitly required in current energy codes and 

standards. However, the results presented in this paper 

highlight the significance of thermal bridges that are 

often overlooked, suggesting that they should no longer 

be ignored. The method of linear transmittance provides 

a simple yet effective way to determine the overall 

thermal transmittance through the opaque building 

envelope. This approach is useful for energy modelers, 

not only in calculating thermal values for input into 

whole building energy models, but also in 

understanding what overall thermal resistance values 

can be realistically achieved in practice.  

The results show that when poor details exist, solely 

adding increasing levels of insulation to the clear wall 

does not result in any considerable decrease in overall 

building energy use. When examining the thermal 

performance of the clear wall on its own, increasing the 

amount of insulation does not significantly increase the 

overall wall thermal resistance when large amounts of 

heat bypass the insulation through structural members. 

The same effect can be seen when looking at the entire 

opaque wall area, including details. If the clear wall has 

a high thermal performance, but heat can flow easily 

through poor details, then the overall wall thermal 

resistance will always remain low, regardless of how 

much insulation is added.  

On the other hand, if the details and clear wall are both 

thermally efficient, but the glazing percentage and/or 

window U(values are very high, then the thermal 

resistance of the opaque wall has a much smaller 

influence on space heating. A thermally efficient 

building envelope must address all heat flow in order to 

have an appreciable impact on overall energy use. Weak 

points in the building envelope can occur in the clear 

field (framing, structural supports), in the details (slabs, 

parapets), or through the glazing (windows, patio 

doors). When determining the most effective solutions 

for minimizing building energy use, the key is in 

addressing those constructions with the poorest thermal 

performance. The analysis described here provides the 

tools to effectively evaluate the heat flow through the 

entire envelope to help identify and address any areas of 

poor performance.  

In previous work, it has been shown that building 

envelope performance has a minor impact on overall 

building energy use when only the clear field assemblies 

have been considered (Lucuik et al. 2008). However, 

the impact is more pronounced at lower thermal 

resistance values, which is representative of many wall 

assemblies when standard details are considered. 

Thermal bridging at structural and architectural details 

cannot be avoided, but there can be a wide range in 

overall thermal transmittance depending on the thermal 

quality of the details. 

There is an opportunity to realize greater energy savings 

in buildings if more attention is paid to the building 

envelope details during design. This can be achieved by 

conducting a sensitivity analysis of the building 

envelope’s performance compared to overall energy 

use, as presented in this paper. Also, by breaking down 

the building envelope into components for clear wall 

and details, and determining overall wall thermal 

resistance using the method of linear transmittance, it 

becomes possible to easily target where improvements 

are most effective. An increased awareness of the 

impact of the overall thermal performance of the 

building envelope, by utilizing these methods, can be 

incorporated in practice by the entire design team 

(energy modeler, architect, contractor, HVAC designer, 

etc.) to make informed decisions that consider cost, 

energy efficiency, and material use. 
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Table 1 Linear Transmittance Ranges 

Transmittance Range 

Linear Transmittance Value Btu/hr2ft2°F (W/m2K) 

Slabs Parapets Corners 
Window 

Transition 

Low: efficient (Fully insulated, 

thermally broken systems ) 

< 0.15  

(< 0.25) 

< 0.20 

(0.35) 

< 0.03 

(0.05) 

< 0.05 

(< 0.10) 

Medium: average (Partially 

insulated systems, small 

conductive bypasses) 

0.15 ( 0.30 

(0.25 ( 0.50) 

0.20 ( 0.40 

(0.35 ( 0.70) 

0.03 ( 0.15 

(0.05 ( 0.25) 

0.05 ( 0.10 

(0.10 ( 0.20) 

High: poor (Un(insulated 

systems, large conductive 

bypasses) 

> 0.30 

(> 0.50) 

> 0.40 

(> 0.70) 

> 0.15 

(> 0.25) 

> 0.10 

(> 0.20) 

 

Table 2 Example building 

Building Parameter Building Parameter Value 

Wall width 30 ft (9.1 m) 

Wall height 100 ft (30.5 m) 

Number of floors 10 

Glazing % 40% 

Window perimeter length 28 ft (8.5 m) 

Number of windows 25 

Opaque wall area 1800 ft
2
 (167.2 m

2 
) 

Wall assembly: R(20 exterior insulated steel stud wall 

with horizontal Z(girts and R(13 batt in stud cavity 
U(0.049 Btu/hrEft

2
E°F (USI(0.28 W/m

2
EK ) 

 

Table 3 Example linear transmittances 

Detail 
Linear Transmittance Btu/hr2ft2°F (W/m2K) 

Efficient Details Poor Details 

Slab edge 
Insulated slab face Un(insulated balcony slab 

0.02 (0.04) 0.45 (0.78) 

Parapet 
Fully insulated concrete Un(insulated concrete 

0.15 (0.26) 0.45 (0.78) 

Corner 
Mitered and sealed corner Butted corner with flashing 

0.03 (0.05) 0.09 (0.16) 

Window transition 
Isolated flashing Through metal flashing transition 

0.02 (0.04) 0.15 (0.26) 
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Table 4 Heat flow values for example building 

Transmittances 

Heat Flow Btu/hr2°F (W/K) 

Efficient 

Details 
% 

Poor 

Details  
% 

Clear field 88 77% 88 25% 

Slab edge 6 5% 134 38% 

Parapet 5 4% 14 4% 

Corner 3 2% 9 3% 

Window transition 14 12% 105 30% 

Total 115 100% 349 100% 

 

 

Table 5 Wall thermal performance for example building 

Transmittance Range Opaque Wall R�Value (RSI) Opaque Wall U�Value (USI) 

Clear field only (not including details) R(20.4 (RSI(3.59) U(0.049 (USI(0.28) 

Including efficient thermal performance details R(15.6 (RSI(2.75) U(0.064 (USI(0.36) 

Including poor thermal performance details  R(5.2 (RSI(0.91) U(0.194 (USI(1.10) 

 

Table 6 Example building characteristics 

Building Size 
Building 

Type 
Glazing % HVAC System 

Large office, 12 floors 

plus basement 
Office 40 

Two water(cooled chillers, boiler, VAV 

reheat 

Medium office, 3 floors Office 33 
Packaged multi(zone VAV, gas furnace, 

electric reheat 

Midrise multiunit 

residential, 3 floors  
MURB 15 

Split system in each residence (DX 

cooling and gas furnace) 

Midrise multiunit 

residential, 3 floors 
MURB 60 

Split system in each residence (DX 

cooling and gas furnace) 
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Figure 7 Effects of opaque wall thermal resistance on 

space heating for a large office 

Figure 8 Effects of opaque wall thermal resistance on 

space heating for medium office 

Figure 9 Effects of opaque wall thermal resistance on 

space heating for midrise MURB with 15% glazing 

Figure 10 Effects of opaque wall thermal resistance on 

space heating for a midrise MURB with 60% glazing 
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Figure 11 Effects of opaque wall thermal resistance on 

space cooling for a large office 

Figure 12 Effects of opaque wall thermal resistance on 

space cooling for medium office 

Figure 13 Effects of opaque wall thermal resistance on 

space cooling for midrise MURB with 15% glazing 

Figure 14 Effects of opaque wall thermal resistance on 

space cooling for a midrise MURB with 60% glazing 
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Figure 15 Annual building energy by end use for various building types in Minneapolis  

with an effective wall thermal resistance of R�15 
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ABSTRACT 

This paper is a part of an ongoing research that aims to 

describe the influence of building constructions on 

energy consumption through a survey that is conducted 

in Cairo and its surrounding residential 

neighbourhoods. An inventory of the selected 

neighbourhoods envelope constructions and their 

characteristics is described in accordance with the new 

Egyptian energy standard for residential buildings. 

After thorough screening and classification, the 

constructions are digitalized and uploaded in an online 

open source database where constructions properties 

are listed, made available in .idf and .ddb formats 

(EnergyPlus and DesignBuilder respectively) and 

illustrated graphically. This Database of Egyptian 

Building Envelopes (DEBE) facilitates the input 

modelling of constructions and enables users to explore 

standard complying alternative constructions. 

INTRODUCTION 

Egypt is a country of a population of over 80 million 

(APMS, 2010), with only 43% of its land urbanized. 

The urbanization is concentrated in the Nile basin, 

resulting in the population density reaching 2141 

per/square kilometer. Due to the increasing population 

growth and the shortage of more than 8 million 

residential units, Egypt‟s urbanization rate is expected 

to increase to cover 70% of its land (MHUUD, 2010). 

Figure 1, Energy consumption sectors in Egypt 

(Ministry of Electricity and Energy) 

Besides the increase in urbanization, previous climate 

change studies that focused on Egypt confirm that 

there is an extrem impact of climate change  on the 

built environment and comfort in Egypt (Broadous et 

al., 1986). In Egypt the extreme sensitivity to changes 

in temperature (Gleick, 1991) caused an increase in 

electricity consumption to put up with necessary 

cooling loads. This is evident in the fact that the 

number of air conditioners used in Egypt has risen 

from 700,000 in 2006 to 3 million in 2010  (MOEE, 

2010). Air conditioners consume around 12 % of the 

maximum productive capacity of power stations. 

Resulting in a total consumption of 22% of Egypt's 

overall energy production in the building sector (see 

Fig. 1). These energy needs could be minimized by an 

intelligent choice of envelope materials.  

With the advent of the new Energy Standard ECP 306-

2005 in 2005, there is a strong need for a database to 

describe the physical and thermal properties of the 

most common building envelope constructions (floor, 

wall, roof and windows). Several research attempts 

quantified the building construction thermal and 

surface properties. However, these efforts are 

dispersed, hardly accessible and do not represent the 

existing construction techniques which should include 

insulation. Hence, there is an urgent need for an 

advanced database that compiles the full range of 

physical characteristics of building envelope 

components and facilitates whole-building energy 

simulation. Such a database would enable architects, 

engineers and modeller unfamiliar with advanced heat 

transfer analysis to develop simple and accurate 

descriptions of envelope systems in a form readable by 

most simulation programs , leading to a conscious 

choice of the envelope materials used.  

In light of the afforementioned , this paper emphasises 

on the importance of the building envelope on the 

buildings energy consumption by documenting the 

process of the development of the Database of 

Egyptian Building Envelopes (DEBE). This is 

explained  in the following sections: 

 Literature Review  

 Methodology  
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 Results analysis  

 Discussion and conclusion   

 

LITERATURE REVIEW 

The main source of heat transfer between the building 

and the external environment is through the walls, roof 

and openings, which coincides with 50% of the energy 

loss in residential and commercial buildings (Kos´ny et 

al, 2006). Being aware of issue, various construction 

and envelope material databases have been created 

internationally. These databases provide accurate input 

data for energy simulation programs that in turn 

produce realistic and reliable results. Yet, these 

databases cannot be fully adapted elsewhere since 

construction materials and their thermal characteristics 

of buildings are contextual and related to the climate, 

people thermal sensation and country development, 

etc. In addition, the requirements of the coefficient of 

heat transmission (U-value) are quite different among 

various regions and countries (Suzette Michel, 2006). 

Hence, local effort to address that matter is crucial 

especially in a country with diverse construction 

methods and materials like Egypt. 

 

In fact, Egypt is very rich in local building materials, 

which in turn produced different construction methods 

over time (see Fig2). Historically, this is clear in the 

materials used in residential architecture. The Pharaohs 

(5550 BC) used unbaked mud bricks reinforced with 

organic materials in constructing walls, domes and 

vaults. In 1867 AD, The Khedives used high thermal 

mass bearing stonewalls and concrete roofs. 

Nowadays, a reinforced concrete column and beam 

system is used for the structural Skelton along with 

backed bricks as walls and interior partitions. (See Fig. 

2). Not forgetting to mention, the architecture of 

Hassan Fathy, who devoted his life to creating 

affordable housing for the poor through using local 

materials and utilizing ancient design concepts and 

construction methods such as vaults, arches and domes 

(Fathy, 1973). 

 

Figure 2, The evolution of residential buildigs in Egypt 

 

Locally, several publications on Egyptian building 

envelope thermal performance have been published. 

This includes the work of Shebl in 2010, which 

provided useful specifications for the building 

envelope of buildings in the Toshky region in Egypt. In 

2007, Attia studied the buildings envelope while 

investigating passive and active renovation strategies 

for an existing residential community in an attempt to 

evaluate the impact and potential of a low-energy 

retrofit. Further on in the same year, El Seragy, 

presented alternative ideas for the use of conical roof 

structures to enhance the environment within their 

enclosed or semi-enclosed space. One cannot totally 

overlook these efforts, yet they were applicable within 

a very specific region and did not aim to document, 

categorize or digitalize the present building envelope 

constructions in Egypt.    

As for governmental efforts, in 1998 the Housing and 

Building Research Council (HBRC) published a 

guideline manual for the installation of thermal 

insulation. The manual included an inventory of most 

of the thermal characteristics of the building materials 

used in Egypt. It listed a variety of physical properties 

including density, thermal conductivity or specific heat 

capacity data available for Egyptian building materials. 

In addition, the manual lists a group of general 

guidelines that help one choose the appropriate 

insulation material to use and the means of calculating 

thermal transmittance of a few of them . However, this 

effort did not achieve a holistic description of a 

building's envelope components, as it did not extend to 

include thermal characteristics of floors, windows, 

doors or ground decks. Moreover, it discussed the topic 

from a building construction point of view rather than 

an energy conservation view. 

Further, in 2005, the Housing and Building Research 

Council HBRC completed the development of a 

Residential Energy Efficiency Building Code (EEBC) 

for Egypt. The standard stated the maximum allowable 

U-values or minimum insulation R-values for the 

opaque elements of the building. It also specified the 

maximum allowable U-factor and Solar Heat Gain 

Coefficient (SHGC) for glazing as a function of the 

Window-to-Wall ratio. However, the U-values given 

for opaque constructions included only roofs and 

external walls, with no mention of the U-value of 

floors or ground decks, and only the thermal properties 

of a limited group of materials were available. 

Nevertheless, the development of the code is just the 

first of three important steps needed to launch a law 

enforced energy code. The three main steps, as 

mentioned by Joe Deringer, 2003, are: (1) 

Development, (2) Implementation and (3) 

Administration and Enforcement or voluntary 
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compliance, with incentives. He argues further on in 

the same paper with reference to the means of 

implementation of the EEBC “implementation plan for 

the Egyptian codes should include appropriate 

successful activities that other countries have included 

in their implementation of energy efficiency 

commercial building codes. Such implementation 

activities typically include Develop all products as 

templates”.  

From the aforementioned, we deduce that none of the 

efforts in that field thought of creating an appropriate 

digitalized material database of building envelope 

components, which in turn hinders the use of advanced 

whole-building energy simulation tools.  

METHODOLOGY 

This paper is a part of an on-going research that aims 

to describe the influence of building constructions on 

energy consumption. The first phase includes the 

documentation of the thermal characteristics of the 

envelope materials of the residential buildings in the 

city of Cairo and the new residential neighbourhoods 

surrounding it. The second phase will include the 

commercial buildings in Cairo, and then extend to 

include the rest of the regions in Egypt. Explained in 

the following section is the methodology that is used to 

launch the database and that futuristically will be 

applied to the coming phases of the database. 

Figure 3, The steps  followed to create the datbase 

 

The methodology to develop the database is the 

following four main steps (see Fig. 3): 

 Screening and reviewing the construction 

materials in the Egyptian  standards. 

 Conducting a field survey of the existing building 

constructions. 

 Classification of the gathered materials and 

building constructions. 

 Digitalizing the data in different simulation 

programs formats. 

Screening and reviewing the construction materials 

in the Egyptian standards  

In order to create envelope component sections that are 

representative of the region, a detailed digital inventory 

of the building materials must be created that is in 

accord with the thermal and surface properties of the 

materials in the Egyptian thermal insulation 

specification manual. The manual consists of a 

theoretical literal inventory of thermal properties of the 

most common building materials used in construction 

(see Table 1). The properties listed in the manual are 

explicit to the materials density, thermal conductance 

and specific heat capacity with frequent absence of one 

or more of these properties of some materials. 

Table 1Egyptian building materials thermal properties 

Number Material Density 

(kg/m3) 

Thermal 

conductance 

(watt/m.C) 

Specific 

heat  

(J/kg.C) 

 Bricks:    

1 Hollow Foam 530 0.2 - 

2 Solid Foam 800 0.25 - 

3 Hollow 

Gypsum 

750 0.41 - 

4 Solid Gypsum 950 0.39 - 

5 Hollow Leka 1200 0.39 1000 

6 Hollow Red 

Brick 

1790 0.6 840 

7 Solid Red 

Brick 

1950 1.00 829 

8 Solid Cement 

Brick 

1800 1.25 880 

9 Hollow 

Cement Brick 

1140 1.6 880 

10 Solid Cement 

Brick 

2000 1.4 840 

11 Lime stone 985 0.33 850 

12 Sand Brick 1800 1.59 835 

13 Hollow Sand 

Brick 

1500 1.39 811 

The numbers above are only guidelines and a representation of the 

Egyptian market and are in anyway binding. 
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Conducting a field survey of the existing building 

constructions: 

The second stage is listing the existing envelope 

construction sections. In order to do this, first the types 

of construction section used in the region had to be 

identified, and documented. This is achieved through a 

field construction and as built survey. 

The scope of the first phase of the research is directed 

to the metropolitan of Cairo, which includes the 

governorates of Giza, Helwan and Sixth of October. 

This region is one of the most congested regions in 

Egypt where its core is urbanely decaying due to 

overpopulation and pollution and so the construction of 

new developing residential compounds on the outskirts 

of Cairo is currently in great acceleration. Hence, the 

research should be suitably beneficial for the region. 

 

Figure 4, Al Rehab City masterplan,Cairo. Egypt. 

 

The field survey was conducted on “Al Rehab city” 

one of Cairo‟s newly constructed residential cities   

 

Figure 5, The different residential typologies in Al 

Rehab City. 

located on the Cairo Suez road .It is set on an area of 

10 million m
2
 in New Cairo and accommodates 

200,000 inhabitants  (See Fig.4). The city was divided 

into ten phases each built on an area of 240 feddans. 

The city encloses two main residential typologies, the 

villas which have 31 different designs with varied 

internal space areas that range from 174 m
2
 to 660 m

2
, 

and the residential buildings which have 50 different 

models with various apartment sizes that range from 58 

m2 to 306 m
2
. (See Fig.5) 

Al Rehab is the first city built by the private sector in 

Egypt and is considered one of the most successful 

residential cities prototypes, due to this success the 

same private investor is now applying the Rehab 

experience on a bigger scale in a new city named 

„‟Madinaty‟‟ , which is being  built on 8 thousand 

feddans and designed to accommodate 600,000 

inhabitants in 120,000 housing units. So , The choice 

of Al Rehab city  was based on it being a rolemodel of 

success for relaestate investors and  it being  duplicated 

as a model  in many of the furure urban agglomerations 

.  (See Fig.6) 

 

Figure 6, New Cairo City map 

Digitalizing the Egyptian building materials and the 

envelope construction sections: 

This step comprises the preparation of the data to be 

uploaded on the website by putting it in the proper 

digital format, which would allow its input on energy 

simulation software. First is the digitalizing of the 

building material where building material properties 

include: 

a) Thermal physical properties: This includes the 

material‟s thermal conductivity, specific heat 

capacity and density.  

b) Surface properties: which include           

Emissivity, solar absorptance, visible absorptance, 

roughness, colour and texture. 

c) Embodied carbon: this includes data on 

embodied carbon contained in the material.  

d) Life cycle cost.  
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Table 2 Egyptian building materials thermal properties 

The total aim of the research is to cover all four sets of 

properties, but we focus in this paper on the bulk 

thermal properties, where the other sets will be covered 

after receiving the user's feedback and receiving 

funding to do the required empirical tests needed to 

acquire the rest of the properties mentioned. So, the 

data available was compiled digitally using 

DesignBuilder (DB) and EnergyPlus (EP). The reason 

for selecting DB and EP was that: 

a) They passed the BESTEST for accuracy. 

b) DesignBuilder's input is easy and visual (Attia, 

2007) 

c) EP is an open source software that allows 

researchers and individuals to run simulations even 

with other Graphical User Interfaces (GUI) such as 

OpenStudio. 

The thermal characteristics of the materials were used 

to fill the DesignBuilder's material data template and 

then exported in .ddb so they could be used to create 

the construction sections. 

 The results of the construction section site survey is 

grouped according to the position of the section in the 

building envelope: wall, roof, floor, ground and 

window. An architecture friendly graphical section of 

each building envelope component is created to 

illustrate -to the more visually oriented users- the exact 

layers used in each. Then, the digitalizing of the 

envelope sections began. The literal data acquired from  

 

Figure 7, The website's homepage 

the survey is entered in DesignBuilder software 

template titled construction (exterior wall, roof, floor 

and ground) and Fenestrations. Each section is formed 

from the Egyptian building materials digitalised 

previously. A material is assigned to each layer in the 

 Graphical 

illustration 

Material description  

E
xt

er
io

r 
w

a
ll

s 

 Single Red Brick Wall 

125mm 

 

 

 

Double Red Brick Wall 

250mm 

 

 Double Red Brick Wall 

360mm 

 

 Double Red Brick Wall with 

air gap 360mm 

 

 Cement Brick Wall (Solid) 

200mm 

 

 Limestone Wall 500mm 

R
o

o
f 

 

Typical Roof without 

Insulation 250mm 

    Dome Brick Roof 300mm 

G
ro

u
n
d
 

 

Ground Slab Floor 200 mm 

F
lo

o
r 

 

Flat Slab Floor 120mm 

 Flat Slab Floor 250mm 

W
in

d
o

w
s 

 

Wooden Window Frame: 

Single Glazing 3mm 

 

Wooden Window Double 

Framed 
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section until the building section successfully matches 

the physical section. 

The various building envelope sections produced in 

DesignBuilder are then exported and saved in .ddb and 

.idf (DesignBuilder and EnergyPlus respectively). 

RESULTS AND ANALYSIS 

In order for this data to be easily and freely accessible, 

the material digital inventory and the digital   building 

envelope sections (Table 2) were all uploaded onto an 

open source website. The uploading process and 

sections of the website are explored in this section. 

(See Fig. 7.)  

First, the material digital inventory is classified into: 

- Traditional materials. 

- Cairo materials. 

- New materials. 

The materials produced by this research are uploaded 

in the Cairo materials section with both .ddb and .idf 

extensions. (See Fig. 8.) 

 

 
Figure 8, the website's Material Section 

 

 

Second, the building envelope sections are uploaded 

each in a tab according to its location in the building: 

wall, roof, floor, ground and windows. Each one of 

these tabs encloses two sections a residential use tab 

and a commercial one as it is our future intention to 

perform the same research procedure and methodology 

to expand the database so that it includes commercial 

buildings as well as residential. (See Fig. 9.)  

 

On opening the residential tab in any construction 

section one finds a list of the available building 

envelope sections with a graphical thumbnail of each 

section adjacent to it. (See Fig. 10.) 

When the user chooses the required construction 

section, he is directed to the construction's thermal 

properties window .This window is divided into three 

main segments: 

a) First segment to the left contains the graphical 

presentation and the quality level tab, the 

user's rating tab and the download counter of 

the building construction section.  

 

 

Figure 9, The website's Residential -commercial  

window. 

 

b) The middle segment consists of the 

construction and thermal description of the 

building construction section. 

c) Finally the third section contains the 

download icon where the user can choose 

whether to download it in energy plus format 

or DesignBuilder format. (See Fig. 11.)  

      Figure 10,The website's roof  construction  window 
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Figure 11, The website's construction thermal 

properties  window 

CONCLUSION AND DISCUSSION 

Energy simulations are a primary method of optimizing 

buildings‟ energy performance and so the presence of a 

local digitalized construction and material database 

minimizes the potential for inaccuracies and   makes 

the input of constructions in energy simulation 

programmes as simple as selecting the specific material 

configuration and setting dimensions and orientation 

(DOE). Due to the previous effort , the website of '' 

The Database of Egyptian Building Envelopes" has 

been launched, making  the data of the Egyptian 

building envelopes and materials available worldwide 

for students , Architects, construction practitioners and 

energy simulation experts that are  working on  

building projects in Egypt. This will help the 

emergence of a new generation of energy efficient 

residential units that will put Egypt back on the road to 

sustainable architecture. Users will have the suitable 

input files for whole building energy simulations and 

will be able to create a series of parametric analysis 

leading them to the optimum choice for his project. 

The website can be accessed by all users at the 

following address: 

http://www.shadyattia.net/research/DEBE/index.html. 

A short tutorial of how to use the website is also 

available at : 

http://www.youtube.com/watch?v=JwlvwNDWk-E 

- This research is mainly based on theoretical data due 

to the lack of instruments and funding to perform 

empirical validations, and so "A Quality Level 

Indicator" icon on each construction section's 

properties on the online database, indicating its degree 

of credibility and validity was added. 

- The database is a crucial needed step in the field of 

energy simulation and architecture design. It is a 

virtual documentation of the available data on this 

topic and even though there might be few information 

gaps due to the lack of research in the field, yet it is an 

attempt to promote our research and provide reliable 

and consistent data. 
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ABSTRACT 
This paper presents a novel methodology for 
applying modelling and simulation techniques to a 
swimming pool environment aimed at achieving 
energy savings by optimising the end of setback 
(EoS) schedule of the heating, ventilation and air 
conditioning (HVAC) system. The Building Controls 
Virtual Test-Bed (BCVTB) simulation platform is 
used to integrate different modelling and simulation 
tools to improve the accuracy of the simulations 
while reducing modelling effort. To test the 
feasibility of using artificial intelligence techniques in 
optimising the EoS, an application using artificial 
neural networks (ANN) is developed and discussed. 
A detailed case study is also presented and discussed. 

Keywords 

Reduced Order HVAC Systems, Building Modelling 
and Simulation, Artificial Neural Networks, 
Swimming Pool Modelling and Simulation 

RATIONALE 
The building sector is responsible for over 40% of 
Europe’s total energy consumption and over 25% of 
the overall CO2 emissions (EUROSTAT 2010) 
(European Environment Agency 2011). HVAC 
systems consume around 20% of the total energy 
consumption in developed countries (Pérez-Lombard 
et al. 2008). HVAC systems frequently serve 
facilities with very dynamic occupational behaviour 
but also with well-established schedules that allow an 
operational set-back during unoccupied hours thus 
reducing energy consumption during this period of 
time. 

The European Union (EU) has shown deep concern 
about the above mentioned statistics and has put in 
motion a series of mechanisms to reduce energy 
consumption and CO2 emissions. In this regard, the 
EU has published the Directive on the energy 
performance of buildings (European Parliament & 
Council of Europe 2010) aimed at assessing static 
energy consumption in buildings as a first step 
measure to evaluate the performance of the building 
sector. The recent Europe 2020 flagship initiative 
(European Commission 2011), place incentives 
towards a reduction of 20% of energy consumption 
and CO2 emissions by the year 2020 and 50% by the 
year 2050.  

Within the building sector, up to 10% of the overall 
energy consumption is consumed by sport and leisure 
facilities (ENERinTOWN Project Consortium 2008) 
where a dynamic adjustment of the operational 
behaviour of the HVAC systems serving these 
facilities is expected to result in significant energy 
savings (SportE2 Project Consortium 2011).  
Swimming pools in particular are large energy 
consumers and controlling air temperature and 
humidity to minimise evaporation is an important 
energy savings strategy.    

Modelling and simulation allows for the effective and 
efficient assessment of the impact of different 
approaches to energy reduction in buildings. In doing 
so, accuracy and complexity must be balanced, such 
that system aspects and energy relationships are 
captured without the simulation effort becoming 
prohibitive (time or computing cost). Traditionally, 
energy simulation tools provide accurate solutions for 
part of the HVAC system like overall energy 
consumption while making significant assumptions 
on other areas like immediate production of hot air at 
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desired temperature. To address this problem, this 
paper proposes a methodology for integrating 
different modelling and simulation tools using the 
BCVTB with a focus on a swimming pool 
environment. Matlab/Simulink was used for 
simulation of time dynamics of both the, water and 
air handling side of a swimming pool hall’s HVAC, 
while the hall’s zone model (building envelope, 
materials, internal loads and weather) was developed 
and simulated using EnergyPlus. Energy flows 
between the pool water and the hall air were 
implemented inside the BCVTB. Both, 
Matlab/Simulink and EnergyPlus are simulation tools 
widely used in industry and academia for modelling 
and simulation of complex systems and energy flows 
in buildings respectively. 

Applications of ANNs for energy efficiency in 
buildings encompass solar radiation prediction 
performance prediction of water heating systems,  
heating and cooling loads estimation and prediction 
of energy consumption among others (Kalogirou 
2006). Prediction is one of the main applications of 
artificial neural networks in energy efficiency in 
buildings and in particular, the work carried out by 
Yang (Yang 2003), provides a basis for the 
application of neural networks to predict optimal End 
of Setback (EoS) of a HVAC system. 

This paper approaches the integration of two 
simulation tools aiming at improving the accuracy of 
the simulations by the means of splitting the 
workload between simulation tools and assigning to 
each one the part the best suits its capabilities. It also 
presents the basis for integrating artificial intelligence 
techniques such as neural networks in the 
optimisation and control of building performance by 
means of using both, simulated and real data for 
training and validating the neural networks. 
Furthermore a case study is presented of a swimming 
pool hall environment at the National University of 
Ireland, Galway (NUI Galway), where important 
energy reduction can be achieved yet there is still 
little research addressed particularly to sport 
facilities. 

SWIMMING POOL HALL OF THE 
SPORTS CENTRE AT NUI GALWAY 
The case study used for this research corresponds to 
the swimming pool hall of the sport facility located at 
the National University of Ireland, Galway (NUIG) 
which is owned by the university and run by a private 
company specialising in sport facilities management 
(Kingfisher Club Ltd.). The swimming pool hall has a 
floor plan area of 700 m2 with a 25 m swimming 
pool. This is served by two identical Air Handling 

Units (AHUs) which maintain a constant air 
temperature of 30ºC in the swimming pool hall. Each 
AHU consists of supply and return fan (6.6 m3/s), 
water-to-air heat exchanger frost coil (73 kW), an air-
to-air cross flow without mixing heat recovery unit 
and a water-to-air heat exchanger heating coil (250 
kW). Figure 2 provides a schematic of these systems. 
The sport centre is open daily with week/weekend 
schedule and its occupancy is constantly monitored 
through the use of an access control. Figure 1 depicts 
the swimming pool facility and a Google SketchUp 
model of the swimming pool environment. 
 

 
Figure 1. Swimming pool hall picture and model 

 

Modelling and simulation of a swimming pool 
environment is a complex task due to the strong 
coupling between water, air temperature and relative 
humidity. Simulation tools that approach swimming 
pools are scarce and many of them have limitations. 
TRNSYS simulation software includes models for 
swimming pools (Auer 1996). Ribeiro et al. (Ribeiro 
et al. 2011) describe a procedure to model swimming 
pools in ESP-r. However, neither ESP-r nor TRNSYS 
are, at the moment of writing this paper, officially 
integrated with the BCVTB and thus models 
developed in EnergyPlus and Matlab were preferred. 

HVAC REDUCED ORDER MODEL 
As can be deduced from the description of the AHUs, 
there are three components that are used to control 
the temperature of the air. As such, the AHUs can be 
modelled as three heat exchangers in series with the 
first and last heat exchangers corresponding to water-
to-air frost coil and heating coil and the middle one to 
an air-to-air heat recovery coil. For the purposes of 
this paper, filters, fans and duct-work effects on the 
air temperature are not considered. Filters have little 
effect over temperature changes in the air. Effects of 
duct-work on temperature should be considered for 
systems with a long network of ducts which is not the 
case for the presented case study and fans present a 
predictable temperature raise that is outside the scope 
of this research work.  

(Underwood 1990) presented a set of ordinary 
differential equations (ODE) for the reduced order 
modelling of the heat transfer between the hot and 
cold fluid in a heating coil. Assuming that no 
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condensation occurs in the heat exchangers since, for 
the purposes of this paper, the operation mode 
considered is such that only sensible load is added to 
the air, the equations that represent the system are: 

ṁhf(t) · Cphf · [Thfi(t) − Thfo(t)] +   

UA · [Tcfi(t) − Thf����(t)] = Chf ·
dThfo(t)

dt
 

(1) 

mcḟ (t) · Cpcf · [Tcfi(t) − Tcfo(t)] + 

UA · [Thf����(t) − Tcfi(t)] = Ccf ·
dTcfo(t)

dt
 

(2) 

In the above, equation (1) represents the heat transfer 
for the hot fluid and equation (2) for the cold fluid. 

A proper implementation of the model requires the 
calculation of the parameters UA, Chf and Ccf. These 
parameters are dependent on the geometrical and 
physical characteristics of the coil and fluids. In this 
study, the calculation of UA at the operation point 
was done using the ε-NTU method (ASHRAE 2009).  
Once the base calculation was done, the UA 
parameter was programmed to be automatically 
updated at every time step based on methodology 
presented in (Wetter 1999). The calculation of Chf 
and Ccf is done following the methodology suggested 
by Sørensen (Sørensen & Novakovic 1995) where the 
calculation follows equation (3) 

Cxf = mc · Cpc + mx · Cpxf (3) 

Equations and calculation steps to update parameters 
of the heat exchangers at every time-step were 
developed using Matlab/Simulink. In particular, a 
user interface was designed so that the actual user 
would only need to input a set of design data from the 
heat exchanger such as duty, fluids flow rates, fluids 
temperature, type of heat exchanger (counter flow, 
cross flow, etc.) specific heat of the fluids, coil 
material specific heat and coil weight. 

SWIMMING POOL LOADS 
CALCULATION 
The key point in calculating the load added to the 
zone by the swimming pool is to be able to split the 
load calculation into the sensible and latent 
components. The evaporation related latent load of 
the pool and the AHU are being modelled outside 
EnergyPlus. The water evaporation calculation is 
carried out in the BCVTB and the AHU model is 
divided between Matlab/Simulink and the BCVTB. 
The resulting loads are then added into the zone 
model developed in EnergyPlus. 

Swimming pool loads calculation 

Based on the previous work (Costa et al. 2011), the 
heat exchange between the water in the pool and the 
air in the hall is modelled by the means of the 
calculation of the sensible and latent loads 
respectively. Sensible load has been modelled as a 
surface at the constant water temperature. Latent load 
is calculated using the following equation: 

�̇�𝑙 = �̇�𝑤𝑎𝑡𝑒𝑟 ∙ 𝐿𝑒𝑣𝑎𝑝 ∙ 𝐴𝑝𝑜𝑜𝑙  (4) 

In equation (4) the water evaporation rate is 
calculated as a function of the water temperature, air 
temperature and relative humidity, area of the pool 
and pool type. The calculation uses the analytical 
formulas published in (ASHRAE 2007) on its section 
dedicated to natatoriums and applying the necessary 
corrective factors in agreement with the type of 
activity performed in the pool. The water latent heat 
of vaporization is calculated using Watson’s equation 
(Vidal 2003) that accounts only for water temperature 
and other physical properties of the water; since the 
water temperature is assumed constant, the water 
latent heat of vaporization is also a constant. 
 

Figure 2. Air Handling Unit Representation 
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Figure 3. Simplified Psychrometric Chart 

AHUs load calculation 

The AHU is modelled to control the supply air 
temperature in order to maintain air temperature in 
the zone close to the heating set point in the zone. 
The AHU model in Matlab Simulink calculates the 
supply air temperature into the zone. Give the supply 
air temperature (form Matlab/Simulink Model, the 
return air temperature and humidity ratio form the 
zone (from the Energy Plus model) and the outdoor 
air humidity ratio (given by the weather file used in 
EnergyPlus), it is possible (in the BCVTB) to 
determine specific enthalpy (ASHRAE 2009) and 
difference between return air and supply air. The 
enthalpy difference (h2-h1) together with the mass 
flow rate of the AHU allows to determine both the 
resulting sensible (h0-h1) and latent (h2-h0) load 
associated to the AHU effect on the zone air 

conditions (temperature and humidity)(Figure 3). 

BCVTB INTEGRATION 
The HVAC model developed in Matlab/Simulink was 
integrated to the Swimming pool hall model 
developed in EnergyPlus by the means of the 
BCVTB which provides basic information as set-
points, schedule of the facility for the night set-back, 
etc. The BCVTB serves as bridge for the data flow 
between EnergyPlus and Matlab. HVAC model and 
control were developed in Simulink and an interface 
between the BCVTB and Simulink was developed in 
Matlab as explained in (Sterling et al. 2012), to 
overcome issues arising in the Simulink solver due to 
the necessity of using a fixed time-step imposed by 
the BCVTB. 

Figure 4 shows the data flow diagram of the BCVTB 
integration showing the variables that are 
interchanged between the different programs. As 
explained in a previous section, the calculation of the 
latent and sensible loads due to the energy exchange 
between the water in the swimming pool and the air 
in the hall are done within the BCVTB. Also within 
the BCVTB the heat exchange between the supply air 
coming from both AHUs and the swimming pool hall 
air is split into sensible and latent before being sent as 
input to EnergyPlus (Figure 6). An operational 
scheduler was developed using the internal BCVTB 
tools to allow for rapid developing and testing of 
different operation scenarios. 

The BCVTB acts as a central hub of communications 
between the programs providing a framework for the 

Figure 4. BCVTB Operation Data Flow 
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exchange of variables between the different models. 
In particular it synchronizes the bi-directional data 
flow between Matlab and EnergyPlus while adding 
the latent and sensible load values to the data 
exchange. 

EXPERIMENT 

BCVTB set up 

Figure 6 shows the integration in the BCVTB 
environment where the four main actors can be 
clearly identified. The “HVAC” actor contains all the 
necessary information to run the Matlab/Simulink 
simulation, the “Scheduler” actor allows dynamic 
modification of the set points depending on the time 
and the type of day (week, weekend). The “Pool 
Evaporation Latent Load [W]” actor calculates the 
latent load due to evaporation of the water from the 
swimming pool. The “AHU Load Splitter” returns the 
separated latent and sensible loads due to the supply 
air. Finally the “Swimming Pool Hall” is the actor in 
charge of running the EnergyPlus simulation 
consisting of the hall’ zone model. 

In this research work, the main objective with the use 
of the BCVTB is the possibility to model and test 
different operational scenarios for energy efficiency 
in already existing buildings with focus on sport 
facilities. The idea is to provide a framework for 
rapid modelling of the facility and reliable results of 
different operational scenarios. The operational 
scenario tested was that of the set-back operation 
during non-occupied hours of the facility. This is 
common practice for energy efficiency and previous 
studies performed in EnergyPlus (Costa et al. 2011) 
have shown a reduction of up to 30% of energy 
consumption if the temperature set point of the 
swimming pool hall is reduced during night. 
However restrictions in the operational schedules of 
the EnergyPlus model limited the reach of the study 
to fixed times for the setback and EoS of the system 
as opposed to the dynamic EoS presented in this 
paper. With the use of the BCVTB a dynamic 
schedule of the facility was implemented allowing for 
a further study of the feasibility of establishing a 
dynamic EoS algorithm based on ANN. 

Simulations 

A simulation time-step of 1 minute was chosen to 
account for dynamics of the system when the set-
point is modified. The first implementation used a 
week / weekend schedule that switch the system to 
set back set-point at 21.00h during week days and at 
20.00h during weekends. The schedule for bringing 
back the system to normal operation set-point is 

established at 7.00h during weekdays and 9.00h 
during weekends. On Figure 5 the behaviour of the 
system under the above mentioned schedule and for 
one week of operation can be observed. 

 

Artificial Neural Network Implementation 

Simulation results were used to train an artificial 
neural network (ANN) to determine the optimal end 
of set back of the system so it will reach comfort 
conditions at the opening time. Given the discrete 
nature of the model, instead of predicting the actual 
time the ANN the focus was on learning the number 
of time steps the system would take to reach comfort 
conditions. A simple algorithm was then developed to 
translate the ANN prediction into a signal for the 
EoS. The algorithm takes as input the actual time, the 
opening time and the output from the ANN and 
produces a signal for changing from set-back set-
point to normal operation set-point. 

The ANN developed has 2 inputs corresponding to 
outdoor and indoor temperature, 25 neurons in the 
hidden layer with sigmoid transfer function and one 
output with linear transfer function corresponding to 
the number of time steps it would take to reach the 
comfort conditions if the system was brought back to 
normal operation. Inputs and outputs were 
normalized to prevent prevalence of one variable over 
other. The training dataset was originated by 
simulating the system over one month. Training was 
done using the levenberg-marquardt backpropagation 
algorithm. To test the efficiency of the approach the 
ANN and the algorithm to translate the results of the 
ANN were used to substitute the scheduler. This new 
system was simulated over one week during the next 
month. Results showed that the ANN was able to 
accurately predict the optimal EoS for the system 
such that comfort conditions were reached by the 
opening time of the facility.  

 
Figure 5. Week Simulation with BCVTB 
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DISCUSSION AND RESULTS ANALYSIS 
This section presents the results obtained from the 
integration of Matlab/Simulink and EnergyPlus by 
means of the BCVTB applied to the swimming pool 
hall at the National University of Ireland, Galway. 

One of main advantages found in the use of the 
BCVTB is the possibility to easily implement 
different operational scenarios that otherwise would 
require separate simulations such as the modelling 
and simulation of different operational scenarios 
where faults occur and the particular response of the 
system to each individual fault. As well, the case 
where different EoS times can be implemented, the 
BCVTB offers an intuitive and straight forward 
approach for the modelling and simulation of 
operational scenarios without requiring advance 
language scripting or adding new objects like in 
EnergyPlus  (Basarkar et al. 2011). 

In the implementation and methodology developed 
and presented in this paper, no particular knowledge 
about the HVAC controls was assumed. Therefore, it 
is left to the user to specify and implement the type of 
controller that better fits the needs. For the 
Swimming pool at the NUI Galway, two PID 
(proportional, integral and derivative) controllers 
were implemented. One PID controls the frost coil 
and ensures that the temperature of the air leaving the 
coils is never below a 5ºC. The other PID controls the 
heating coil to maintain the swimming pool hall 
temperature at the set-point temperature. 

Of special interest is the use of Matlab as an extra 
interface to connect the BCVTB with Simulink in the 

presented case study. As shown in Figure 4, at every 
time-step Matlab sends to Simulink the present 
values of the variables needed to perform the 
calculation of the interactions in the HVAC unit 
while Simulink returns the updated supply 
temperature and a set of state variables that are 
needed for initialization of the values of the variables 
inside the AHU for the next time-step. This 
procedure allows for the implementation of different 
time-steps in the BCVTB without the need to fix a 
time-step in Simulink. Such is achieved by running, 
at every time-step, the  Simulink model for a period 
of time equal to the time-step while leaving Simulink 
to decide the best time-step. 

With the ANN approach, it was possible to predict 
the optimal EoS time for the simulated system and 
through the use of the BCVTB a dynamic schedule 
could also be implemented. Simulation results 
obtained with the use of the ANN-based dynamic 
EoS showed a reduction of energy consumption by 
1% over the case with a fixed scheduled EoS that 
ensures 0% of discomfort and provides 30% energy 
savings when compared with the case where no set-
back is in operation. 

Even though the controlled conditions of the 
experiment left little room for the possible 
improvement of the EoS using the ANN approach, in 
the case of variable zonal loads, the potential of the 
ANN provides much more scope for exploitation. 
Otherwise, a fixed EoS is suggested. 

Simulation time is the biggest drawback of the 
developed integration. The cascade processing of 
information seemed to have slowed down simulations 

Figure 6. BCVTB Screenshot 
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to the point where a week’s simulation would take 
around 20 minutes to be processed on an Intel Core i5 
processor at 2.67GHz with 8GB of RAM memory 
and under Windows 7 operating system. 

CONCLUSIONS AND FUTURE WORK 
This paper presents and discusses a methodology for 
the application of simulation techniques to a 
swimming pool environment aimed at its application 
in energy efficiency studies. The proposed 
methodology leverages in the use of the Building 
Control Virtual Test Bed (BCVTB) to couple 
different simulation environments in order integrate 
and complement the capabilities of the different tools. 
Results obtained from the simulation of the case 
study were used to train an artificial neural network 
(ANN) to predict the optimal end of setback of the 
swimming pool hall if the temperature set-point is 
reduced during unoccupied hours. 

The BCVTB provides researchers with an innovative 
and powerful tool for the study of complex systems. 
The idea of divide and conquer can be easily 
implemented by using the best modelling and 
simulation tool for each subsystem and then 
integrating them in the BCVTB to form the desired 
complex system. In the research work presented in 
this paper, Matlab/Simulink was used for modelling 
and simulation of the HVAC system, EnergyPlus was 
selected to model the swimming pool hall and latent 
loads calculations were performed using tools 
provided by the BCVTB itself. 

The capabilities of the BCVTB allow for rapid 
prototyping and testing of different operational 
scenarios and its impact over the systems under 
study. In this paper in particular, a best control over 
the operation schedules of the system was achieved 
as opposed to what was achieved with the sole use of 
EnergyPlus to model and simulate the whole system. 
Also the BCVTB presents the opportunity for 
developing graphical user interfaces on top of the 
models that will permit building manager to test 
energy optimisation scenarios safely prior the 
application on the facility and without the need to 
have any programming skills. 

Care should be taken when deciding on the modelling 
and simulation methodology to pursue since, 
depending on the application, less modelling and 
simulation effort might be achieved with the use of a 
single tool. However, the BCVTB has proven to be 
well-suited to approach problems where part of the 
model is already developed and new additions are to 
be made but the new modeller has little knowledge of 
the modelling tool used. Also the BCVTB is useful 
for cross-discipline cooperative work, allowing each 

expert to develop model using own tool and then 
integrating the solutions into one whole. This last is 
often the case of the whole building energy modelling 
and simulation developments. 

As with any model, the HVAC model developed in 
the research work is an approximation to the real 
functioning of the systems allowing for improvement 
in the accuracy of the simulations. In future work, it 
is foreseen to use real operational data to calibrate the 
models and to bring the results as close to real 
operation as possible (Raftery et al. 2011). The work 
will leverage the use of artificial intelligence 
techniques, particularly artificial neural networks 
(ANN) since its learning capability is most suited for 
these types of problems. Through the inclusion of 
ANN in the model, it will be possible to implement a 
continuous learning mechanism that will account for 
the variation over time of the normal functioning of 
the system and will be helpful in future prediction 
and control purposes. 

Real operation data will allow a fine tuning of the 
ANN and this is a necessary step to be taken to assess 
the real impact of the use of neural networks for 
optimising EoS. In any case, the large potential of the 
family of learning algorithms can be extended to 
predictive controllers, energy consumption 
predictions and decision making for interaction and 
integration with smart grids among others. 

In future work, a more complete model considering a 
variable pool water temperature will be developed. 
Furthermore, it is envisaged the substitution of the 
HVAC model developed in Matlab/Simulink for a 
model based on the modelling language Modelica to 
assess the advantages of this modelling and 
simulation programming language. 

Operational scenarios including faulty conditions will 
be developed to provide the basis for a future 
research of the use of the BCVTB for the study of 
fault detection and diagnosis in HVAC systems. 

ACKNOWLEDGEMENTS 
The authors would like to thank Barry Phelan NUIG 
sport centre energy and facility manager for his 
support in this work. This research work was funded 
by the Irish Research Council for Science, 
Engineering & Technology (IRCSET), D’Appolonia 
S.p.A, the ITOBO Science Foundation Ireland 
Strategic Research Cluster (SRC) and the European 
Community's Seventh Framework Programme 
(FP7/2007-2013) under the SportE2 project with grant 
agreement No. FP7-2010-NMP-ENV-ENERGY-
ICT-EeB 260124 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

110



REFERENCES 
ASHRAE, 2009. ASHRAE Handbook: Fundamentals 

(SI edition), Atlanta, GA: American Society of 
Heating, Refrigerating and Air-conditioning 
Engineers. 

ASHRAE, 2007. ASHRAE Handook: HVAC 
Applications (SI Edition). 

Auer, T., 1996. TRNSYS-TYPE 144 Assessment of 
an indoor or outdoor swimming pool. 

Basarkar, M. et al., 2011. MODELING AND 
SIMULATION OF HVAC FAULTS IN 
ENERGYPLUS. In Building Simulation 2011. 
pp. 2897-2903. 

Costa, A. et al., 2011. Value of Building Simulation 
in Sport Facilities Operation. In Building 
Simulation 2011. Sidney, pp. 664-671. 

ENERinTOWN Project Consortium, 2008. Guide to 
procuring equipment and designing buildings 
using energy criteria, 

EUROSTAT, 2010. Environmental statistics and 
accounts in Europe 2010. Eurostat. 

European Commission, 2011. COMMUNICATION 
FROM THE COMMISSION TO THE 
EUROPEAN PARLIAMENT, THE COUNCIL, 
THE EUROPEAN ECONOMIC AND SOCIAL 
COMMITTEE AND THE COMMITTEE OF 
THE REGIONS A resource-efficient Europe – 
Flagship initiative under the Europe 2020 
Strategy,. COM(2011) 21, 26/1/2011. 

European Environment Agency, 2011. Allocation of 
energy  related greenhouse gas emissions by end 
use in 2008. 

European Parliament & Council of Europe, 2010. 
DIRECTIVE 2010/31/EU OF THE EUROPEAN 
PARLIAMENT AND OF THE COUNCIL of 19 
May 2010 on the energy performance of 
buildings (recast), 

Kalogirou, S. a., 2006. Artificial neural networks in 
energy applications in buildings. International 
Journal of Low-Carbon Technologies, 1(3), 
pp.201-216.  

Pérez-Lombard, L., Ortiz, J. & Pout, C., 2008. A 
review on buildings energy consumption 
information. Energy and Buildings, 40(3), 
pp.394-398. 

Raftery, P., Keane, M. & O’Donnell, J., 2011. 
Calibrating whole building energy models: An 
evidence-based methodology. Energy and 
Buildings, 43(9), pp.2356-2364. 

Ribeiro, E., Jorge, H.M. & Quintela, D.A., 2011. 
HVAC System Energy Optimization in Indoor 
Swimming Pools. In Energetics (IYCE), 
Proceedings of the 2011 3rd International Youth 
Conference on. pp. 1-7.  

SportE2 Project Consortium, 2011. SportE2 
Deliverable D1.1: Performance Criteria and 
Requirements, 

Sterling, R., Costa, A. & Keane, M.M., 2012. 
Swimming Pool Hall HVAC End of Setback 
Artificial Neural Network Prediction. In Fifth 
International Conference on Energy Research 
& Development. Kuwait City. 

Sørensen, B.R. & Novakovic, V., 1995. Modeling a 
constant fluid flow heating coil, using transfer 
functions.pdf. In 4th international conference 
on System Simulations in Buildings. pp. 229-
248. 

Underwood, D., 1990. Modeling and Nonlinear 
Control of a Hot-Water-to-Air Heat Exchanger, 

Vidal, J., 2003. Thermodynamics: Applications in 
Chemical Engineering and the pretroleum 
industry E. Technip, ed., Paris. 

Wetter, M., 1999. Simulation Model: Finned Water-
to-Air Coil without Condensation. LBNL-42355, 

Yang, I., 2003. Application of artificial neural 
network to predict the optimal start time for 
heating system in building. Energy Conversion 
and Management, 44(17), pp.2791-2809.  

NOMENCLATURE 
ṁxf mass flow rate of the fluid ‘x’ (kg/s) 
Cpxf specific heat of flow ‘x’ (kJ/kg·ºC) 
Txfi input temperature of fluid ‘x’ (ºC) 
Txfo output temperature of fluid ‘x’ (ºC) 

UA overall heat transfer coefficient of the coil 
(kW/ºC) 

Cxf 
total heat capacity of the coil for the fluid 
‘x’ (kJ/ºC) 

�̇�𝑤𝑎𝑡𝑒𝑟  Water evaporation rate (g/s) 
𝐿𝑒𝑣𝑎𝑝 Water latent heat of vaporization (J/g) 
𝐴𝑝𝑜𝑜𝑙 Area of the swimming pool (m2) 
�̇�𝑙 Latent load of the pool (W) 
𝑚𝑥 Capacity of fluid ‘x’ in the coil (kg) 

Cpxf specific heat of the coil’s material 
(kJ/kg·ºC) 

 
Subscripts  

c coil 
x hot or cold fluid 
f fluid 
i input 
o output 
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Abstract
In order to design and assess the dynamic performance

of building automation systems, accurate control-oriented
models are needed. Previous modeling languages do not
accurately capture transients and state information to the
fidelity that is needed for rigorous control-theoretic analy-
sis. With the recent progress in building energy modeling
in Modelica, these transients, and the dynamics of the sys-
tem in general, can are captured more accurately. In this
paper we will discuss necessary methodologies that are
needed to construct and calibrate an energy model for the
purpose of control system design and tuning. We will dis-
cuss topics pertaining to this process including selection
of appropriate steady state and dynamic data for model
tuning. A case study will be included which investigates
the dynamic performance of a building containing a movie
theater and acoustic sound stage. Frequency domain con-
trol analysis will be presented using the calibrated model.

Introduction
Building energy modeling is often performed for trade

studies during the design process and to establish com-
pliance for various accreditations. As these energy mod-
els become more accurate and easier to use, their use in
the design of the operation (e.g. control) of a building
is increasing. Operational design of a building can be
as coarse as identifying optimal scheduling strategies, or
which sensors are best for different control loops (e.g. the
topology of the control loop). More detailed model-based
studies include controller synthesis and controller param-
eter tuning and optimization. In the later case, a different
modeling paradigm is often needed that addresses specific
concerns in the analysis of feedback control systems that
include analysis of the dynamics on shorter time scales
than what is historically studied in whole building energy
simulation (e.g. EnergyPlus, DOE2, or TRNSYS).

Control-oriented modeling involves deriving simple
physics based models that accurately capture system level
dynamics and nonlinearity (Chapter 2 of (Åström and
Murray 2008)). Another aspect of control-oriented mod-
eling is that the model size (e.g. number of differential
variables) should be manageable for rapid simulation and
for tractable frequency-based analysis. Control-oriented

modeling for a system of systems like a large building
should not consider all of the detailed physics that may
occur as it is more important in this case to have an analyt-
ical physics-based understanding of the dynamics than to
have an extremely complicated model that perfectly cap-
tures all physics. One example of a modeling library that
captures these features is the Modelica Building System
Library (Wetter 2009), which is what is used in this paper.

Control analysis of a building management system
can occur prior to construction by using a physics-based
model that contains parameter information from manu-
facturer data and other information about the design. As
is often the case, a model constructed like this may not
match reality immediately due to the modeling assump-
tions and lack of other information. Because of this, once
data is available, it is useful to calibrate the model using
sensor data to get a better representation of reality.

In terms of calibration, most previous studies study the
output of year long energy calculations to capture rela-
tively static effects (e.g. (Reddy, Maor, and Panjapornpon
2007)). In (Haberl and Bou-Saada 1998) the definition of
goodness of fit based on different statistical metrics (e.g.
hourly mean bias error, root mean squared error, coef-
ficient of variation of the root mean squared error) was
addressed, and many of these topics have been formal-
ized into formal guidelines (see (ASHRAE 2002) and (Liu
et al. 2003)). In addition to this, fundamental mathemat-
ical considerations of the model calibration process for
building models was presented in (Sun and Reddy 2006).
In this work the issue of identifiability of parameters in
terms of unique parameter sets that will result in model
data matching sensor data was addressed. In summary,
only parameters that are not interdependent can be iden-
tified uniquely. Sensitivity analysis can be performed to
identify these dependencies and has been recently used in
various studies ((Eisenhower et al. 2011), (Coakley et al.
2011) , (Raftery, Keane, and Costa 2009), (Heo, Choud-
hary, and Augenbroe 2012), and (O’Neill et al. 2011)).

The primary function of the calibration studies in the
above literature is to estimate long term performance of a
building (monthly and yearly). Recent work has been per-
formed to calibrate models on a much shorter time scale
for control analysis. In (McKinley and Alleyne 2008), the
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parameters of a reduced order model and load data was
identified using optimization approaches. An in-depth
control-oriented analysis was performed for a resistor-
capacitor type of building model in (Bengea et al. 2011)
where model predictive control routines were included
with the model identification process.

In this paper, we discuss an approach that performs both
static and dynamic calibration of a physics-based control-
oriented model. The model we use is more complex than
a simple resistor-capacitor type of model as it includes a
dynamic thermodynamic equation of state. We also in-
clude uncertainty analysis in the study as a tool to investi-
gate uncertainty in the calibration process and robustness
of the controlled building.

The remainder of the paper introduces the building and
the data available from it. Following this, a description of
the preprocessing performed on the data is described. The
calibration approach is then discussed, which is followed
by uncertainty analysis of control-related metrics of the
model.

Description of the Building
In this work, we study a theater building on the campus

of the University of California Santa Barbara as it is an in-
teresting case study for control analysis as its occupancy is
typically very predictable with respect to time, and some-
what predictable with respect to number of occupants (ad-
ditionally, occupancy density is often larger than typical
commercial buildings). Their design is significantly insu-
lated acoustically and the main viewing area usually has
no glazing. Both of these aspects thermally isolate the the-
ater from the ambient environment. Additionally, lighting
is often dimmed during a performance resulting in a low
internal equipment load during showings. All of these
aspects make the analysis of the dynamic response of a
theater very manageable. However, a theater also experi-
ences significant transient disturbance at the beginning of
a show, and often the Heating, Ventilating, and Air Con-
ditioning (HVAC) system is not tuned properly to react to
this disturbance and oscillations in thermal comfort occur
through occupied times.

The theater is primarily a single screen theater seating
300 people which is used during the day as a lecture hall,
and for public showings at night and on weekends. In ad-
dition to the screening area of the building, there are a few
offices around the perimeter as well as an acoustically iso-
lated sound stage behind the theater. The building is ap-
proximately 12.8 kft2 (1200 m2) with a 4 kft2 (370 m2)
screening area, and a 1.3 kft2 (118 m2) isolated sound
stage. The model presented in this paper considers two
thermal zones (the theater and the sound stage), each with
their own Variable Air Volume (VAV) box (a flow damper
and reheat coil are in each box). A rough layout of the
building is presented in Figure 1.

Sound 

Stage

Up

Up

Main 

Theater

Figure 1: Architectural Layout of the Theater Building.

The entire building is served by two Air Handling Units
(AHU) for cooling, heating, and air quality conditioning.
The first AHU is a solitary unit (9000 CFM) that condi-
tions the lobby and some office space on the perimeter of
the building. A second unit is a multi-VAV unit (12500
CFM) that conditions both the main theater area and the
sound stage. The building was constructed in 2009 and
hence its envelope and equipment are relatively new and
energy efficient. In this study, we only analyze the zones
connected to the second AHU (the main theater and sound
stage). A schematic of the HVAC equipment is presented
in Figure 2.

AHU

Cooling Coil

Supply Fan

Return Fan

Economizer
Ambient 

Air

Theater 

Zone

Reheat 

Coils

VAV 

Dampers

Stage 

Zone

Figure 2: Schematic of the heating and cooling equipment
in the Theater.

There are currently two issues with the performance of
the building that motivate a model-based analysis. Within
the first year of operation, the control system had been
commissioned and fine tuned, but until recently, the main
theater area did not maintain comfort levels when large
groups of attendees occupied the area. The temperatures
in this zone would go through delayed transients prior to
settling to a comfortable condition, which was typically
only reached near the end of an event. This was miti-
gated by adding a cooling boost functionality that is man-
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ually triggered by theater staff (open loop feedforward
control). It is likely that the original control system would
be able to maintain a comfortable environment if it were
tuned optimally. In addition, model-based occupancy de-
tection would also likely accelerate the response of the
control system and alleviate the need for manual interven-
tion at each event. These concerns are one reason that this
control-oriented model is being developed and calibrated.

A second motivation for performing a model-based
analysis is that the discharge temperature from the reheat
coil in the sound stage undergoes persistent peak to peak
oscillation of about 25 F (14 C). This may be due to sub-
optimal coefficient selection for the local controllers of
that zone, while it may be possible that it is aggravated by
thermal interaction with main the theater zone. It is possi-
ble that both of these issues can be solved by a heuristic,
or ’build and bust’ approach. The motivation for creat-
ing this model is to initiate an approach that is scalable
to other buildings on campus (the UCSB campus has 70
buildings, some of which have very similar issues as this
theater). Future publications will address control-based
solutions to the above issues using the model developed
in this paper.

Modeling
To summarize the model requirements, the goal of the

modeling in this work is to create a calibrated physics-
based model of the theater and sound stage that accurately
captures transients important to the control system while
being manageable in size. To accomplish this task, we
utilize the Modelica Buildings Library developed at the
Lawrence Berkeley National Laboratory. One of the main
intended purposes of the library is to provide a virtual
building for control synthesis and analysis, which is use-
ful for addressing control related problems stated above.

The Buildings Library is created in a tiered approach,
with the fundamental thermal physics established at the
base level and component models that are specific to
building energy systems that utilize or extend these prop-
erties. Medium models exist at the base, which include
anything from single-phase substances (e.g. dry air), to
reactive mixtures and multi-phase and component sub-
stances (e.g. moist air with CO2, or boiling water). On top
of these mixture medium properties, fundamental heat and
mass transfer relations are added with varying complexity
that are use-selectable (in terms of scale, dynamics, and
nonlinearity). The model library is currently under devel-
opment which is addressing scalability, robustness, and
general useability. The focus of this paper is not to in-
troduce the Buildings Library as a scalable solution for
building energy modeling, but rather to illustrate a usage
example that has the benefit of making a particular build-
ing more comfortable and energy efficient.

In this study, a constant density moist air medium was

chosen with an additional mass balance on CO2. A sin-
gle stirred reaction volume was chosen for each zone (the
theater and sound stage), which was connected to a ther-
mal mass through a thermal resistance element. Two vol-
umes were also chosen to capture dynamics in the HVAC
plenum with an additional transport delay. Constant and
occupant-driven heat sources are added to the main mix-
ing volumes and a heat source was added to the supply
stream to the zones to capture the effect of VAV reheat.
The fluid flow relations are relatively common and dis-
cussed in the calibration session to follow. Because we
are analyzing only the core of the building, no attempt
was made to include thermal interaction with the ambient
environment (because the perimeter is conditioned by its
own HVAC unit), which includes any influences due to
infiltration or leakage.

Each volume has three state variables (Temperature,
mass fraction, and CO2), and with three volumes in both
the sound stage and main theater, there are 18 state vari-
ables that describe the fluids of the building. The thermal
capacitance in each zone also contains a state (2 states to-
tal), and in addition to this, a first order lag is added to the
actuator commands of both the reheat command (modeled
as a heat source) and damper command for each of the two
zones. In total, the model contains 24 state variables and
takes less than a second to simulate 5 days of operation
using a 2.8GHz laptop computer.

Model Calibration
Once assembled, the model contains on the order of 25

parameters that need to be tuned in the calibration pro-
cedure. Some of these parameter values were chosen by
modeling the same building using EnergyPlus and extract-
ing quantities like volumes and thermal mass from the
more detailed model. A range for the other parameter val-
ues was approximated from intuition (e.g. actuator lags).
In the sections to follow we discuss a method to fine tune
these parameters to values that are needed to accurately
capture the dynamics. It should be noted that some of
the final parameter values may not match measured val-
ues at the building due to the approximations inherent in
the model. That is, in some cases we are calibrating to
identify effective parameter values for this reduced order
model.

At the time of writing, only 8 months of sensor data
was available for analysis. For model calibration, various
temperatures, flows, CO2, and actuator command signals
were used from the building management system. The
temperatures include supply air temperature, as well as
discharge and zone temperatures for each zone. Com-
mand signals were available for the fan, dampers, and re-
heat coils. A CO2 measurement was available for supply
and return air which gives an indication of occupancy.

The uncertain parameters in the model contribute in ei-
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ther a static or dynamic way. Because of this, the sensor
data was isolated into both steady-state and dynamic sub-
sets of the original data. Each of these subsets was then
equally divided into calibration and verification data.

Isolation of Steady State Data

An algorithm was derived to isolate steady state data from
the 8 months of original data. A finite difference time
derivative was calculated from a weighted combination of
data points (sensors and commands) of interest. These
time derivatives were combined into a single scalar num-
ber for each data point throughout the year by taking the
norm

κ(i) = ∑
j

∥∥∥∥w j(y j(i)− y j(i−1))
t(i)− t(i−1)

∥∥∥∥
2
, (1)

where i is the time instant of data, and j is the sensor num-
ber for variable y, and w j is a normalizing factor (to nor-
malize the data between 0 and 1) for each sensor. The
variable κ(i) is an indicator of how steady the data is,
when this variable is small, the data is steady. Using a
finite difference to calculate a derivative introduces noise
into the signal and a filtering method may result in im-
proved performance, while in this study, we did not ob-
serve any issue with this approach.

As will be discussed in calibration section, the static
data was primarily used for identification of the flow net-
work and elements of the model that are expected to have
fast time constants. Therefore, to isolate steady-state data,
only the flowrates and damper signals were chosen for
Equation 1. Once a time series of the derivative norm
(κ(i)) has been calculated, sequences are isolated where
κ(i) is persistently small for a period of time. After some
tuning, we chose a threshold for the norm to be

√
0.1 at a

persistence length of about 4 minutes. In doing this, 1965
unique steady state points were identified in the time pe-
riod April 1 through November 28, 2011. After automat-
ically collecting this data, some outliers were removed,
resulting in 1904 valid steady state data points for calibra-
tion and verification.

Flow network identification

The model that was assembled to represent the building
contains numerous nonlinearities and dynamics which at
times exhibit bi-stability (multiple equilibria) and other
nonlinear response. One of the more sensitive aspects of
the model is the balance of the flow network. If starting
with very uncertain parameter values for the flow network,
it is very easy to generate a simulated response with flows
going in directions that are unexpected or proportionally
very different than what is desired. Because of this, we
performed much of the initial parameter selection for the

flow network using algebraic flow relations in Matlab us-
ing the same relationships that are in the full Modelica
model.

The flow network in this model is comprised of two
main elements; the supply fan, and the pressure drops be-
tween the supply plenum and return plenum. In between
these two plena are two parallel branches (one for the the-
ater, one for the sound stage). For each branch, the pres-
sure drop is comprised of a series combination of a vari-
able pressure drop due to the VAV damper and a pressure
drop from each zone. We combine both of these contribu-
tions into one pressure drop for each branch in the analysis
below.

Identification of Nonlinear Dampers Characteristics

The first step in the calibration process for the flow
network is to identify any possible nonlinearity due to
dampers in the VAV boxes. The pressure-flow relation
is linearly dependent on the discharge coefficient which
arises from different flow openings, while this discharge
coefficient may have a nonlinear functional relation to its
command signal. To identify this functional relation, we
use the fact that the flow that comes from the AHU is split
proportionally between the theater and stage branches
with an equivalent pressure drop for each (this assumes
equivalent leakage for each branch). The simplified con-
stitutive relation for mass flow through each branch is

ṁ =C(u)A
√

2ρ∆p, (2)

where ṁ is mass flow, C(u) is the flow coefficient depend-
ing on the damper variable u, A is the cross sectional area,
ρ is density, and ∆p is the pressure drop across the zone.

In the Buildings Library, the flow coefficients are en-
tered as a nominal mass flow ( ˆ̇m) and pressure drop (∆p̂)
which absorb the information about the density (ρ) and
area (A). That is,

ṁ =C(u)
( ˆ̇m√

∆p̂

)√
∆p, (3)

which results in the following two equations for the pres-
sure drops across the branches

∆pT h =

(
∆p̂T h

ˆ̇m2
T hC2(uT h)

)
ṁ2

T h (4)

∆pSt =

(
∆p̂St

ˆ̇m2
StC2(uSt)

)
ṁ2

St . (5)

With mass flow being conserved, the pressure drop
across each branch is equivalent, which results in

∆ p̂T hṁ2
T h

ˆ̇m2
T hC2(uT h)

=
∆ p̂Stṁ2

St
ˆ̇m2

StC2(uSt)
. (6)
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For convenience, we equate the scaling variables ˆ̇m and
∆p̂ and capture any of the differences of each branch in
the two functions C(u), where u is the command signal
sent to the damper. Since the flows ṁ are available in
data, we have an equation regarding how the damper flow
coefficients in the model need to be related in order to
achieve conservation of mass, for instance

C(uSt) =

√
ṁSt

ṁT h
C(uT h). (7)

With this relation, residual analysis is performed for the
steady state flow data, considering the actual u available in
the data and the needed damper variable u (in Equation 7).
Using this approach, it was found that an affine relation

C(uT h) = 0.3uT h +25 (8)
C(uSt) = 0.49uSt +20.42 (9)

was the simplest relation that would provide an equivalent
pressure drop given the damper command and measured
mass flow.

After choosing the final functional form, the coeffi-
cients were chosen using regression. The data used for
this regression fit, as well as data verifying the fit (not used
to calculate the coefficients) is illustrated Figure 3. In this

Figure 3: Calibration of the steady state flow network, the
solid markers are calibration data and the empty markers
are verification data. The grey area identifies the bounds
of 10% error.

figure, it is evident that that after tuning the coefficients
using the calibration data, the model still matches the ver-
ification data well (both of these data sets are within 10%
error).

Fan modeling

The Buildings library contains multiple choices for HVAC
flow machines (fans) where pressure head is calculated
based on a performance curve as a function of normal-
ized volumetric flow through the fan. Efficiencies of the
fan are also calculated based on user supplied curves. Us-
ing manufacturers data for the fan, we chose a linear rela-
tion (linearFlow in the library) for the fan flow equation
(more complicated fan characteristics were tested with no
noticeable improvement in the ability to fit data)

∆pSF = c1(rN2)+ c2(rN)V, (10)

where ∆p is the pressure head from the fan, rN is a nor-
malized motor speed, V is the volume flow through the
fan, and ci are two unknown coefficients. The parameter
c1 is related to the flat part of the fan curve and therefore
was immediately chosen as 1736 Pascals (using manufac-
turer information). To obtain the second unknown coeffi-
cient c2, a numerical search was performed to find c2 such
that the pressure rise from the fan in Equation 10 is equal
to the mean pressure drop of the two zones in Equations 4
and 5.

Initially a search was attempted to find one value for
c2 that would result in an adequate fit for all of the 802
calibration data points, but there was significant error in
the fit. To resurrect this issue, a different value of c2 was
fit for each data point. The resulting series of coefficients
were trended against variables relevant to the flow char-
acteristics of the fan and it was found that a very strong
planar characteristic was evident between this fitted coef-
ficient and the pressure head of the fan

c2 = a1rN +a2∆pSF +a3. (11)

This results in a fan equation of the form

∆pSF = c1(rN2)+(a1rN +a2∆pSF +a3)(rN)V (12)

=
c1(rN)2 +a1(rN2)V +a3(rN)(V )

1+a2(rN)V
(13)

where in this case, a1 = −7815.7, a2 = 0.79, and a3 =
3556.1. At the time of the writing, the physical signifi-
cance of this is not clear. Although our intent is to keep
the model physics-based, we feel that adding this amount
of empiricism does not adversely effect the modeling ef-
fort and provides a way to obtain a good fit of the flow
network as seen in Figure 4.

Dynamic Calibration

After calibrating the parameters that influence static quan-
tities in the model (the flow network), dynamic data is
used to calibrate the remaining unknown constants. These
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Figure 4: Calibration of the steady state flow network in-
cluding the fan. The solid markers are calibration data
and the empty markers are verification data. The grey
area identifies the bounds of 10% error.

constants include scaling factors for both the capacitance
and volume of both zones, a time delay for flow trans-
port, a nominal and occupant heat load to the zone and
heat transfer coefficient between the zone volume and all
heat sources as well as a conduction coefficient between
the zone capacitance (thermal mass) and the zone air bal-
ance (9 total uncertain parameters for each zone). Initial
values for these parameters were taken from design doc-
uments, intuition, and information from the EnergyPlus
model. These parameter values were refined using data
and uncertainty analysis was then performed to gain in-
formation on a range of control-oriented predictions from
the model.

To perform this calibration, sequences of dynamic sen-
sor data from the building was extracted and compared to
response of the model. An optimization algorithm was
wrapped around this comparison to minimize the differ-
ence between the model solution and dynamic data. The
subsets of dynamic data were chosen by manually investi-
gating the time traces of data. There is currently no infor-
mation about the exit conditions of the supply air cooling
coil, so dynamic data was chosen only when this coil was
turned off (in the climate of this study, cooling is not nec-
essary throughout the whole year). With this in mind, data
was sought that had persistent excitation from both distur-
bances and the control system so that the dynamics of the
model can be accurately identified. In the end, a series of
10 sets of dynamic data (each set contains on the order of
10-50 hours of data) was selected.

To automatically tune the parameters of the model, a
global optimization algorithm (pattern search) was used

to minimize the cost

f (p) = k1‖ym− ys‖2 + k2

∥∥∥∥dym

dt
− dys

dt

∥∥∥∥
2
, (14)

where y is the zone temperature (m for model, s for sen-
sor), and k1, and k2 are user-selectable parameters used to
scale two components of the cost function. At the current
time, airflow in this model is not connected through the
economizer (the model is just open-loop with respect to
flow) and therefore the two zones do not interact. Because
of this, the optimization can be performed on each zone
separately, which makes the approach for systems like
this very scalable to larger buildings. Five optimization
experiments were performed using different initial condi-
tions, cost function weights, and convergence tolerances
for each of the 10 data sets. Time traces of the model re-
sponse (simulated using Dymola 2012 FD01) next to the
sensor response for some of these cases is presented in
Figure 5. It should be noted that there was no dynamic
data available wherein the sound stage did not exhibit tem-
perature (and control actuator) oscillations.

Control Analysis
When the optimization for dynamic calibration was

complete, there was slight variation in the optimized pa-
rameters for each data set which is likely due to the
coarseness of the model and because data is taken from
different times throughout the year when the building is
operated in different ways. This is expected, as to accu-
rately fit a model in this way would require and infinite
amount of sensor data. In light of this, we performed un-
certainty analysis on the parameter sets that resulted from
the calibration.

To perform uncertainty analysis, the parameters for all
optimization cases (18 parameters, 50 cases) were gath-
ered and the boundary of this set was identified (max and
min of each parameter). A new set was generated that
extending this boundary by 30% of the calibrated set and
300 samples were taken within this range using a deter-
ministic sampling approach. Three hundred model real-
izations were then generated and each of these models was
simulated to steady state (using nominal actuator and dis-
turbance variables) and linearized at this final value. From
this linearization, the frequency response was generated
between the actuator commands (reheat valves) and zone
temperatures for both the theater and stage zones (illus-
trated in Figure 6).

To better understand control-oriented information
about the model (and hence building), the stability mar-
gins of the uncertain model sets was calculated. In Figure
7, the distribution of gain margins is presented, illustrating
that the reheat controller in the sound stage is more likely
to go unstable (smaller gain margin means that the system
is closer to instability). In addition to this, the phase mar-
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Figure 5: Dynamic Response of the Zone Temperatures
in the Theater and Sound Stage for the Calibrated Model
Compared to Sensor Data (two different cases).

gin for the theater controller is always infinite, while for
the stage, there are finite values of this margin. It should
be noted that these calculations are for the plant only (not
the loop gain) and the introduction of phase from a con-
troller (e.g. time delay or compensator phase) and gain,
will further drive the margins towards instability. These
stability metrics suggest why the stage is experiencing un-
stable oscillations.

Summary
In this paper we developed a control-oriented dynamic

model of a theater and sound stage and discussed a
method to tune this model to data in order to perform
model-based analysis. The first part of the method in-
cluded isolating steady state data and calibrating the flow
network of the model. The second part of the approach
included calibrating the parameters of the model that per-
tain to the dynamic portions of the model. Since even
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Figure 6: Bode response for the reheat function of both
the theater and sound stage. Three hundred realizations
of different parameter combinations captures the uncer-
tainty in the identified model. The solid lines illustrate the
boundary of the uncertain set of the frequency response.

the parameter set that best fits model time domain data
still has significant uncertainty, uncertainty analysis was
performed to gain control-oriented information from the
model. This information illustrated a reason why there
exists instability in one of the controllers in the building
and will be used to tune this controller for better perfor-
mance.
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Figure 7: Gain and phase margins for the reheat control.
Three hundred realizations of different parameter combi-
nations captures the uncertainty in the identified model.
The phase margin for the theater is infinite within the
bounds of uncertainty in parameters.
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ABSTRACT 
Building energy models constructed during the design 
phase can be used during building operations for 
benchmarking, fault detection and diagnosis, controls 
optimization and retrofit analysis. For most such 
applications, the model must be calibrated to at least 
roughly match measured data. This calibration process 
can be effectively framed and solved as an error 
minimization problem by selecting appropriate 
calibration parameters and bounds. Although the final 
determination of parameter values is performed 
algorithmically, there is still much engineering 
judgment necessary to set up and solve the problem. 
This paper demonstrates some practical techniques for 
setting up and solving the problem with GenOpt, 
including the iterative process of solving for 
successively more complete problem statements. 
Additionally, the paper discusses some of the ways in 
which modeling expertise plays an important role, 
illustrated by reference to recent projects. 
INTRODUCTION 
Renovating existing buildings for improved efficiency 
is a growing trend as clients wish to reduce annual 
energy costs to minimize risk associated with rising 
fuel prices, inflation and degradation in the building 
fabric and equipment. Renovations can also restore the 
design aesthetic, improve indoor environmental 
quality, attract more visitors and improve sales. 
However, one of the challenges of renovation projects 
is estimating the existing condition of the facility in 
order to provide a starting point for the design. Energy 
models built for new construction rely on design 
documents for inputs for envelope, internal loads and 
HVAC equipment and operation. Energy models built 
for existing buildings have to rely on input from 
building operators and clients for design inputs. Even 
in such cases, it can be extremely challenging to adjust 
the energy model so that the energy use output follows 
the same trend as the metered data from an existing 
facility.  
 

Calibrating an energy model is performed by adjusting 
modeling parameters (inputs) in an effort to more 
closely match the outputs of the energy model to the 
measured utilty data. Calibrated models can be used 
not just for retrofit analysis, but also for other 
operations-phase uses, such as fault detection & 
diagnosis, controls improvements, etc. In practice, this 
calibration process is usually carried out manually, 
relying on the skill of the modeler to find a reasonable 
configuration of parameter values that roughly matches 
the utility data (Reddy 2006). However, the process 
can be faster and more precise by automating parts of 
it.  
Although relatively rare among building energy 
modeling practitioners, it is common among building 
simulation researchers (and among academics and 
practitioners in other fields such as controls 
engineering) to approach this calibration process as a 
numerical optimization problem (see, for example, 
Henze and Liu (2005), Sun and Reddy (2006), 
McDowell and Thornton (2008), McKinley and 
Alleyne (2008)). The optimization variables are the 
parameters to be adjusted, and the objective is to 
minimize the error between the model output and the 
utility data.  
In the academy, however, this optimization-based 
process occasionally takes on a life of its own, 
extending the mathematics to a sensitivities-based 
parameter selection process, and sometimes neglects 
the physical meanings of the parameters being 
adjusted.The calibration techniques described in this 
paper are intended to supplement, rather than 
supersede, the manual calibration practice carried out 
by experienced modelers. It takes only aspects of the 
automated approach that fit well, focuses on trying to 
understand the project better, and is conscious of time 
and budget constraints. This paper also attempts to fill 
a gap in the practitioner focused literature by 
demystifying the optimization based model calibration 
process and providing tangible steps for carrying it out 
with DOE2 models and GenOpt (Wetter 2009). An 
example study is used for illustration. 
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CASE STUDY: TOLEDO ZOO AQUARIUM 
The study was a result of an energy modeling exercise 
for an actual renovation project of the Toledo Zoo 
Aquarium. The Aquarium in Toledo, Ohio is a 35,000 
sf facility and houses different tanks with a total water 
volume of 200,000 gallons. The aquarium is 
undergoing extensive interior, airside HVAC, and life 
safety systems (LSS) equipment renovation. The 
envelope and existing ground source heat pump 
systems were maintained. A Design energy model was 
produced to simulate the starting design condition of 
the aquarium for benchmarking against an ASHRAE 
90.1-2007 Appendix G model. The assumptions for 
internal loads and airside HVAC systems were 
determined from the design documents. The 
assumptions for the existing envelope, and for the 
capacity and sequencing of ground source heat pumps 
(GSHP) were determined after conversation with the 
building operator and client. The GSHP system was 
sized to meet the entire heating load of the building by 
being sequenced to run before the backup boilers. The 
energy models were created using eQuest, which is a 
freeware building energy analysis tool with a DOE 2 
engine. Design case was built over the duration of two 
weeks which included time for QA/ QC and matching 
up to the existing utility data.  
 
Upon comparing the energy model outputs with the 
utility data of the existing building, the Design case 
was using 50% less electricity and no gas when 
compared to the utility data, as seen in Figure 1. This 
variance in comparison led to further conversations 
with the client about the existing condition of the 
building, and kickstarted the calibration process.  
 
Table 1: Design Model Parameters 

PARAMETER DESIGN VALUE 
Walls R4.3 
Roof R10 
Lighting (W/sf) 2.0  
Equipment (W/sf) 2.0 
Building Schedule 9 am to 5pm 
Air handling Units VAV AHU’s 
Chilled Water Eqp Ground Source Heat Pumps 

(GSHP) 
Hot Water Eqp Ground Source Heat Pumps 

(GSHP) with supplemental 
heat from  HW Boilers 

 
Fig 1: Original model outputs vs utility data 

 

 
Fig 2: Schematic view of the model  

 

Original Model Outputs Vs. Utility Data 
5236 Toledo Zoo Aquarium 
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METHODS OVERVIEW 
 

 
 

Figure 3: Problem description 
Figure 3 illustrates the calibration problem. The inputs 
to the model (weather, occupancy, etc) must be set to 
match the inputs for the period being considered. Most 
models can have many outputs; the model to be 
calibrated must be configured or its outputs post 
processed such that the form of its outputs matches the 
form of the monitored outputs, usually a set of monthly 
electricity consumptions, monthly peak demands and 
monthly gas consumptions. The goal of the calibration 
process is to modify some selected model parameters p 
to minimize the difference between the model outputs 
A and the outputs in reality B. In mathematical form, 

min   ê(A,B) 
p  

 subject to pmin ζ����ζ������ǡ��� 
where ê some error function, most usually a root mean 
squared normalized error, as discussed below. 
 

Parameter selection 
An academic approach to parameter selection would be 
through the use of sensitivity analysis. But this is 
computationally intensive, and in most practical cases 
the parameters can be selected using engineering 
judgment. The existing facility had an unlikely high 
gas usage. This could have been heating due to air 
conditioning or heating for hot water for the aquarium 
tanks. However, the energy model for LSS systems 
showed that aquarium tanks were in cooling mode for 
majority of the year. Also the heating for the building 
was supposed to be supplied by the electric GSHP’s 
with only supplemental heating from the backup 
boilers. The major conclusions after observing the 
utility data were: 
 

1. There is a significant heat loss from the 
envelope 

2. The capacity of the GSHP’s is lower than the 
expected design value 

 
The goal of the calibration process is to modify various 
parameter values in the original model to make the 
outputs match the measured utility data as closely as 
possible. The first step is to identify a handful of model 
parameters that may have a significant impact on its 
energy performance and whose real values are 
particularly uncertain. In eQuest, these paramters were 
identified using global parameters. Minimum and 
maximum possible values for these parameters are 
determined by the modeler. Automated parametric 
analysis and/or optimization are then used to run the 
model hundreds or thousands of times with different 
parameter value combinations within the allowed 
ranges, in search of the parameter values that minimize 
the root mean squared error (RMSE) between the 
model outputs and the measured monthly utility data 
for natural gas consumption, electricity consumption 
and electricity peak demand. Post-optimization 
sensitivity analyses can also be carried out, and the 
whole process can be iterated on multiple times, adding 
more parameter values and getting more precise with 
the calibration each time. More detailed utility data can 
also be used in further iterations, allowing for more 
confidence in the calibrated parameter values. 
 

PARAMETRIC GRID ANALYSIS 

Initial grid analysis 
Five parameters were initially identified for calibration 
and a first pass was carried out. Four more parameters 
were added for a second pass, and the calibrated values 
were refined further to provide a good fit with the 
measured values. Note that TMY weather data was 
used for the first pass. 
 
This first pass did not involve an optimization 
algorithm per se. The model was simply run, and the 
error metric calculated, for every point in a (rather 
coarse) grid over the possible parameter values. The 
point with the least error was taken as the ‘calibrated’ 
point from this first pass, but more interest was given 
to the scatter plots of the results (Figure 4). These 
scatter plots are used to determine which parameters 
are likely to come up against which constraints, if such 
constraints should be loosened (and if so, what might 
this say about possible problems in the building or in 
the model), and to better understand the relationships 
between the parameters and the error metric. This 
better understanding of the problem is used to refine 
the analysis for a second pass. 
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Table 2: First Pass Parameters 
PARAM. 
NAME 

ORIG. 
VALUE 

MIN 
VALUE 

MAX 
VALUE 

STEP 

Roof Uvalue 0.1 0.1 1 0.1 
GSHP Capacity 1.2 0.2 1.2 0.2 
Efficiency of 
new LSS to 
existing LSS 

1.0 1.0 2.0 0.16 

EPD in Work 
Space 

2.0 2.0 4.0 0.33 

EPD in Other 
areas 

0.7 0.7 2.7 0.33 

 

 

 
 
 

 
Figure 4: Example points in grid analysis. The best 
points for each parameter are the points that have the 
lowest error metric and are lowest on the Y-axis (or 
closest to the X-axis) 
 
Fig 4 shows the results of 12,960 simulations over a 
grid of possible parameter values, with the error metric 
(RMSE) shown in the vertical axis. Note that for each 
of the parameters, the lowest error occurs at one of its 
constraint boundaries. This suggests that further 
reduction in the error could be possible by loosening 
these constraint boundaries or by adding more 
parameters to the calibration process, both of which 
were done in the second pass. Increases in roof U-
value are also used to account for increases in 
infiltration, since these two have very similar 
influences on energy consumption patterns. Decreases 
in the GSHP capacity parameter may also point to 
sequencing differences between the model and actual 
operation. 
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Figure 5: Best point after initial grid analysis 
 
Fig 5 shows the model outputs versus utility data for 
the best point found in this first pass. Note that the 
model is still underestimating the electrical and gas 
consumption, but is overestimating the peak electrical 
demand. 
 
Refined grid analysis 
Four additional parameters were identified for 
calibration  
 
Table 3: Second Pass Parameters 

PARAM. 
NAME 

ORIG. 
VALUE 

MIN 
VALUE 

MAX 
VALUE 

STEP 

Roof Uvalue 0.1 0.1 1 0.1 
GSHP 1.2 0.2 1.2 0.2 

Capacity 
Efficiency of 
new LSS to 
existing LSS 

1.0 1.0 2.0 0.16 

EPD in Work 
Space 

2.0 2.0 4.0 0.33 

EPD in Other 
areas 

0.7 0.7 2.7 0.33 

Wall Uvalue 0.5 0.5 1 0.1 
Elec Equip Sch 5pm 5pm 11pm 3hrs 
Occupany Sch  5pm 5pm 11pm 3hrs 
Domestic HW 
Sch 

5pm 5pm 11pm 3hrs 

 
The second pass begins again with the model simply 
being simulated over a range of parameters, again to 
improve our understanding of the problem and to make 
sure that it is well framed. The best point found over 
this grid is then taken as a starting point for a more 
refined optimization algorithm. 
In place of adding an infiltration parameter to the 
study, the roof and wall U values were allowed to 
increase beyond their expected values to account for 
the possibility of infiltration being higher than in the 
original model. (Note that infiltration and U-values are 
hard to tease apart in calibration like this since they 
have very similar impacts on energy consumption.) Fig 
6 shows the results of a further 23,498 simulations over 
a grid of possible parameter values (cut a bit short from 
desired because of time constraints). The best point 
identified in orange in Fig 6 produces the match with 
measured data shown below in Fig 7. 
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Fig 6: Example points in grid analysis – best points 
marked in orange. 

 
 

 

 

 
Fig 7: Best point after second pass grid analysis 
 

FINAL CALIBRATION VIA OPTIMIZATION 
This best point found in the second-pass parametric 
grid analysis was used as the initial point in an 
optimization to further refine the parameter values. The 
GPS Hookes Jeeves algorithm was used in GenOpt to 
find the best possible set of parameter values in a 
region around the initial point. A graph of the 
optimizations progress is shown in Fig 8. 
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Fig 8: Optimization Progress 
 
The best set of parameter values found by the 
optimization is as follows: 
 
Table 4: Final parameter values 

PARAM. NAME ORIG. 
VALUE 

CALIB. 
VALUE 

Roof Uvalue 0.1 1.23 
GSHP Capacity 1.2 0.20 
Efficiency of new LSS to 
existing LSS 

1.0 1.74 

EPD in Work Space 2.0 4.0 
EPD in Other areas 0.7 1.50 
Wall Uvalue 0.5 0.69 
Elec Equip Sch 5pm 11:55pm 
Occupancy Sch  5pm 6:05pm 
Domestic HW Sch 5pm 11:30pm 

 
The closeness of fit with utility data is shown in Fig 9. 
For the year, the calibrated model is still 
underpredicting electrical consumption by 9.0% and 
gas consumption by 3.8%. On average, it is over-
predicting electrical demand by 10.5%. These errors 
are within the expected range for a calibrated model. 
They could be improved further through further 
analysis. 
 
 
 

 

 

 
Fig 9: Best point after optimization refinement 
 

DISCUSSION 
The process described here is not very time-intensive. 
The simulations required for each pass were essentially 
carried out overnight. The whole calibration process 
(after the model was built) and reporting required a 
week of the modelers’ time which included simulation 
time, QA and reporting.  
It is recommended prior to starting this process, to 
have conversations with the building owners, operators 
and the design team to get an idea about the major 
design challenges and changes that the project is 
attempting. This will give the modeler an 
understanding of the parameters that would most likely 
affect the building energy performance. Some of the 
papers that have applied such processes to do a 
sensitivity analysis of few hundred parameters to 
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narrow down the list. While such processes might be 
possible in academia, they may prove to be very time-
intensive and inconclusive in a practical setup. 
For this process, the utility bills, the sequence of 
operations and the design documents provided most of 
the clues for the first pass parameters. The initial 
parameters chosen were a direct result of reviewing 
these documents and conversations with the design 
team. The process highlighted how much worse the 
insulation or air-tightness must be than was expected 
from the design values. It also highlighted that 
something must be wrong with the ground source heat 
pump operation. This can provide impetus for the 
client to investigate these issues, and can point to 
specific things that might be causing the problem, 
potentially making an on-site audit more informative 
and/or faster. This benefit is in addition to the initial 
purpose of providing a design baseline model that 
matches utility data reasonably well – and the 
optimization-approach does this faster and better as 
well. 

CONCLUSION 
Optimization based calibration can be useful for 
calibrating models for existing buldings where some of 
the relevant inputs are largely unknown. It is a process 
that can be cost-effective and does not have to be 
difficult or time consuming. 
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ABSTRACT  
An existing institutional building of 95,287 square feet 
was calibrated for energy usage using Design Builder 
and eQuest.  The whole building simulation models 
were made based on precise building geometry, 
occupancy, and equipment power and lighting densities. 
Building schedules were input to more closely relate the 
digital  model   to   the   actual   building’s   use (occupancy, 
heating, cooling, lighting, and ventilation), and some 
on-site measurements of plug loads were taken.  Load 
balance, sizing of systems, electrical and gas 
consumption, and end uses of fuel consumption are 
compared.  This paper explores the differences between 
the outputs and workability of both simulation tools.   
 

INTRODUCTION 
 
The Von Kleinsmid Center (VKC – see Figure 1) is a 
landmark building at the University of Southern 
California in Los Angeles, CA.  Built in 1966, it has a 
non-occupied prominent brick tower and three-story 
brick blocks in a U-shape distribution around a central 
exterior courtyard. The courtyard has an amphitheater 
in the lower level.  On the ground level, it contains 
covered arcades used mainly for circulation and some 
sitting places with landscaping.  There are no close 
neighboring buildings obstructing solar access and only 
a few trees to the southeast and northwest.  The total 
area of 95,287 sft (8,852 m2) is distributed in a library 
in the basement, classrooms in first and second floors, 
and offices in the upper floors. 
 
Design Builder 3.0.0.091 and eQuest 3-64 were used to 
model this building.  They use Energy Plus and DOE-
2.2 respectively as their energy simulation engines.  
They were chosen because they are widely used by 
practicioners and academics. The methodology 
consisted of data collection, on-site measurements, 
simulation, and analysis of the results.  In parallel, 
experiments were run to study issues detected in the 
process of simulating the building.  Throughout the 

process, the main differences in modeling and 
simulating in the two software programs were observed 
and documented. 

 
Figure 1. Von Kleinsmid Center (VKC) 

 

SIMULATION AND EXPERIMENTS 
 
Simulations of the building in the two software tools 
required several stages to obtain the closest match 
between the digital results and the measured data.  
 
Weather data. 
Real weather data for 2010 was obtained for the closest 
weather station.  It was from the KCQT weather station, 
latitude 34.0511 degrees north, 118.235 degrees west, 
in downtown Los Angeles.  This is approximately three 
miles from USC. Both .epw and .bin files were 
obtained.  According to that weather data, September 
27st was the hottest day with a maximum temperature 
of 106.8°F at 5pm, and December 31st at 2pm the 
coldest with a temperature of 37.1°F. Winds are 
generally from the south west and west directions with 
wind temperatures varing from 32°F to 75°F. (Khuen, 
Ch. 2011) 
 
Building geometry. 
The building’s  geometry was input into Design Builder 
and eQuest. This information came from the original 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

128



architectural drawings obtained from Facilities 
Management Services, USC. Both of the models 
simplified the colonade defining the central courtyard 
and the northeast facade. The site orientation, timezone, 
longitude and latitude were also entered. 

 
Figure 2. Building model in Design Builder 

 
Figure 3. Building model in eQuest  

 
Building geometry in Design Builder.   
It was a difficult task creating the VKC model, 
especially since it is a large building. The original 
model, created in Revit Architecture, was kept very 
simple in terms of massing and consisted of only the 
major exterior walls and no interior partitions. This was 
done after previous failures due to incompatibility 
issues between Revit and Design Builder. Special care 
was taken to verify that all the walls touched the roof in 
Revit model, or else when exported in simulation 
software the “zone” is not properly recognized leading 
to error in simulation. “Rooms”   (enclosed   spaces in 
Revit) were added to the layout and named before 
exporting. 

 
Figure 4. Revit model of VKC 

 

The Revit file was exported as a gbXML file and then 
imported in Design Builder. Initially, it appeared that it 
was a complete waste of time to have created the model 
in Revit as none of the objects were transferred 
properly to Design Builder. However, a work-around 
was found; by transferring the model first to Ecotect 
then creating a gbXML file, the building model was 
able to go into Design Builder.  However, many 
adjustments had to be made.  All the punctures in the 
model in the form of windows and doors were verified 
and adjusted as needed. The cut out in the basement had 
to be totally remade  in Ecotect. The extended solar 
shades at the roof level had to be reconstructed as well. 
In addition, even after the file was exported to Design 
Builder again, some windows were missing and had to 
be reconstructed. 
 

 
Figure 5. Ecotect model of VKC  

 
Once minor modifications were made, the internal 
partition walls were created in Design Builder. Overall, 
the transfer of the gbXML file from Revit to Design 
Builder through Ecotect was not clean but much better 
than a direct conversion to Design Builder. 
 
Building geometry in eQuest model.   
Simple profiles in the drawing file (dwg) were imported 
as references, and the entire geometry was redone.  
Those profiles also contained the definition of different 
zones in the building.  The possibility of importing a 
.gbXML file was explored, but eliminated due to the 
complexity of the conversion to make it readable in the 
software. Facades were matched exactly to the original 
drawings. This means that all windows and doors were 
modeled with real dimensions from original drawings.   
 
Building features. 
Walls (sub-grade and exposed), slabs (sub-grade and 
internal), roof, and finishing materials have been 
matched using the exact U-values and dimensions in 
both software programs.  The glass properties like 
visible light transmittance, U-value, and SHGC were 
also entered in both eQuest and Design Builder. 
 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

129



The roof is flat aggregate and covered with an asphalt 
application. The structure of the building, which is 
finished with the brick veneer, is reinforced concrete 
and steel.  Interior partitions are painted sheetrock walls 
distributed in a grid of concrete columns. Floor finishes 
vary among spaces, with vinyl  in the library and 
classrooms and carpet in the offices.  Ceilings are a 
combination of acoustical tile and textured sheetrock.   
 
Zoning, use, and schedules.   
The building’s basic functions are library space, 
classrooms, and offices.  Unconditioned areas account 
for 11% of the total area of the building and are 
mechanical rooms, restrooms, and access areas.  The 
library is located in the underground area where day-
lighting is provided by the central courtyard through a 
fully glazed perimeter. Classrooms are located in the 
east and west blocks and are of two types, old 
traditional and new classrooms.  The latter have been 
equipped with modern controls for occupancy and 
equipment, which resulted in different schedules. 
Offices are located in the second floor of the north 
block and the entire third floor.  There are two 
computer labs, located on the second floor and third 
floor. 
 
All schedules for occupancy, lighting, and equipment 
were matched in both models. The occupancy schedule 
was obtained from the classroom scheduling office at 
USC. Equipment usage within the class is not directly 
proportional to the number of classes and their duration. 
Not all classes use the audiovisual equipment. A 
recorded list of equipment usage was obtained from 
Information Technology Services (ITS) department at 
USC. This department keeps a log when the equipment 
is used and for what classes. This was helpful to 
determine the intermittent load for classrooms, which 
formulates to the majority of classroom equipment load. 
The HVAC schedule was obtained from Facilities 
Management Services at USC for both school year and 
summer hours of operation. 
 
HVAC.   
Currently, the building is conditioned with four air 
handling units (AHU). Infrastructure steam feeds a heat 
exchanger that generates hot water for heating.  Steam 
condensate is handled by one central 
accumulator/return system.  Hot water is circulated to 
air handler coils for preheat and primary heat. Hot 
water is also circulated to reheat terminals.  
 
Over more than forty years of use, the original HVAC 
distribution has migrated to a variable volume design.  
The original constant volume duct and air control 
dampers remain in service and are not optimal for a 

variable air volume design, which would ideally be 
medium pressure design.  The air handler, valve, and 
local controls are mostly pneumatic in design, but direct 
digital controls (DDC) has been incorporated over time.   
 

 
Figure 6:  HVAC zoning of the building 

   
Representing the modified systems over time is one of 
the main challenges simulating exisitng buildings.  In 
this study, the system supplying the basement floor was 
kept as multizone constant volume system, while the 
rest of the systems were converted to behave as variable 
volume.   
 

DISCUSSION & RESULT ANALYSIS 
This section is divided in two parts. First, the 
theoretical differences of both simulation software 
programs are discussed, following which the limitations 
and results are described.  
 
1. Theoretical Comparison 
These differences are important to understand the 
functionality of each software tool. This in turn leads to 
different calculations parameters that could explain 
different simulation results. 
 
Calculation Method 
 Design Builder: thermal balance method 
 eQuest: weighing factor method 

 
Calculation Time 
 Design Builder: depends on complexity set on 

model. It can take much more time compared to 
eQuest. 

 eQuest: faster (quick)  
 
Temperature 
 Both eQuest and Design Builder have only one 

user defined temperature per zone. 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

130



Load Calculations 
Design Builder uses an integrated simulation 
methodology that solves for heat and mass balance for 
each surface and calculates space loads and building 
systems simulation at the same time step. “Zone,” 
“system,”  and “plant” talk and provide feedback to each 
other for each time step of simulation. 
In this case, an energy balance equation is written for 
each enclosing surface in addition to an equation for 
room air that allows the net instantaneous sensible load 
to be calculated for space air. (Wadell and Kaserekar 
2010)  
 
Non-linear processes like air convection, solar gain, and 
radiation from interior surfaces are taken into account 
as the net energy transfer to each inside surface. This 
energy must be exactly balanced by heat conducted to 
or from those surfaces. This resulting variable surface 
and air temperatures are solved by energy balance 
equations leading to net heating and cooling loads for 
the zone. On the other hand eQuest assumes that all 
processes modeled are independent of each other and 
linear in operation. Heat gains are calculated 
independently from various sources and then added 
together to obtain the total cooling load. (Hunn 1996) 
 
While calculating the load, instantaneous heat gains for 
the zone are calculated using the fixed user specified 
zone temperature. Non-linear processes like convection 
or radiation are approximated linearly. Transfer 
coefficients are constant, and no dynamic heat flow is 
calculated. In the case of solar gains, eQuest uses a 
user-defined fraction multiplier for all opaque objects 
and interior surfaces to calculate the incident direct and 
diffused solar radiation in the space. By default, 60% is 
absorbed by the floor and the remaining 40% is 
distributed to the remaining surfaces based on their 
areas. Once the cooling load is calculated, weighting 
factors are applied to the zone materials to estimate the 
energy stored that would be released later to the space. 
Only one set of weighting factors is used over the entire 
simulation period. (Hunn 1996, Wadell and Kaserekar 
2010) 
 
 
Design Conditions 
Design Builder has preset ASHRAE Handbook 
recommended outside dry bulb and wet bulb 
temperatures required to calculate heating (99.6% and 
99% coverage) and cooling loads (99.6%, 99%, 98% 
coverage) for all locations in the Design Building 
location template. It even has a typical dry bulb range 
that it uses to calculate hourly dry bulb temperatures for 
the 24 hour design period. While calculating cooling 
loads, Design Builder gives an option of choosing the 
design month and date to be a design day. However, 

Design Builder does not use outside dry bulb (ODB) 
and outside wet bulb (OWB) temperatures of that date 
and month from the weather file but uses ASHRAE 
defined outside temperature to calculate the load. The 
schedules of the chosen design day are also not 
followed to calculate the load. Summer and winter day 
design schedules are described clearly while making the 
schedule for each function in building. While 
calculating loads, Design Builder just uses its own 
schedule irrespective of the fact that design day chosen 
might be a holiday or a weekend. The only way that 
loads get affected by choosing different design days or 
months is due to radiant transfer of heat. Different 
amounts of solar gains get transferred inside the space 
either directly through windows or by radiant fraction 
from the walls because of the different solar angles in 
different months. Solar gains through windows, roof, 
and ground are the main contributors to this. 
 
eQuest gives two options to the user. Either the user can 
define the design days based on ASHRAE Handbook 
data to help eQuest determine the peak loads for system 
sizing, or eQuest will automatically calculate peak 
loads and size HVAC systems using the weather file. If 
using the user defined data, the design day input tab 
needs to be in the project component tree which results 
later on in the generation of design day report (LS-A 
space peak load summary report) within the D2SIM. 
 
eQuest provides an opportunity to either set one day as 
the design day or set the range of days out of which 
eQuest can calculate peak loads and size the system 
while using user-input design day option. 
 
 
Sizing of Systems 
Design Builder uses algebraic energy and mass balance 
equations combined with steady state component 
models to simulate HVAC systems. It provides four 
options for calculating loads and sizing systems. These 
options are ASHRAE, variable air volume (VAV), fan 
coil unit (FCU) and unitary DX. These four options do 
not have much impact on sensible cooling requirement 
of the space, but they do affect design flow CFM 
required and latent cooling. These parameters 
collectively lead to different cooling loads. As a 
methodology, peak loads and moving averages for the 
system are calculated using zone sizing and outside 
weather conditions for each sizing period. Then the 
system sizing calculations are performed. 
 
On the other hand, eQuest does not give any type of 
Design Builder options, but does give an option to 
calculate loads based on coincident or non-coincident 
parameters. According to coincident parameter, supply-
flow is sized using the peak value of sum of loads of the 
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zones on the system (Hirsch J. 2010). However, non-
coincident parameter sizes the supply-flow using the 
sum of peak loads of the individual zones. 
 
 
2. Limitations and Results 
The process of calibrating the building in two software 
programs presented the following issues:  limitations in 
modeling the basement floor consistently, calculation of 
areas, weather files, and peak load calculations. 
 
Limitations in Modeling: Geometry of Basement 
The geometry of a floor with a central courtyard was 
limited by the capabilities of eQuest to create footprint 
shapes as   a   “shell.”   EQuest creates a shell based on 
only one closed polyline. In other words, a shell could 
not be created with a second polyline that could then be 
subtracted as a void space to resemble the open space 
courtyard.  This was also confirmed by verifying with 
the “rectangular atrium” footprint shape template 
contained in eQuest.  Therefore, the basement walls 
followed the original profile except for two segments of 
the polyline (two internal walls) that connected the 
rectangular atrium with the outer walls.  That 
connection was determined in the thinnest section of the 
floor to minimize the impact of those walls. These walls 
were adiabatic in nature. 
 
However, no such problem was encountered in Design 
Builder. The courtyard geometry could be easily 
constructed or imported from Ecotect/Revit via 
gbXML. 
 
 
Limitations in Modeling: Adjacency of Basement 
Even though eQuest capabilities for underground 
construction are very straightforward, it does not allow 
the creation of an open-air central courtyard below 
grade. The method described above allowed modeling 
the geometry with a central courtyard but the central 
void was being treated as ground and not as open space. 
The openings could not be modeled on the courtyard 
facing walls as the adjacency was modeled as ground 
conditions and not as exterior wall. 
 
On the other hand, Design Builder could treat the 
courtyard facing basement walls as exterior walls by 
changing the adjacency of those walls.  All the 
openings in the form of full floor glazing could be 
easily modeled. 
 
In order to resemble the actual conditions in eQuest, it 
was decided to lift the whole building to create a first 
floor instead of a basement and give higher R-Values 
with high thickness of concrete to the outside perimeter 
walls in order to replicate the ground conditions. 

 Calculation of Areas 
A discrepancy of 5% – 7% was found in light and plug 
load consumption as predicted by Design Builder and 
eQuest.  All the lighting power densities (LPD) and 
equipment power densities (EPD) for all zones were 
verified within both Design Builder and eQuest.  
Schedules were also verified again, but no flaws were 
found. Two conjectures were proposed as to why both 
software programs showed the same difference in the 
calibrated models: eQuest predicts higher levels than 
Design Builder with same inputs and/or something was 
neglected in the input section. 
An experimental model was made with a 30’   x   30’  
square plan with all walls’ thicknesses as   6”   in   both  
Design Builder and eQuest. All inputs were input 
exactly the same in both software programs. Both the 
LPD and EPD were kept at 1 W/sft. Upon running the 
annual simulation, there was still about 7% difference 
between the electrical consumption by light and 
equipment end use. However, as the LPD and EPD 
were kept same as an input, both models predicted the 
same consumption of electricity for light and 
equipment, but with the constant difference of 7%. 
 
The reason for this difference, in light and plug load 
consumption, was finally tracked down to the “areas” 
of the experimental models. It was determined that even 
if the model was made using the same dimensions, the 
areas of the two were still different. Design Builder 
used those dimensions as an external boundary 
dimensions and deducted the external wall thicknesses 
from the plan reducing the floor area. However, eQuest 
treated it as an internal zone space and kept the full 
area as conditioned floor area. This difference led to 
the decrease in electrical consumption from lights and 
equipment as they were specified as watts consumed 
per square foot (W/sft) in the input screen. Design 
Builder having less area, had less electrical 
consumption as compared to eQuest resulting in the 7% 
difference.  
 
Once the area was matched between the two programs, 
the electrical consumption by both light and equipment 
end uses also exactly matched. 
 
This understanding of problems in area calculations 
was then used to understand the difference in the VKC 
simulation model. It was realized that 4.6% of the total 
footprint was used in the walls. Upon taking an 
estimated LPD and EPD for the whole space and 
multiplied by this additional 4.6% of area, the mystery 
seemed to be solved. The lighting end use difference 
reduced from 5% to 1.2% whereas equipment end use 
difference reduced from 7% to 2%. 
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Design Conditions: Weather File 
ASHRAE 99.6% coverage defined ODB, OWB, and 
design day for Los Angeles was used to calculate the 
peak loads in the building. This information could be 
easily selected in Design Builder as it exists as a 
template. The schedules for design day were defined as 
a typical weekday based on different functions in the 
building. 
 
However when these design conditions were to be 
specified in eQuest, it was realized that there was no tab 
to enter this data. The cooling and heating design tabs 
in the eQuest component tree that allowed user based 
parameters were absent. This was a mystery, and it was 
realized that load calculations only reported loads in the 
standard report whereas the design day report was 
absent. This meant that eQuest was calculating the 
design loads based only on the weather file and not on 
the ASHRAE defined parameters. 
 
The actual 2010 measured weather was used in eQuest 
in the wizard mode initial model. In order to solve the 
mystery, the first step considered reviewing the weather 
file and looking for clues that indicate the existence of 
those design days within some section of the data.  
After opening the weather file, it was noticed that the 
file did not contain any header section.  In traditional 
.epw files, location, geographical coordinates, heating, 
and cooling design day information are contained in the 
header.  This was a major lead in solving the mystery. 
However, the header was to be created in the VKC 
weather file in order to make cooling and heating 
design tabs reappear in the component tree. In order to 
get the header information, Los Angeles International 
Airport weather file (.epw) was examined. The header 
was extracted from this file and added to the VKC 
weather file. (Note:  .epw files can be modified and 
saved  in  a  text  editor,  but  “all  files”  must  be  selected  as  
type). This new .epw file was then converted to .bin file 
using the eQuest weather processor without any errors 
or warnings. This seemed to have solved the problem. 
However, when the simulation was run again using the 
new .bin file, the anticipate design day tabs were still 
not found. 
 
As a second step, a small experiment was performed 
using the already contained locations predefined in 
eQuest.  Basically, the software contains California 
zones, on-line linked options in addition to those that 
are user defined. The locations that are on-line linked 
had the same problem generating design day options.  
Only the locations linked to California climatic zones 
were able to generate the sections for design day 
calculation in the component tree and consequently the 
detailed report.  The test used Los Angeles (associated 
with California Zone 6-CZ06), and the cooling design 

day and heating design day components were created 
on the tree. This clarified that it was not only VKC 
weather file that did not generate these design day 
components but all the weather files except that of 
default California zone climate files. In other words, it 
was only California Zone climate files that could allow 
later to calculate ASHRAE based design day peak 
loads, and the other weather files calculated loads based 
on weather data. However, the California zone climate 
file   couldn’t   be   used   as   the   weather   file   for the 
calibration purpose. 
 
The VKC weather file was modified incorporating the 
missing header from the California Climate Zone 
weather file. This strategy also did not work as the 
cooling and heating design day tabs did not appear in 
the component tree. This meant that the information for 
design days was not contained only in the header. A 
small experiment was run using CZ06 climate data. The 
description for both cooling and heating design day was 
extracted from its .inp file and incorporated in VKC 
.inp file. This finally worked and the design day tabs 
were finally visible in component tree. 
 
To understand the difference between CZ06 and LA 
International Airport (LAX) based weather files (.bin), 
it was desirable to explore inside the file. However, the 
.bin file could not be opened successfully in an 
appropriate manner in order to assess the difference 
between the two. 
 
This missing header in the VKC file did not give any 
problems in Design Builder as it does not require 
design day information from the weather file. The tabs 
and design day information are already defined based 
on ASHRAE separately from the weather file. 
 
Peak Load Calculations for Sizing 
Because the inherent differences in choosing design 
days determining peak loads and sizing systems (see 
Design Conditions Sizing of Systems above) the same 
system sizes were manually inserted in both 
models.Therefore, the same loads were expected. 
However, that did not prove to be the case. During the 
initial comparison, there was very high percentage 
difference between cooling and heating loads calculated 
by Design Builder and eQuest. Design Builder 
predicted 37% more for peak cooling loads and 55% 
more for peak heating loads. 
 
This difference could either be because of the 
difference in the calculation methodology between two 
softwares discussed earlier or because of something that 
was overlooked. Looking at the vast percentage 
difference, the latter case sounded reasonable. 
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After some investigation work, it was discovered that 
there is a difference in the way loads are calculated by 
Design Builder and eQuest. Design Builder simply adds 
the loads from all the zones to give the total load. 
However, eQuest gives the load for all zones and also 
for the full Building Peak load at the worst hour. 
Building peak load is always less than sum of loads in 
all zones, because the zone peaks do not all occur at the 
same time. Initially the comparison made was between 
Design Builder combined peak loads versus eQuest 
building peak load that resulted in a big difference. 
 
It was best suited to compare combined loads from all 
zones for comparing the two software in order to have a 
common platform. Even if combined loads of all spaces 
were compared, there was still some discrepancy. Peak 
cooling loads were quite close with only 1.8% 
difference (being eQuest higher) but still heating loads 
were predicted by Design Builder 18% more than 
eQuest. No possible reasonable explation was found. 
 
An in depth study was done to unravel this mystery. A 
manual spreadsheet was created for calculating heat 
loss through the VKC envelope and compared against 
eQuest and Design Builder predicted values. The heat 
loss was compared for each component of the envelope 
in order to access the difference.  During this process, 
another difference between the way eQuest and Design 
Builder calculates peak heating load was discovered. In 
order to calculate the load for a zone, eQuest takes into 
account equipment, light, and occupancy gains which is 
not considered by Design Builder. This meant the 
Design Builder predicted loads should be less than 
eQuest. Infiltration and external ventilation values were 
kept as zero for simplification purpose.  
 

Table 1: Heat loss calculations 

Manual Calcs DB % Diff eQuest % Diff
Walls 268.6 223 17% 176 34%
Roof 276.2 215 22% 316 -14%
Windows 233.3 140 40% 260 -11%
Basement Floor 109.2 54 51% 15 86%
External Ventilation 0 0 0
Infiltration 0 0 0
Total Heat Loss 887.2 632 29% 767 14%

Heat Loss By Component (kBtu/hr) - VKC

 
 
EQuest and Design Builder predicted peak loads were 
14% and 29% respectively lower than manually 
calculated heat loss.  There were further differences in 
individual building loss components.  
Sizing of HVAC 
In order to calibrate the energy model to the actual 
building, HVAC systems were not autosized but the 
exact description was input manually. The CFM at air 

handling units were noted from the air balance report 
and put in acurately in both simulation softwares with 
the same efficiency and pressure rise of fans. The fan 
curve was matched within both softwares. Economizer 
control type was selected to be differential enthalpy 
with outdoor dry bulb temperature low limit as 50 and 
high limit as 70.  
 
There are two chillers (same model) in VKC. Part load 
curves were obtained from Trane for that specific 
chiller model, and the same co-efficients were inserted 
in both software. The detailed hourly amps, supply 
temperature, and return temperature values were 
obtained from Facilities Management Services, USC. 
The power consumption of the chiller was calculated 
based on this information and compared to the power 
consumption estimated by both simulation softwares. 
The controls of both chiller were kept sequential as in 
the VKC. The chilled water pump, condenser pump, 
and boiler pump were exactly matched for flow rates, 
power consumption and head. All pumps were set to 
constant speed but intermittent control type. 
 
These exact matching of HVAC systems helped in 
calibrating the model. A comparison of calibrated 
results between both softwares are discussed below.  
 

ANNUAL SIMULATION RESULTS 
Energy predictions for VKC building in both software 
programs are discussed for electricity, gas, and end 
uses.  
 
Both software programs predictions for annual 
electricity were less than the real annual energy use of 
the building.  According to ASHRAE 14 a simulation 
model is set to be calibrated if the error margin is 
within ±15% as per Cumulative Variation of Root 
Mean Squared Error (CVRMSE).  Annual energy 
consumption predicted by Design Builder and eQuest 
was 17% and 9% error margin respectively.   
 
However, annual gas predicted by both Design Builder 
and eQuest was far less than the real annual 
consumption in the building.  The percentage difference 
was 98% and 80% for Design Builder and eQuest 
respectively.  It is highly probable that the “real” data 
from the building is erroneous.  After discussing the 
matter with facility management services at USC it was 
realized that there was not proper way of measurement 
of gas consumption at VKC.  Gas was measured with a 
common meter shared by four buildings. The gas usage 
was then allocated to all four buildings based on 
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assumptions.  Consequently no further calibration was 
pursuit for gas consumption.  
 

 
Fig.7. VKC real electricity use and monthly predictions 

 
End Uses 
Recorded end uses fit quite well with end-use 
predictions by both software programs. Respectively, 
Design Builder and eQuest predicted similar values 
(KBtu/sf/yr) for plug-loads (9.9 and 10.8) and lighting 
(13.3 and 11.8). However the predictions for chillers 
(6.6 and 12.3), fans (3.5 and 5.5) were lower in Design 
Builder.  These end uses lead to the lower annual 
prediction given by Design Builder. 

 
 

 
Fig.8. VKC end uses for both Design Builder and eQuest 

 

CONCLUSION 
Two energy simulation programs, Design Builder and 
eQuest, were used for modeling the same institutional 
building.  Both models used the same measured energy 
data and actual weather file for a specific year.  These 
energy software programs used different calculation 
techniques and methodology that resulted in different 
predictions.  During the process, both software 
programs presented different limitations while 
calibrating the building.  Even after matching all the 
inputs, the loads calculated by both software programs 
were different. However, annual predictions were 
comparatively closer in terms of amount, profile, and 
end uses.   
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ABSTRACT
The decrease of heat demands in the low energy build-

ings requires to reexamine modeling approaches in the
building simulation, particularly the dynamic response
of the building and its equipments lead to re-examine
modeling rules. From a review of air-to-air heat pump
models, three types are compared in order to evaluate the
ability of each one to predict the energy consumption
and power demands. These air-to-air heat pump models
coupled to a single zone building are simulated on
Modelica. The aim is to underline the advantages and
the drawbacks of the different modeling approaches for
dynamic simulation in respect of the different phenomena
to represent.
KEYWORDS: Low energy building, building system
performance simulation, dynamic simulation rules,
air-to-air heat pump, Modelica

INTRODUCTION
Modeling of primary and secondary HVAC systems

in low energy buildings should pay extra attention to the
sizing of facilities causing over-consumption of up to
40% when operating at part load (Bouia, Kaemmerlen,
and Filfli 2010), and increasing the number of cycles
in one hour caused by the sensitivity of the building
to internal and solar gains. A more accurate sizing
requires an accurate approach of heating demands of the
buildings. If the building envelope simulation tends to
adopt sub-hourly dynamic simulation for control study,
heating systems are often represented by hourly time step
models with a static parameterization. This study aims to
observe if the move to sub-hourly time step is necessary
to improve HVAC systems modeling and what are the
impacts of the interaction between the building envelope
and heating systems, especially about the control unit.
A first part presents a short review of heat pump models
in order to simulate in a second part three typical models
which are representative of the different approaches
of the air-to-air heat pump modeling. Based on the
simulation results, the last part presents modeling rules
for dynamic simulation of heat pump integrated in low

energy buildings in terms of “what type of model for
what type of searched phenomenon”.

HEAT PUMP MODELS OVERVIEW
Heat pump models are often categorized depending on

the physical approach:

• thermodynamic/physical approach, based on the ge-
ometry of the heat pump and general physics laws
(heat and mass transfer)

• black box approach, in which empirical correlations
determine heat pump performances as a function of
the conditions of use (exterior and interior tempera-
tures, power demands, etc.)

• grey box approach, which is at the intersection of the
two above-mentioned approaches.

As discussed in the introduction, low energy buildings
require a more accurate dynamic modeling. Hence, an-
other classification is used in this state of the art, follow-
ing the dynamic representation of the system:

Rated performances These models, not suitable for low
energy building simulation, calculate the perfor-
mances of the system for points rated on temper-
atures and for full-load and steady-state operating.
Design oriented heat pump models and labeling cer-
tifications are the two subfamilies of the rated perfor-
mances models.

Quasi-static This approach considers time as a sequence
of steady states. During a sequence, the dynamics
of the system response must be faster than the dy-
namics of the disturbances. For instance, hourly time
step simulation considers that the operating condi-
tions (like the outside temperature) does not change
a lot compared to the heat pump performances dur-
ing the hourly cycle. The heat demands are aver-
aged on one hour and the performances are adjusted
in function of sink temperature and load factor. The
behavior of the heat pump is assimilated to steady-
state snapshots.
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Dynamic These models calculate heat rate and electric
power at any instant of the simulation, so that the
transient phases and the steady states are both simu-
lated in a closed loop.

Figure 1 represents the measured start and stop op-
eration of an heat pump. This real operation can be
simulated considering a semi-static model (Figure 2) or
a dynamic model (Figure 3). The superscript ss refers to
steady state operating (see nomenclature at the end of the
paper).
On figure 2, the on/off behavior is equivalent in energy to
average operation. It means that the model calculates an
equivalent “on” period to respect perfectly the tempera-
ture set point.

Time

Power 

Figure 1: Representation of experimental data of emitted
heat and supplied power of a heat pump

Time

Power 

Figure 2: Representation of a semi-static simulation of a
heat pump

Figure 3: Representation of a dynamic simulation of a
heat pump

In this section, an overview firstly shows a short
review of heat pump models of the literature organized

depending on the above-presented categorization. Then,
models adapted to building simulation and representative
of a family according to its dynamic and its complexity
are chosen. This aspect will be detailed in the next part.

Short review
The following review aims to present some models

from literature organized depending on the kind of
dynamic modeling.

Rated performances modeling
Two approaches can be found for the rated performances
models:

• models to design heat pumps,

• models to ascertain standards.

The static physic-based models are used for improving
the design of the heat pumps. The laboratory of Oak
Ridge (ORNL - Oak Ridge National Laboratory) has
been working since the middle of the 70s on such a model
(Rice 2011). A very detailed description of the heat pump
(hot or cold mode, type of refrigerant, characteristics of
overheating, type of heat exchangers and compressor,
geometries of the internal and external units, etc.) is
required. Some models used for standards make it
possible to compare the performances between various
products or references by standardization of the tests
and of the calculative procedures. For instance, in North
America, standard ANSI/AHRI 210/240-2008 defines the
conditions of measurement and the method of calculation
of the seasonal performance in summer (SEER, Seasonal
Energy Efficiency Ratio) and in winter (HSPF, Heating
Seasonal Performance Factor). In Europe, the proposal
standard prEN 14825:2010 aims at setting up seasonal
coefficients of performance: SEER and SCOP (Afjei and
Dott 2011).

Quasi-static modeling
By considering the running operation as a sequence of
steady states, the quasi-static models make it possible to
calculate the performance of the heat pump independently
of the state of the system at the last time step. These
models are very appropriate to black box or grey box
approaches. The approach of this family of model - al-
ready used in 1980 in DOE-2 (York and Tucker 1980) -
is the determination of the full load rate performances in
steady-state that are degraded according to the tempera-
tures of the sources, the needs (cycling and level of load)
and the operating conditions of the heat pump (variable
speed, frost and defrost phases, etc). Many models pro-
pose correlations of degradation according to the phenom-
ena taken into account:
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• frosting and defrosting of the evaporator of air-
source heat pump (Miller 1982) (Kaygusuz 1994)
(Argaud 2001),

• integration of the standby power in the part load rate
(Henderson, Parker, and Huang 2000) (Marchio and
Filfli 2003),

• cycle losses of single-speed compressor (Parken,
Beausoleil, and Kelly 1977) (O’Neal and Katipamula
1991) (Garde 2001),

• cycle losses of variable speed compressor by the ro-
tational frequency of compressor (Rice and Fischer
1984) (Shao, Shi, and Li 2004) or by a correlation
connecting partial load factor (PLF) according to
the part load rate (PLR) (Marchio and Filfli 2003)
(Bory, Dupont, and Riviere 2006).

Dynamic modeling
Two approaches can cohabitate in dynamic models:

• empirical, based on equations with one or several
time constants to represent the transient phases,

• physical, based on differential physic laws (heat and
mass transfer).

These approaches require the use of a control system
similar to a real temperature regulation system. An indoor
temperature based control system loop matches the heat
demands with the heat supplied by the system, typically
indoor temperature to setpoint scenarios.

The empirical approach of the transitional stages led to
various models with one or several time-constants, in the
general form presented on figure 4.

Figure 4: Emitted heat representation of time constant
model of a dual-stage heat pump τon1 et τon2 for the start-
up at each stage of compression and τo f f for the stop of
the system

In 1985, Mulroy and Didion (1985) proposed a two-
time constants to take into account two components of
inertia of the system: the mass of the components (like

the evaporator) and the mass of the refrigerant which
does not circulate. Wang and Wu (1990) found values
of 2.45 and 0.34 minutes for a model with two-time
constants. Goldschmidt and Hart (1980), Rosell, Morgan,
and McMullan (1983), Garde (2001) proposed only one
time constant to model the transient phase. This approach
is validated by Murphy and Goldsmith (1979). Garde
(2001) found a time-constant of 2 minutes. Murphy and
Goldsmith (1979) found time-constants from 0.32 to
0.47 minutes respectively for heating mode pump and
cooling mode. O’Neal and Katipamula (1993) found a
time-constant of more than 2 minutes for a heat pump
functioning in cooling mode. The electric power is
considered without time-constant because its value is
equivalent in steady state and transient phases (O’Neal
and Katipamula 1991) (Henderson and Rengarajan 1996).

The dynamic physical models are based on the equa-
tions of the mass, the momentum and energy governing
the system. Chi and Didion (1982), Mulroy (1986),
MacArthur and Grald (1987), developed extremely
precise dynamic models having the disadvantage of a
complex parameter setting and long computing times.
The components of the system can be modeled separately
and then combined to simulate the whole system. For
instance, Pettit, Willatzen, and Ploug-Srensen (1998)
and Morales-Ruiz et al. (2009) presented results on
the simulation of the transient phases of exchangers.
Castaing-Lasvignottes and Gibout (2010) developed
specific models of compressors. The validated work
of Li and Alleyne (2010) about the transient state of
the refrigerant during on/off phases could also be cited.
The dynamic physical approach is very suitable for
object oriented modeling because these research works
described above could be modeled in a box in order
to simulate a whole heat pump system by combining
different component boxes.

Choice of models

From the above-presented state of art, we have deter-
mined 3 kinds of approaches to model and simulate:

• empirical (or semi-empirical) quasi-static modeling,

• empirical (or semi empirical) dynamic modeling,

• physical dynamic modeling.

The representative models of each approach were
selected for their reliability and the feasibility of their
parameterization.
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SIMULATION
The three approaches were implemented and simulated

in the same modeling environment in order to use the
same resolution method for each simulation as we operate
for an “ASHRAE 140” test, excepted that the aim is not
to validate a model from others ones but to observe their
adequacy for low energy building simulation. Modelica
was chosen for its adequacy for building simulation, es-
pecially for control system (Wetter 2009) and for physical
dynamic modeling (Pfafferott and Schmitz 2004). The
simulations are achieved in Dymola environment.

General description
A low energy building was modeled considering Paris

weather data: temperature and solar flux. The 100
m2 monozone single family residence is coupled to an
air-to-air heat pump by a control system. The temperature
setpoint is fixed at 20°C and the control unit operates to
maintain internal air temperature within a +/-0.5°C band.
In order to focus the study on the impacts of the dynamic
modeling of the heat generator, the air-to-air heat pump
was chosen for the absence of associated emission system
and was configured in all or nothing functioning. So an
on/off heat pump product is sized to fit heating demands
of the low energy building. The rated performances at
7°C outside and at 20°C inside are 330 W for electric
power and 1380 W for emitted power (COP = 4.2). The
physic-based model being the more difficult to configure,
the two empirical models were parametrized from this
one.

Physical dynamic model
The physical dynamic approach is a complex model

initially built to observe transient phases in heat pump
design (Barbouchi et al. 2012). It consists of components
from the TLK/IfT Library (TIL): two air/refrigerant heat
exchangers, a compressor and an expansion valve. They
are connected in temperature, pressure and mass flow. A
regulator on the expansion valve controls the superheat
temperature.
A similar control unit of the empirical dynamic model is
used to force the heat pump to operate on on/off, despite
its possible multi-speed operating. The input variables
are the indoor and outdoor temperatures. The outputs are
the emitted heat and the electric consumption (only from
the compressor consumption).
From the air-to-air heat pump characteristics of the
study of Barbouchi et al. (2012), the temperatures were
modified to determine the rated performances and the
parameters τ and α used in the two others models.
Figure 5 shows the emitted heat and the electric demands
to maintain the interior temperature to the chosen setpoint.

Figure 5: Power demands from a physical dynamic model

Empirical quasi-static model
The representative model of an empirical or semi-

empirical quasi-static approach is based on the split air
conditioner model of Marchio and Filfli (2003). It uses
only three operating points from manufacturer data to de-
termine the performances following the operating temper-
atures during the simulation.
The part load losses (cycling (1) and stand-by (2)) are
based on Henderson, Parker, and Huang (2000) model:

PLFcycl = 1−4∗ τ∗Nmax ∗ (1−
PLR

PLFcycl
)

∗ (1− exp(− 1
4∗ τ∗Nmax ∗ (1− PLR

PLFcycl
)
))

(1)

PLFsb =
PLR

(1−α)∗PLR+α
(2)

where PLF =
COPoperating

COPrated
and PLR = Operating load

Full load .

The parameters defined from the physical model are a
start-up time constant, τ, of 13 seconds, a maximum cy-
cling rate, Nmax, of 3 per hour, and a stand-by fraction, α,
of 3%.
This quasi-static model must operate for time frame su-
perior at a cycling period. We have typically chosen an
hourly time step. The regulation is made via a calculation
of hourly needs from an ideal regulation of a fixed tem-
perature at 20°C. The power called to the heat pump is the
hourly average power. The figure 6 shows the results of
the simulation of the above-presented model.

Empirical dynamic model
The empirical dynamic approach is simulated from a

one time constant model. The emitted heat,Pth, is cal-
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Figure 6: Power demands from an empirical semi-static
model

Figure 7: Power demands from an empirical dynamic
model

culated from the performances in steady-state in the op-
erating outdoor and indoor temperatures with the same
method used for the semi-static model (Marchio and Filfli
2003), Pth

ss, and multiplied by a exponential expression:

Pth = Pth
ss ∗ (1− exp(− t

τ
)) (3)

As seen on the review, the electric power is considered
without time constant. Its value is calculated as a function
of the operating temperatures by the same way of semi-
static model during on period, and is equal to the stand by
losses during off period:

Pelec =

{
Pelec

ss during on period
α∗Pelec

rated during off period
(4)

The control unit imposes the start-up and the stand off
of the system so as to maintain internal air temperature
within a +/- 0.5°C band around 20°C. These phases are
presented on the figure 7.

MODELING RULES FOR LOW ENERGY
BUILDING

This part aims to elaborate the strengths and weak-
nesses of each models on the optic of integration of
these air-to-air heat pump models in low energy building
simulation. These observations may lead prospective
actions to complement and extend the modeling rules
defined from this study.

Power demands
On figures 6, 7 and 5 presenting the power demands of

each model on the same three hours period of simulation:
from 9 AM to midday at the beginning of January. In the
case of empirical semi-static, the emitted heat and the
corresponding electric power are considered as constant
during the period. In the case of both dynamic models,
cycling phenomenon can be observed, the decrease of the
building heat demands leads to shorter “on” periods, thus
more cycling. Both models made it possible to respect
the subhourly time frame building simulation because the
performances of the heat pump are calculated each time
step.

Regulation
The empirical semi-static model need a perfect con-

trol unit which determine the hourly average heating
demands. The building and the heating system could be
simulated individually.
For the both dynamic models, the regulation is made
with a closed loop control. At any instant, a control
unit verifies if the temperature setpoint is respected
and indicates if the heating system has to start. The
interaction between the building envelope and the HVAC
system needs a simultaneous simulation.

Energy comparison
As we can see on figure 8, the different control systems

between semi-static and dynamic models leads to a
variation of 4% in heating demands. The figure shows
also the different emitted heat energy and corresponding
electric consumption during a simulation of a week of
January. The computation time is also mentioned.

The average COP of the empirical dynamic model on
this simulation week is 4.2. The semi-static model one
is 3% up and the physic-based model is 5% down. The
typical model for physical approach is very complex and
need several iteration resolving loops. The computation
time is consequently very high. To allow annual building
simulation, the chosen model has to be simplified for
instance in limiting the discretization of the heat exchang-
ers or in deleting the superheat temperature control.
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Figure 8: Weekly energy comparison of the three models

Parametrization
Both empirical models are easy to parametrize with

limited number of parameters: a minimum of three man-
ufacturer data (including rated one), τ and α. However
the determination of the operating performances could
be compromised if the system works outside its nominal
range defined from the manufacturer data.
Conversely, the physical approach is less limited about
these operating points but need an expert parametrization,
each component has to be identified:

• the compressor characteristics,

• the geometry of both heat exchangers,

• the refrigerant thermodynamic properties, etc

CONCLUSION AND PERSPECTIVES
Three air-to-air heat pump models representative of dif-

ferent approaches found in the literature were modeled for
simulation on Modelica. The results tend to show that the
semi-static model is incompatible with close loop control.
Conversely a dynamic model makes it possible to have a
real time-varying interaction between the building enve-
lope and its heating system. A following study with ex-
perimental data will aim to validate if such an approach is
necessary to have a good representation of these interac-
tion. The next steps of our work are:

• prospect the influences of the uncertainties. Dymola
environment allows Monte Carlo studies in order to
evaluate the sensibility of the three models,

• generalize rules for heating systems simulation in
low energy buildings from others studies based on
the methodology presented in this paper.
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NOMENCLATURE
SEER Seasonal Energy Efficiency Ratio
SCOP Seasonal Coefficient Of Performance
COP Coefficient Of Performance
PLFcycl Part load factor due to cycling losses
PLFsb Part load factor due to stand-by losses
PLR Part load ratio = Operating load

Full load
τ Start-up time constant
α Stand-by fraction = Off-cycle power

Rated electric power
Pth

ss Steady-state emitted heat
Pelec

ss Steady-state electrical power
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ABSTRACT 

Hybrid ground source heat pump (HyGSHP) systems 

for building heating and cooling are gaining popularity 

as a means of decreasing long term energy and 

maintenance costs while maintaining manageable first 

costs. In these systems there is a potential to use the 

ground not only as an immediate heat source or sink, 

but as an energy store. On a scale of hours, the ground 

store could be cooled by a hybrid component, such as a 

cooling tower, during the night in order to improve the 

heat rejection efficiency in cooling during the 

following day. This paper presents the results of a 

study of the ground as a thermal energy store on a 

short term basis.  

INTRODUCTION 

In a cooling dominated environment a Hybrid Ground 

Source Heat Pump (HyGSHP) incorporates a 

supplemental heat rejection device, such as a cooling 

tower (CT), with a ground heat exchanger, GHX, to 

meet heating and cooling loads. The addition of a CT 

allows for the use of a smaller GHX by balancing the 

load on the ground. The first cost of the system is 

reduced but the higher energy efficiency of a GSHP 

versus a more conventional system (e.g. boiler and 

chiller) is still maintained. 

One of the key design questions for a HyGSHP is how 

to control the CT to maximize energy and/or cost 

savings. One particularly influential paper studied five 

different control methods (Yavuzturk & Spitler, 2000), 

including set point temperature control and differential 

temperature control. With set point control the CT 

operates when the temperature of the fluid exceeds a 

specified set point; the method was evaluated with the 

fluid temperature measured at either the inlet or outlet 

of the HP. Differential temperature control showed the 

best results; in this method the CT operates when the 

fluid temperature entering the CT exceeds the wet bulb 

temperature by a specified setpoint. This strategy 

ensures that the CT is only used if it is beneficial. 

Another strategy was to pre-cool (PC) the ground in 

anticipation of high cooling loads. This strategy was 

also effective at lowering energy cost, but not as 

effective as the differential control strategy.  

Numerous other authors have reached the same 

conclusion (Fan, Jiang, Yao, & Ma, 2008; Jinggang, 

Xiaoxia, Zhenjiang, & Fang, 2009; Man, Yang, & 

Wang, 2008; Xu, 2007); PC is effective at reducing 

operational costs, but differential temperature control 

results in greater savings.  

These studies focused on comparing the effectiveness 

of several different control strategies, but none 

optimized the strategies or used them in combination. 

For example, pre-cooling could be used in combination 

with differential temperature control, which would be 

the dominant control scheme. Additionally, the 

economic and energy analyses often did not include the 

cost of water or additional sources of energy 

consumption resulting from pre-cooling operation. The 

current work details the preliminary investigation of 

the pre-cooling control strategy with the GHX as a 

thermal store. The goal of this work is to obtain an 

understanding of how the PC control strategy affects 

the GHX, which in turn modifies the performance of 

the HP. A thorough economic and energy analysis are 

conducted to evaluate how the potential improvement 

in HP performance is offset by the increased cost and 

power consumption of the CT and circulating pump. 

The change in operational and life cycle costs are 

presented as a metric for measuring the effectiveness of 

PC as a control strategy. 

DEFINITION OF PRE-COOLING 

The concept of pre-cooling as explored in this work is 

to operate equipment at night, when off-peak electric 

rates apply and building loads are low, to produce a 

source of cooling for the next day. This can be 

accomplished by, for example, storing chilled water in 

a thermal storage tank. A cooling tower HyGSHP has a 
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CT which could be used to produce chilled water and a 

GHX which could be used for thermal storage. In this 

case the chilled water flows through the GHX and heat 

is removed from the ground. The ground is not an ideal 

thermal store, but it is very expensive, so if it can be 

used more extensively the economics may be more 

appealing. 

In the present work, pre-cooling is studied as a control 

strategy in which the CT cools the ground during the 

night so that the ground temperature is lower the next 

day. This leads to a reduction in the entering water 

temperature (EWT) to the heat pump (HP), which 

leads to a reduction in HP power consumption. 

Operating the CT at night takes advantage of off-peak 

electric rates. The reduction in HP power consumption 

during the day occurs during times of peak electric 

rates, so the economic savings may be significant. The 

benefit of pre-cooling is a reduction in operating costs.   

SOFTWARE 

The model, described below, is implemented as an 

executable FORTRAN program. The CT model is 

based on TRNSYS type 510, a closed circuit cooling 

tower (Klein et al., 2004; TESS, 2004; Zweifel, Dorer, 

Koschenz, & Weber, 1995). The GHX model is based 

on TRNSYS type 557, the DST (duct storage) model 

(Hellström, 1989). The heat pump model is based on a 

model developed for the software HyGCHP, a program 

for optimizing HyGSHP design (Energy Center of 

Wisconsin, 2011; Hackel, Nellis, & Klein, 2009). In 

this case individual HPs are modeled as one large HP 

which meets the building load; additional details on 

this gang-of-heat-pumps model can be found in the 

references (Hackel et al., 2009; Xu, 2007). The fraction 

of the time step that the heat pump actually operates is 

calculated by dividing the load by the capacity of the 

heat pump. The power consumption is then scaled by 

this run time fraction. If both heating and cooling loads 

exist then two HPs are included in the model, one for 

heating loads and one for cooling loads. The building 

heating or cooling load and entering water temperature 

are input to the HP model. The power consumption and 

flow rate are calculated based on manufacturer’s data.  

ECONOMIC ANALYSIS 

The economic analysis uses the P1-P2 method to 

calculate Life Cycle Cost (LCC) (J.A. Duffie & 

Beckman, 2006). Some of the key economic 

parameters are given in Table 1. The same values were 

used in both Las Vegas and Chicago. 

 

Table 1 Value of key economic parameters. 

Effective income tax rate 35% 

Property tax rate 3% 

Duration of the economic analysis 20 years 

Fuel inflation rate 1.33% 

Discount rate 8.5% 

Down payment 100% 

Minimum time frame in the analysis 20 years 

Depreciation life 5 years 

First cost of GHX 39 $/m 

Cost of water 1.41 $/m3 

Peak rate (11:00 to 20:00) 0.104 $/kWh 

Off-peak rate 0.057 $/kWh 

MODEL 

The layout of the system modeled in this study is 

shown in Figure 1. In order to isolate the effects of PC, 

this system is modeled as a more traditional GSHP. 

When there are loads, the GSHP is used to meet those 

loads; the CT is used only at night in order to cool the 

GHX. When there is a load, the HP is plumbed in 

series with the GHX; if the flow rate through the HP is 

especially low due to a small load, then the HP can be 

bypassed such that the circulating pump is always 

operating with at least 30% of the maximum flow. 

During pre-cooling, the HP is not used. The CT and 

GHX operate in series such that the CT directly cools 

the ground. The flow rate through the cooling tower is 

the design flow rate; if the flow through the CT is too 

low then the CT is bypassed such that the flow into the 

GHX is always at least 30% of the maximum flow rate. 

Only cooling loads are present in this study, so only 

one HP is required. 

    

 

Figure 1 System schematic. 

SINGLE DAY SIMULATIONS 

A synthetic cooling load for a single day is shown in 

Figure 2. It was developed with the constraints that the 

peak load occurs in the afternoon and there is no load 

during the night, when the CT operates in PC. This 

model allows for the evaluation of how PC affects the 

ground temperature over night without confounding 

factors, such as night loads or CT operation during the 

day. 
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The single cooling day was repeated for a year long 

simulation (365 days) and for a 20 year simulation 

(7300 days). Two locations were selected for the 

simulation, Las Vegas and Chicago. Las Vegas has a 

favorable environment for PC while Chicago is less 

favorable due to higher wet bulb temperature and lower 

ground temperature. The wet and dry bulb 

temperatures for July 2 (TMY data, (NREL, 2009)) are 

shown in Figure 3 and Figure 4. 

 

 

Figure 2 Single day cooling load profile. 

 

 

Figure 3 Temperatures in Las Vegas. 

 

 

Figure 4 Temperatures in Chicago. 

 

Five cases were simulated: 

 

1. No PC, GHX size optimized 

2. PC is added with a 100 kW CT 

3. PC is added with a 250 kW CT 

4. PC is added with a 1000 kW CT 

5. PC, GHX and CT size are optimized 

 

The subplex scheme was used to determine the optimal 

system design in order to minimize LCC (Rowan, 

1990) with the constraint that the EWT was never 

below 1.7°C or above 35°C. Cases 3 and 4 use a CT 

size which exceeds the peak cooling load; these cases 

were simulated in order to better illustrate the trend in 

PC performance as a function of CT size. 

Results for a Single Year Simulation 

The optimal GHX length for a single year simulation 

in Las Vegas is 4059 m; when PC is included in the 

design the optimal GHX length is 2854 m and the 

optimal CT size is 130 kW. The addition of a CT 

balances the heating and cooling load on the ground, 

so a smaller GHX can be used. Table 2 shows some of 

the results; “HP Power” is the total HP power 

consumption and “Additional Power” is the total 

circulating pump and CT power. 

When PC is added there is a reduction in HP power 

consumption, indicating that PC is effective in 

reducing EWT. However, the additional power 

consumption due to the circulating pump and CT 

exceeds the reduction in HP power. In the optimal 

case, Case 5, the reduction in HP power consumption 

is small. When the GHX length is reduced, heat is 

rejected to a smaller volume and therefore the ground 

temperature increases more during the day, leading to 

a greater EWT and a reduction in the amount of HP 

power  saved. 
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Table 2 Key power results. 

 

 HP POWER 

(KWH) 

ADDITIONAL  

POWER (KWH) 

Case 1 84,662 4,024 

Case 2 80,497 13,410 

Case 3 77,280 35,487 

Case 4 72,890 311,572 

Case 5 84,301 17,021 

Economic results are shown in Table 3. When PC is 

added, operational costs increase, so the overall LCC 

increases. In the optimal PC case, Case 5, the first cost 

of the system is much lower than in the case without 

PC. The reduction in GHX length leads to a large 

savings in first cost. In this case, the LCC decreases 

because the first cost of the GHX decreases. 

Table 3 Economic results. 

 

 FIRST 

COST ($) 

ELECTRICAL 

COST ($) 

WATER 

COST ($) 

LCC ($) 

Case 1 223,967 8,149 0 374,588 

Case 2 233,673 8,277 880 386,323 

Case 3 241,627 9,218 1607 403,505 

Case 4 276,249 24,483 2783 590,767 

Case 5 188,297 8,856 1023 355,841 

In Chicago the optimal GHX length for a single year is 

1949 m. For a single year, PC is never optimal. As can 

be seen in Figure 4, the wet bulb temperature is greater 

than the ground temperature, so the CT heats the 

ground rather than cooling it. However, as more and 

more heat is rejected to the ground the temperature 

increases as shown in Figure 5. It eventually becomes 

high enough for the CT to start cooling the ground.  

  

Figure 5 Mean GHX temperature next to the borehole. 

 

For a single year, PC is optimal in Las Vegas not 

because of a reduction in operating cost, but because of 

a reduction in the first cost of the GHX. PC, as 

implemented here, is never optimal in Chicago for a 

single year because during this time the ground 

temperature is lower than the wet bulb temperature. 

This study was repeated for a 20 year simulation in 

order to more fully understand PC. 

Results for a 20 Year Simulation 

The optimal GHX length for a 20 year simulation in 

Las Vegas is 10,700 m. This is substantially larger 

than for a single year because in order to mitigate the 

increase in ground temperature the GHX volume must 

be increased. When PC is added the optimal length is 

2854 m and the CT size is 157 kW. This length is the 

same as for a single year and the CT is just 27 kW 

larger. The CT is effective at balancing the ground 

load and only a slight increase is required to keep up 

with the additional heat rejection which occurs over 20 

years. The increase in GHX length for the case without 

PC means the savings in first cost when PC is added 

will be more significant than they were for the single 

year simulation. This result is shown in Table 4. 

As in the single year simulation, the power 

consumption and operating costs increase for Cases 3 

through 5; see Table 5. In Case 2 there is a decrease in 

electrical cost despite an overall increase in power 

consumption because the additional power 

consumption occurs when off-peak electric rates apply 

while the savings occur during peak rates. However, 

the savings in electrical costs are more than offset by 

the increased first cost of the system as well as the cost 

of water. 

Table 4 Economic results. 

 FIRST 

COST ($) 

ELECTRICAL 

COST ($) 

WATER 

COST ($) 

LCC ($) 

Case 1 482,966 88,974 0 609,038 

Case 2 492,672 88,491 10,500 618,993 

Case 3 500,626 97,546 19,579 634,170 

Case 4 535,248 266,959 34,408 829,557 

Case 5 189,715 100,637 12,892 358,094 

 

Table 5 Key power results. 

 

 HP POWER 

(KWH) 

ADDITIONAL  

POWER (KWH) 

Case 1 1,681,914 79,861 

Case 2 1,537,799 266,780 

Case 3 1,433,950 708,432 

Case 4 1,303,388 6,243,217 

Case 5 1,670,460 412,756 
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For a 20 year simulation in Chicago, a system that can 

pre-cool is optimal. Without PC the optimal GHX 

length is 4650 m, but with PC the optimal GHX length 

is 2910 m with a 166 kW CT. With a longer system 

life the ground temperature eventually increases to a 

point where PC cools rather than heats the ground and 

the behavior is the same as in Las Vegas. Figure 6 

demonstrates this behavior. For the first several years 

PC leads to an increase in the temperature of the GHX 

next to the borehole relative to the case with no PC, but 

in later years the temperature increases less relative to 

the case without PC. The overall temperature increase 

is lower for the larger CT’s, which actually lead to a 

net removal of heat from the ground. 

 

Figure 6 Mean GHX temperature next to the borehole. 

 

Table 6 shows the power consumption for each of the 

cases; for the optimal case, Case 5, the heat pump 

power increases. In this case the GHX length was 

reduced, so in the early years PC leads to greater heat 

rejection to the ground for a given volume and 

therefore more heat pump power consumption. In 

addition, the smaller volume also leads to a greater 

increase in ground temperature during the day. As 

shown in Figure 6, the optimal design does not lead to 

lower ground temperature relative to the case with no 

PC until the ninth year. When pre-cooling cools the 

ground in later years, the reduction in heat pump 

power does not offset the initial increase or the 

increase that occurs during the day due to the smaller 

volume.    

 

 

 

 

 

 

Table 6 Key power results. 

 

 HP POWER 

(KWH) 

ADDITIONAL  

POWER (KWH) 

Case 1 1,529,328 76,694 

Case 2 1,485,636 265,726 

Case 3 1,455,907 709,169 

Case 4 1,426,477 6,246,654 

Case 5 1,604,850 436,020 

 

Table 7 Economic results. 

 FIRST 

COST ($) 

ELECTRICAL 

COST ($) 

WATER 

COST ($) 

LCC ($) 

Case 1 247,016 79,271 0 361,802 

Case 2 256,722 84,012 2,125 374,231 

Case 3 264,676 97,112 3,681 390,584 

Case 4 299,298 272,365 6,419 580,792 

Case 5 192,404 96,032 4,053 332,151 

ANNUAL LOAD SIMULATION 

A more realistic case was studied by running a 20 year 

simulation in Las Vegas using a typical annual cooling 

load profile.  Building heating loads were assumed to 

be supplied by a boiler rather than the heat pump so 

that the ground load could be balanced only by adding 

a CT; see Figure 7. As in the prior studies, the CT 

operated every night, meaning that PC was used even 

when it was winter or a shoulder season. At times 

cooling loads occured during the night, so the CT acted 

to both cool the ground and meet the building load. 
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Figure 7 Annual cooling load. 

Without PC, the optimal GHX length is 106,650 m; 

with nightly PC the optimal length is 29,223 m and the 

CT size is 2243 kW. Despite an increase in power 
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Table 9) with pre-cooling, the economic savings are 

significant. As in the prior simulations, these savings 

are due to the decrease in first cost. 

Table 8 Key power results. 

 

 HP POWER 

(KWH) 

ADDITIONAL  

POWER (KWH) 

Case 1 12,318,844 614,385 

Case 2 12,316,814 720,767 

Case 3 12,313,774 857,567 

Case 4 12,298,682 1,547,823 

Case 5 11,528,958 4,649,357 

 

Table 9 Economic results. 

 FIRST 

COST ($) 

ELECTRICAL 

COST ($) 

WATER 

COST ($) 

LCC ($) 

Case 1 4,749,172 500,585 0 5,297,267 

Case 2 4,758,878 504,012 193 5,310,913 

Case 3 4,766,832 508,396 482 5,321,725 

Case 4 4,801,454 530,523 1,922 5,371,109 

Case 5 1,821,028 612,744 78,673 2,715,021 

One particularly interesting result from the annual 

study is that the CT is noticeably larger than the peak 

load. Typically, a CT is sized to meet the peak load; 

the over-sizing in this case is due to several factors. 

The CT is being used in an atypical way; it is not 

directly meeting the cooling load most of the time and 

never meets the peak cooling load, which occurs 

during the day. When there are loads during the night 

that coincide with CT operation, the CT meets those 

loads in addition to cooling the ground, so the effective 

load is higher than the building load. The CT helps 

meet the cooling load during the day by cooling the 

ground, which is an imperfect thermal store. Some of 

the heat rejection capability of the CT is lost due to the 

inefficiency of the storage in the ground. 

One objective of additional studies is to evaluate the 

difference between operating the CT at night and 

operating the CT during the day, with the constraint 

that a GHX meets some of the load. The ground load is 

balanced by the CT in either case, so the advantage of 

night operation is to shift electrical usage to a time 

with off-peak electric rates. It is questionable that there 

would be sufficient economic savings in electricity 

costs to offset the increased cost of using a larger CT at 

night or to make up for the inefficiency in thermal 

storage in the GHX. In addition, during the day the CT 

would meet some of the building load directly, likely 

lowering heat pump power consumption more than PC.  

Another objective is to evaluate the use of combined 

day/night CT operation, again with the constraint that 

a GHX is present. In this type of operation the CT 

could be sized based on day time operation, leading to 

a smaller CT, but also operated at night to provide 

additional ground cooling. The concern in this 

operation is that the additional cooling of the ground 

will not lead to sufficient performance gains to offset 

the cost of operating the CT and circulating pump at 

night.   

DISCUSSION 

Based on the single year simulation, a location such as 

Las Vegas is more favorable for pre-cooling than a 

location such as Chicago because the wet bulb 

temperature is significantly lower than the ground 

temperature. However, over 20 years a location such as 

Chicago can become favorable as the ground 

temperature increases. The implementation of pre-

cooling should include a consideration of when in the 

system life it should be used; in Chicago it would not 

be implemented for the first several years. 

Based on the economic analysis pre-cooling can lead to  

economic savings by allowing a reduction in the size of 

the GHX and, therefore, a reduction in the first cost of 

the system. CT operation balances the load on the 

ground, so a smaller GHX can be used to meet the 

same load. However, this same conclusion holds true if 

a CT is used during the day in order to directly meet 

the load (Energy Center of Wisconsin, 2011; Jinggang 

et al., 2009; Man et al., 2008; Yavuzturk & Spitler, 

2000), so it is unclear if pre-cooling is beneficial when 

compared to a different control strategy in a more 

standard HyGSHP design. 

Based on both the economic and energy analyses even 

in an optimal pre-cooling design, the operational cost 

and energy consumption of pre-cooling is greater than 

when it is not used. There is a reduction in heat pump 

power consumption, but this reduction is offset by an 

increase in circulating pump power consumption and 

the addition of the cooling tower power consumption.  

The  lower, off-peak cost of operating the CT at night 

is insufficient to offset the higher peak cost of 

operating the heat pump during the day. Case 2 of 

Table 4 is the lone exception to this statement; there is 

a reduction in electrical cost, but the addition of water 

cost and the first cost of the CT leads to an overall 

increase in LCC. The cost of water and the first cost of 

the CT can be significant and should be accounted for 

in any analysis. 
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In addition to supporting the conclusions about pre-

cooling from the single cooling day simulations, the 

annual simulation illustrated several other important 

considerations. In this simulation PC was used every 

night, so it provided not only short term cooling of the 

ground, but also long term or seasonal cooling. 

Additional work will be required to determine the 

potential benefit of cooling the ground during winter 

and/or shoulder seasons. It is possible that cooling 

during this period may not significantly increase the 

efficiency of the HP, but only a detailed study can 

answer this question. 

The coincidence of PC and a cooling load also needs to 

be further assessed to determine if this is a beneficial 

situation. It is also possible that a smaller CT could be 

used if it operated with a combined strategy of 

differential temperature control and PC. In this 

situation the CT could be used to meet more of the 

building load directly. The economic difference 

between using a larger CT at night and a smaller CT 

during the day needs to be considered as well. 

CONCLUSION 

This work has provided an understanding of how pre-

cooling using the GHX as a thermal store performs. 

However, due to the simplifications in this study it is 

difficult to make a broad statement about pre-cooling 

as a control strategy. Even the simulation with an 

annual cooling load was limited in that heating loads 

were not included. In addition, the use of the CT 

during winter and the shoulder seasons rather than just 

during times of peak loading confuses how best to 

implement PC.  

When PC was optimal it did not reduce operational 

costs and in all but one case the cost of electricity 

increased. This indicates that in general the potential 

economic savings of operating the CT at night when 

off-peak electric rates apply is unrealized. Economic 

savings can be significant when PC is implemented at 

the design stage because the GHX can be smaller. 

However, this result indicates not that PC is beneficial, 

but that adding a supplemental heat rejector in order to 

balance the ground load is beneficial. One key question 

to answer is if pre-cooling is effective as compared to 

other control strategies, such as differential 

temperature control, or in combination with such 

control strategies.  

Although the GHX can be more fully utilized by 

employing it as a thermal store, it is not an ideal 

thermal store because the ground is never cooled to the 

temperature of the fluid. It is likely that a control 

strategy which incorporates PC with a more ideal 

thermal storage device, such as a thermal storage tank, 

will be more energy efficient than the current design. 

Whether or not the incorporation of a thermal storage 

tank will make PC economically viable requires further 

study.  
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ABSTRACT 

This paper investigates the impact of using an air-
source heat pump system in a thermally efficient house 
for two locations: Chicago, IL and Dallas, TX.  In 
addition to an air-source heat pump, a geothermal heat 
pump system is implemented in the Chicago location.  
The source energy savings over a conventional system 
is reported as well as the life cycle costs for each of 
these cases.  The conventional system is a natural gas 
furnace and air conditioner.  In addition, to improve the 
performance of the air-source heat pump system, 
photovoltaics and solar thermal systems are 
implemented to analyze the effects on the energy 
savings and life cycle costs. 

INTRODUCTION 

Building research efforts have focused on reducing 
energy consumption by residential buildings.  The 
Department of Energy reported that in 2009 the 
residential housing sector consumed 22% of primary 
energy (U.S. DOE, 2011).  Of this 22%, nearly 50% 
went towards conditioning the home.  With the current 
population growth rate, it is expected that the housing 
sector energy demand will grow in a similar fashion.  
The ability to reduce or offset the energy consumption 
of the housing sector would greatly reduce the 
dependence on non-renewable energy sources.  The 
primary goal of this research is to reduce the energy 
required for conditioning the home, which is a large 
fraction of the building’s energy consumption. 

One opportunity to reduce energy consumption for 
conditioning a home is to use a heat pump.  Heat pump 
efficiency is represented by the coefficient of 
performance (COP) which is the ratio of heating or 
cooling energy provided to the electrical energy 
required for operation.  A heat pump can operate with a 
COP of 4 or higher, or in other words, providing 4 kJ 
of energy for conditioning for 1 kJ of energy consumed 
for operation.  The heat pump operates on electricity 
which, unlike natural gas, can be easily offset by 

renewable energy.  This research will investigate air-
source heat pump systems in Dallas and Chicago.  A 
geothermal heat pump system will also be implemented 
in the cold climate Chicago location.  In addition, 
renewable options such as solar thermal and 
photovoltiacs will be investigated to determine the 
extent to which these systems help improve the 
performance of the air-source heat pump, especially in 
cold climate situations. 

BUILDING MODEL 

BEopt 

To begin the simulation process, it was determined that 
a thermally efficient home must be used to achieve net-
zero operation.  BEopt, a building simulation program 
distributed by the National Renewable Energy 
Laboratory (NREL), was utilized to find the optimal 
home construction to reduce energy consumption 
(BEoptE+, 2012).  BEopt allows a user to easily 
specify a building geometry and select various 
construction parameters including window and 
insulation type, water usage, building temperature set 
points, furnaces, heat pumps and much more.  In 
addition, the user is also free to change the location 
(i.e., climate) and economic parameters.  BEopt can 
also run parametric simulations in which multiple 
construction parameters can be selected and evaluated.  
For this research, a parametric study was done by using 
various insulation and window types, as well as other 
options in order to determine how a high efficiency 
house should be constructed.  The thermally efficient 
house was chosen to have the construction parameters 
that are summarized in Table 1 on the following page.  
In addition, the house will utilize temperature set backs 
and internal shading in the cooling months. 

The windows that are used in the high efficiency house 
depend on location.  In a heating dominated climate, a 
low solar heat gain coefficient (SHGC) is less 
important as the cooling load is much smaller.  
However, in a cooling dominated climate, the SHGC 
becomes an important factor in window selection.  Two 
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different climates were considered in this work 
corresponding to Chicago and Dallas.  For the Chicago 
home a double glazed window with a U-value of 0.91 
W/m2-K and a SHGC of 0.61 was used.  For the Dallas 
home, a double glazed window with a U-value of 2.79 
W/m2-K and a SHGC coefficient of 0.379 was used.  
These values are in line with the recommendations 
made by the Efficient Windows Collaborative 
(Efficient Windows Collaborative, 2012). 
 

Table 1:  The construction parameters for the 

thermally efficient home. 
 

Overview 

Finished Floor Area 2200 ft2 

Beds 3 

Baths 2 

Walls 

Double Stud R45 batts, 2x4 Centered, 24"o.c 

Exterior Finish Grey Vinyl Siding 

Interzonal Walls R-19 Batts, 2x6, 24"o.c. 

Ceilings/Roofs 

Unfinished Attic R38 Fiberglass + 3.5" Rigid Ins 

Finished Roof R19 Fiberglass 

Roofing Material Asphalt Shingles, Dark 

Foundation/Floors 

Slab (Garage) Uninsulated 

Finished Basement 4ft R5 Rigid 

Unfin. Basement Wall 4ft R5 Rigid 

Interzonal Floor R13 Fiberglass 

Exposed Floor 20% Exposed 

Thermal Mass 

Ext Wall Mass 2 x 5/8" Drywall 

Partition Wall Mass 2 x 5/8" Drywall 

Ceiling Mass 2 x 5/8" Ceiling Drywall 

Windows & Shading 

Window Areas 15.0%   F20 B40 L20 R20 

Window Type Varies by location 

Interior Shading Summer = 0.5, Winter = 0.95 

Eaves 2 ft 

Airflow 

Infiltration Tight (0.5 Air Changes/hr) 
 

Transient Energy System Simulation Tool 

The Transient Energy System Simulation Tool, also 
known as TRNSYS, is the primary simulation tool used 
for this research (TRNSYS, 2010).  TRNSYS is a 
robust program that allows for many different energy 
savings systems to be integrated with the thermally 

efficient building.  One of the models in TRNSYS that 
will be used for this research is the Type 56 multi-zone 
building.  The multi-zone building model allows for a 
user to create a thermal model of a building, divided 
into various thermal zones.  For this research, each 
room in the home was modeled as an individual 
thermal zone. 

The Type 56 model has two options for simulation: 
energy rate control (ERC) and temperature level 
control (TLC).  In an ERC simulation, the Type 56 
model determines the load required to meet the 
building temperature set point.  This methodology 
prevents the building temperature from floating and is 
considered a “simplified” simulation as compared to a 
TLC simulation.  TLC simulations closely mimic the 
operation of a real building.  With TLC, the building 
temperature is allowed to float as experienced in a real 
house.  In these simulations, a control strategy must 
monitor the house temperature and determine when 
conditioning is required.  One major drawback to the 
TLC is that the simulation time is greatly increased 
over the ERC simulation.  Small time steps must be 
used to accurately model the workings of a residential 
heating, ventilation and air conditioning (HVAC) 
system.  In this research, since many simulations are 
required, it was decided that using the energy rate 
control would be sufficient to determine which 
combinations of conditioning systems would yield the 
most energy savings. 

Currently, a Google SketchUp plug-in is available for 
use with the Type 56 building model, which allows a 
user to model the house in Google SketchUp and then 
import the model into TRNBuild, the interface for the 
Type 56 multi-zone building model (Google SketchUp 
8, 2011).  Figure 1 shows a front and back view of the 
thermally efficient home in Google SketchUp. 
 

 Front 

Back 

Front 

Back 

 

 

Figure 1:  The front and back view of the home. 
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The parametric simulations in BEopt allowed for the 
construction parameters of a thermally efficient home 
to be determined.  The properties of these materials 
(density, conductivity, heat capacity, emissivity, etc) 
were subsequently applied in TRNBuild in order to 
create a Type 56 building model in TRNSYS.  In 
addition to the physical building parameters, occupancy 
related parameters must be specified. 

The heating and cooling set points for the building vary 
depending on the day of the week and the time of day.  
Weekends do not experience any setbacks except for 
during sleeping hours in the heating season.  Weekday 
set points are summarized in Table 2. 
 

Table 2:  This table summarizes the weekday heating 

and cooling set points for the building.   Weekend 

setbacks occur at night during the heating season only. 
 

Hour 

[hr] 

Cooling Set point 

[°C] 

Heating Set point 

[°C] 

0 22.78 18.33 

7 22.78 18.33 

7 24.44 16.67 

16 24.44 16.67 

16 22.78 20 

22 22.78 20 

22 22.78 18.33 

24 22.78 18.33 
 

Since this building is simulating a residential home, 
internal gains from daily functions of a family must be 
included.  The occupants of this home are assumed to 
be a family of four.  A schedule was devised to include 
gains from showers, sinks, miscellaneous electronics 
(i.e., TV, computer), lights, and occupants who may be 
active or relaxed.  Other gains included the stove, 
refrigerator, dishwasher and clothes washer and dryer. 

With the clearly defined thermally efficient building, 
the next step was to calculate the building load at each 
time step.  Table 3 shows the monthly energy 
requirements for conditioning.  This building load 
could also represent a larger, more efficient home.  For 
example if the infiltration were reduced (tighter 
construction) or wall insulation increased, this building 
load could represent a 2,500 ft2 home. 

The building load at each time step (15 minutes) is 
written to a text file that can be read into future 
simulations of HVAC equipment.  Under energy rate 
control, the building conditioning equipment must run 
to meet the prescribed building load at each time step.  
If this condition is met, the building will maintain the 

set point.  This method allows the simulation of the 
building to be carried out only once for each location. 
 

Table 3:  Heating and cooling load for Chicago and 

Dallas.  Cooling loads are designated in blue and by 

the letter “C”.  Heating loads are red and noted with 

“H”. 
 

Month 

Monthly Building 

Load [GJ] Chicago, IL 

Monthly Building 

Load [GJ] Dallas, TX 

Jan 8.77 (H) 3.61 (H) 

Feb 7.07 (H) 2.66 (H) 

Mar 4.99 (H) 0.34 (C) 

Apr 2.95 (H) 0.82 (C) 

May 0.65 (H) 2.49 (C) 

Jun 1.90 (C) 4.44 (C) 

Jul 3.64 (C) 6.47 (C) 

Aug 2.18 (C) 6.37 (C) 

Sep 0.89 (C) 4.48 (C) 

Oct 0.82 (H) 1.30 (C) 

Nov 4.02 (H) 0.73 (H) 

Dec 8.23 (H) 3.18 (H) 
 

HEAT PUMP SYSTEM 

Air-Source Model Overview 

TRNSYS contains several heat pump models but the 
one that will be used for this research is the Type 922 
Air Source Heat Pump.  This heat pump model uses a 
compilation of manufacturer’s data to model the 
performance of the heat pump over a range of 
simulation conditions.  These conditions include indoor 
and outdoor dry bulb temperature, indoor wet bulb 
temperature and air flow rate.  However, two changes 
to the Type 922 heat pump model were required for 
this work.   

First, it was found that the default heat pump model 
data file did not include a wide enough range of 
operating temperatures.  If the operating conditions lie 
outside of the included data set, the Type 922 will not 
extrapolate.  To address this problem, data sets for 
various heat pumps from two manufacturers (Carrier 
and Goodman) were analyzed to increase the range of 
operating temperatures.  However, for each heat pump, 
the minimum operating temperature is taken to be -
14°C.  Below this temperature, the heat pump will shut 
off in order to avoid potential mechanical problems due 
to cold conditions.  

The second change required was to adjust the source 
code so the Type 922 heat pump model could be used 
with an energy rate control simulation.  The Type 922 
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heat pump initially has inputs and outputs of 
temperature and flow rate.  This was modified so the 
input would be the building load for each time step and 
the output is the required power. 

An assumption made for this heat pump was that the 
auxiliary heaters (electrical strip heating) have infinite 
capacity.  When the heat pump is unable to meet the 
building load in the heating months, auxiliary heaters 
are assumed to be always capable of meeting the 
remaining load.  This implies that the ability to meet 
the cooling load will determine the minimum allowable 
heat pump capacity for the building from a comfort 
standpoint (i.e., disregarding economics). 

Geothermal Model Overview 

The geothermal model uses a Type 919 liquid source 
heat pump, modified and verified in the same manner 
as the air-source heat pump model.  For this research, 
an EER 20 liquid source heat pump is simulated, 
verified with data from ClimateMaster.  Type 557 
vertical bore heat exchangers are used to model the 
heat exchange process with the ground.  BEopt is used 
as a reference for bore pricing (50.85 $/m) and length 
(per ton of heat pump capacity: 106.7 m/ton).  The soil 
conductivity is 4.68 kJ/hr-m-K and the heat capacity is 
2016 kJ/m3-K. 

In order to determine the relative performance of the 
heat pump systems it is necessary to simulate a 
conventional conditioning system, which will create a 
basis for comparison.  The conventional system 
consists of a natural gas furnace (92.5% annual fuel 
utilization efficiency) and a SEER 16 air conditioner.  
This higher efficiency conventional system is 
appropriate for a house that has been constructed with 
thermal efficiency in mind. 

Chicago Results 

A range of air-source heat pump capacities from 0.5 to 
5 ton and efficiencies including SEER ratings 13, 14, 
16 and 18 were simulated.  The SEER 16 and 18 rated 
heat pumps take advantage of a two speed compressor, 
where the heat pump has the ability to provide two 
different capacities at any operating condition, 
depending on whether the compressor is in the low 
stage (slow speed) or high stage (high speed).  The 
liquid source heat pump capacities simulated were 1.5, 
2 and 2.5 ton, with an EER rating of 20. 

For each case, a life cycle analysis was preformed, 
based on a simple model that assumes cash purchases, 
and no salvage values or incentives.  The fuel inflation 
rate was varied but the results shown assume 15% with 
a market discount rate of 8%.  The life of a heat pump 
system and thus the life time for the economic analysis 

is assumed to be 16 years.  For the conventional 
system, two different natural gas costs are investigated, 
one is a representative value for recent costs at 0.88 
$/therm, while the second is a more expensive value, 
1.53$/therm, which is representative of prices several 
years ago (or, perhaps, several years in the future).  
Electricity is assumed to be 0.14 $/kW-hr. 

Since natural gas and electricity are compared in this 
analysis, source energy figures are used.  Source energy 
allows multiple fuel types to be compared on the same 
basis.  For example, 1 kW-hr of electricity is actually 
3.34 kW-hr of source energy when the site to source 
ratio of 3.34 is applied, which factors in the 
inefficiencies involved in generating and distributing 
the electricity.  For natural gas, only capturing and 
distribution is involved, which explains the site to 
source ratio of 1.047 (EnergyStar, 2011). 

For the Chicago location, the minimum capacity heat 
pump system that was capable of meeting the simulated 
building cooling load at every time step was 1.5 ton.  
By increasing the capacity to 2.5 ton, the heat pump 
system reduces its source energy consumption.  When a 
geothermal system is used, source energy savings are 
achieved, but at a higher life cycle cost.  These results 
are seen in Figure 2.  Data points to the left of the 
conventional system (green dots) consume more source 
energy. 
 

 
 

Figure 2:  Heat pump systems vs. the conventional 

system (at two different natural gas rates) in the 

Chicago location.  The fuel inflation rate in this 

analysis is 15%. 
 

At around 1.50 $/therm the air-source heat pump 
system appears to be economically competitive with the 
conventional system even though it actually consumes 
more source energy.  When a 1.5 ton geothermal heat 
pump system is compared to the conventional system, it 
saves 25% more source energy but costs $1500 more 
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over the 16 year period.  Current natural gas prices are 
in the 0.80$/therm range in the Chicago area and this 
cost has been decreasing recently. 

Dallas Results 

The Dallas simulation had the same economic 
parameters as the Chicago simulation.  For this 
location, it was found that the minimum heat pump 
capacity that would fully meet the cooling load was 2 
ton. 

As seen in Figure 3, the heat pump in the Dallas 
location offers some source energy savings, particularly 
at higher SEER values, and lower life cycle costs over 
the conventional system.  This is expected as current 
trends show heat pumps to be most common in cooling 
dominated climates. 
 

 
 

Figure 3:  Heat pump system vs. the conventional 

system (at two different natural gas rates) in the Dallas 

location.  The triangles represent the most source 

energy savings.  The fuel inflation rate in this analysis 

is 15%. 
 

Coefficient of Performance Results 

Another metric of interest is the Coefficient of 
Performance (COP) of the heat pump.  This index of 
performance is defined in equation (1) as the ratio of 
the provided heating or cooling load to the input 
power: 

 
Q

COP
W

=  (1) 

where Q is either the provided heating or cooling load 
and W is the power consumption.  The monthly COP is 
calculated by the same ratio, where Q is total load 
provided throughout the month and W is the total 
power consumed over the month. 

Figure 4 allows for a comparison between the 
performance of the air-source heat pump systems and 
ground source heat pump systems.  It is clear that cold 
conditions and required use of the strip heaters in the 
Chicago location drastically reduce the COP during the 
heating season.  The high monthly COP for the 
geothermal system explains the source energy savings 
over the conventional system.  
 

 
 

Figure 4:  The monthly COP of the Dallas and 

Chicago heat pumps systems. 
 

PHOTOVOLTAIC SYSTEM 

Model Overview 

Photovoltaic (PV) panels were added to the building in 
order to increase the source energy savings over the 
conventional system.  For this house, it was assumed 
that the PV system would be grid connected and would 
sell back excess electricity to the utility, at the purchase 
rate of 0.14 $/kW-hr.  The Solar Advisor Model 
(SAM) was used to simulate the monthly electricity 
output (SAM, 2011).  The panels were mounted on the 
south facing roof and had a de-rating factor (efficiency 
penalty) of 80.1% for Chicago and 85.4% for Dallas.  
For pricing, three different levels were used; 4, 6 and 8 
$/WP.  This price range covers various incentive plans 
and installation rates. 

Chicago Results 

Figure 5 presents the photovoltaic results for the 
Chicago home.  By moving to the right (i.e. increasing 
the source energy savings) of the “SEER18 w/ No PV” 
data point a PV array is added and used with the SEER 
18 heat pump.  Increasing the source energy savings 
increases the PV array size. The dashed vertical lines 
reference two different array sizes, 1.42 kW and 2.84 
kW.  Any point on the solid lines represents a different 
PV array size at a specified installed cost (4, 6, or 8 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

156



$/WP).  Reading between the cost lines is possible, for 
example, a 2.13 kW would have a source energy 
savings of around 49% and have a life cycle cost of 
$26,500 if installed at a cost of 7 $/WP. 
 

 
 

Figure 5:  Heat pump system with PV vs. the 

conventional system in the Chicago location.  The fuel 

inflation rate in this analysis is 15%. 
 

By adding a PV system, the source energy savings 
increases greatly, however, the life cycle costs also 
increase unless the inexpensive 4 $/WP value is 
assumed.  With the current natural gas costs, the 
conventional system has much lower life cycle costs.  If 
the sell back rate becomes much cheaper than the 
purchase rate, the economic outcome becomes much 
worse with higher life cycle costs.  As previously 
mentioned, this research assumes the buy and sell rate 
to be 0.14 $/kW-hr.  Furthermore, if PV sell back 
becomes too popular, the utility may be unable to offer, 
or may limit, the buy back program because they will 
be unable to use all of the electricity produced by their 
consumer’s PV panels. 

Dallas Results 

The same simulations were run for the Dallas location 
to determine the effect of adding PV to the heat pump 
system that already saved more source energy and was 
economically cheaper than the conventional system.  
 

 
 

Figure 6:  Heat pump system with PV vs. the 

conventional system in the Dallas location.  The fuel 

inflation rate in this analysis is 15%. 
 

By adding PV in the Dallas location, the source energy 
savings over the conventional system are substantial.  
At 6 $/kW-hr, a 1.42 kW array could be installed for a 
few thousand dollars more over a 16 year period.  This 
addition increases source energy savings over the 
conventional system from 10% (for a SEER 18 heat 
pump system without PV) to 80% (with PV). 

SOLAR THERMAL SYSTEM 

Model Overview 

The solar thermal system consists of a collector, 
storage tank and heat exchanger to transfer thermal 
energy from the tank to the air in the house, as shown 
in Figure 7. 
 

 

C
ol
le
ct
or

Storage 
Tank HX

Pump

Pump

Room Air

 
 

Figure 7:  Solar thermal system model used for house 

heating.  Water is the working fluid and a drain back 

system is used to prevent freezing. 
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As the collector size increases, the flow rate and 
storage capacity are scaled by factors of 0.015 kg/m2-s 
and 75 L/m2, respectively (Duffie and Beckman, 2006).  
Three costs are used (500, 1000 and 1500 $/m2) in 
order to cover a range of possible incentives and 
installation costs.   

The TRNSYS Type 1 flat plate collector is used to 
model the thermal collector.  The construction and 
optical properties are provided in Table 4. 
 

Table 4:  Summary of the Alternate Technologies AE-

50 collector. 
 

Specification Value 

Aperture Area 4.40 [m2] 

Fluid Capacity 6.4 [L] 

Absorber Material Tube: Copper Plate: 

Copper Fin 

Absorber Coating Selective 

Insulation (Side/Back) Polyisocyanurate 

FR(τα)n 0.691 

FRUL 3.396 [W/m2-C] 

b0, b1
 0.194, 0.006 

 

The storage tank was modeled using the Type 4 
stratified tank.  This tank has the ability to be fully 
mixed, in which the tank would have warmer outlet 
temperatures that will decrease collector efficiency and 
useful energy gain.  For a stratified tank, which occurs 
naturally due to water’s temperature dependent density, 
both the collector efficiency and useful energy gain will 
increase as the tank will have cooler outlet 
temperatures.  A stratification analysis was performed 
and it was observed that beyond 24 tank nodes there 
were no significant increases in efficiency or useful 
energy gain.  For all simulations, 24 nodes were used.  
For heating months, tank losses are assumed to reduce 
the heating load.  With the energy rate control 
simulation, a variable speed fan was used to allow the 
system to deliver the exact amount of thermal energy 
required to meet the building temperature set point.   

The control strategy used to operate the room heat 
exchanger loop requires that the temperature of the 
water delivered to the heat exchanger be higher than 
30°C in order to insure that comfortable heat transfer 
occurs.  In addition, the building must require thermal 
energy in order for the system to run.  The collector 
side control strategy provides flow through the 
collector during any time that the tank temperature can 
be increased. 

At this time, the system is only used to reduce the 
heating load and does not have a control strategy to 

reduce the domestic hot water load.  Thus, only the 
heating dominated location of Chicago is simulated. 

Chicago Results 

Three different collector sizes were simulated for the 
Chicago location; 8.8, 22 and 44 m2.  The collectors 
were assumed to be rack mounted at a 60° collector 
angle in order to increase the useful energy gain in the 
winter months.  Figure 8 shows the results of the solar 
thermal simulations. 
 

 
 

Figure 8:  Solar thermal and PV results for the 

Chicago location.  The fuel inflation rate for this 

simulation was 5%. 
 

The solar thermal system in this case did not out-
perform the PV system on a life-cycle cost basis.  It 
should be noted that the PV system can operate year 
round, which gives it an advantage.  However, even if 
the thermal system were used to heat domestic hot 
water during the summer months it still would not be as 
cost effective as the PV system. 

Other results from this simulation were the fraction of 
the heating load met by the thermal system and 
collector efficiency, shown in Figures 9 and 10, 
respectively. 
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Figure 9:  Fraction of the heating load met by the 

solar thermal system for each month. 
 

 
 

Figure 10:  Collector efficiency for each month. 
 

The fraction of the load met and efficiency results are 
intuitive.  As the building load decreases in the spring 
months, the available solar radiation is also increasing 
allowing for the thermal system to maintain a hotter 
tank temperature and meet more of the building load.  
However, as the tank temperature increases in the 
spring months, the collector efficiency decreases due to 
increased thermal losses.  In the summer months, the 
system is not used and the fraction of load met and 
collector efficiency are reported as zero. 

CONCLUSION 

Currently, this research has not found a clear 
economically viable way (with current natural gas 
prices) to use a heat pump in cold climate situations.  
Photovoltaics have proven to be the most cost effective 
decision when using solar energy with an air-source 
heat pump.  But even with the addition of PV, the 
system is still more expensive on a life cycle costs basis 
than the conventional natural gas furnace and air 
conditioner system. 

When a geothermal heat pump system is implemented, 
source energy savings occur, but at a higher life cycle 
cost.  Natural gas prices above 1.50 $/therm create a 
situation where the geothermal system becomes 
economically competitive with the conventional 
system.  A downfall to the geothermal system is that it 
requires large amounts of space for the bore field, and 
may not be realistic option in city residences. 

However, for warm climates, this research has found 
that heat pumps alone offer cost savings and source 
energy savings compared to the conventional system.  
When PV is added, the energy savings increase greatly 
while the life cycle cost increases by a smaller amount. 
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ABSTRACT 

A design tool to evaluate the heat and mass transfer 

effectiveness and pressure drop of a membrane-based 

enthalpy exchanger was developed and then used to 

optimize the configuration of an enthalpy exchanger 

for minimum pressure drop and maximum heat 

recovery effectiveness. Simulation was used in a 

parametric study to investigate the energy saving 

potential of the enthalpy recovery system. The case 

without energy recovery and air side economizer was 

used as a baseline. Two comparison cases for the 

implementation of enthalpy recovery with and without 

air side economizer were simulated in EnergyPlus. A 

case using a desiccant wheel for energy recovery was 

also investigated for comparison purposes. The 

simulation results show significant energy saving 

benefits from applying a low pressure drop, high 

effectiveness enthalpy exchanger in two US cities 

representing a range of humid climates. The sensitivity 

of the energy savings potential to pressure drop and 

heat and mass transfer effectivenesses is also presented.  

INTRODUCTION 

Enthalpy exchangers transfer sensible and latent heat 

between exhaust air and outdoor ventilation air to 

reduce heating and cooling loads due to mechanical 

ventilation in HVAC systems. Enthalpy recovery has 

significant benefits for building types requiring high 

ventilation rates to dilute indoor air pollutants, and/or 

those climates where outdoor air ventilation loads 

accounts for a large fraction of total cooling loads. 

Membrane-based enthalpy recovery employs a 

permeable membrane to enable both heat and mass 

transfer between exhaust air and outdoor air. Using a 

large surface area, with low air flow rate results in a 

high effectiveness and a small increase in fan power.  

There have been a few recent studies to  investigate the 

performance of membrane-based enthalpy recovery. 

Zhang and Jiang (1999) conducted experiments and 

numerical analysis to investigate the performance of 

membrane-based enthalpy recovery. Min and Su (2010) 

developed a mathematical model to predict the thermal 

and hydraulic performance of a membrane-based 

energy recovery ventilator, and investigated the 

relationship between enthalpy effectiveness and 

channel height and pressure drop. Min and Su (2011) 

investigated the effects of air temperature and humidity 

on the performance of a membrane-based energy 

recovery ventilator operating in both hot and cold 

conditions. Nasif, et al. (2010) assessed the thermal 

performance of a membrane-based enthalpy exchanger. 

Temperature and humidity ratio measurements were 

carried out to determine the sensible and latent 

effectivenesses. The performance of an HVAC system 

coupled to the membrane-based enthalpy exchanger 

was simulated and the results showed  savings of up to 

8% in annual energy consumption in a humid climate.  

The purposes of the work reported here were 1) to 

develop a tool for parametric evaluation of various 

configurations of enthalpy exchanger, and 2) to 

evaluate the energy saving potential of high 

performance  enthalpy recovery characterized by low 

pressure drop and high effectiveness when used with a 

conventional variable-air-volume (VAV) HVAC 

system.  

TOOL FOR HEAT AND MASS TRANSFER 

ACROSS A WATER-PERMEABLE 

MEMBRANE 

A spreadsheet-based tool for calculating pressure drop 

and  effectiveness for membrane-based enthalpy 

recovery was developed to conduct parametric studies 

of various enthalpy recovery configurations. The tool 

was designed to identify high performance 

configurations, characterized by high heat and mass 

transfer effectivenesses and low pressure drop.  

The tool is capable of calculating effectiveness and 

pressure drop for both cross-flow and counter flow 

geometries, each with a defined number of parallel 

membrane layers. The tool inputs define the exchanger 

geometry, the properties of the membrane and the 
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thermal properties of air. Both flat and pleated 

configurations can be studied using the tool; it was 

found that flat plate configuration yielded a more 

favorable trade-off between effectiveness and pressure 

drop. 

The tool uses empirical correlations for heat and mass 

transfer coefficients and pressure drop relationships 

listed in ASHRAE (2009), together with the standard  

effectiveness-NTU relationships for the counterflow 

and cross-flow exchanger configurations.  The 

schematic diagram of the membrane-based enthalpy 

recovery is shown in Figure 1. It is assumed that air 

flow is uniformly distributed inside each channel.     
              

 

Figure 1 Schematic diagram of membrane-based 

enthalpy recovery exchanger (OA-outdoor air, ER-

enthalpy recovery) 

The calculation of effectiveness assumes equal mass 

flow rates and equal capacity rates on each side of the 

exchanger. 

The heat exchanger effectiveness for cross flow with 

equal capaity rates and both streams unmixed is: 
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The heat exchanger effectiveness for counter flow with 

equal capaity rates is: 
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The mass exchange effectiveness is analagous the heat 

exchange effectiveness. The mass exchange 

effectiveness for cross-flow with equal mass flow rates 

and both streams unmixed is:                       
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and for counter flow is: 
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where NTUh and NTUm are the Number of Transfer 

Units, defined by Eq. 5 and Eq. 6, for heat and mass 

transfer respectively.  C, defined by Eq. 7, is the 

capacity rate of either air stream, m is the air mass flow 

rate (kg/s) and cp (J/(kgK)) is the specific heat.  

CAUNTU hh /
                     (5) 

mAUNTU mm /
                     (6) 

 pmcC 
                            (7) 

The total heat transfer coefficient Uh (W/m
2
K) is: 

emsh hhU

111






                        (8) 

where  hs (W/m
2
K) and he (W/m

2
K)  are the convective 

heat transfer coefficients for outdoor air stream and 

relief air stream, respectively, δ (m) is the thickness of 

the membrane and λm (W/mK) is its thermal 

conductivity.  

The total mass transfer coefficient is: 

e

m

sm k
r

kU

111


                           (9) 

where  ks (m/s) and ke (m/s) are the convective mass 

transfer coefficients for the outdoor air stream and the 

relief air stream, rm (s/m) is the the mass transfer 

resistance of the membrane.    

The convective heat transfer coefficient h (W/m
2
K) and 

convective mass transfer coefficient k (m/s) can be 

expressed in terms of the Nusselt number and the 

Sherwood number (analogous to the Nusselt number) 

respectively. The Nusselt number is: 

/hhDNu 
                          (11) 

and the Sherwood number is: 

vh DkDSh /
                        (12) 

where Dh (m) is the hydraulic diameter and Dv (m
2
/s) is 

the diffusivity of water vapor. 

The results were examined over a broad range of flow 

regimes.  However, the design strategy adopted for the 

membrane-based enthalpy recovery exchanger was to 

maintain operating conditions within the laminar flow 

regime in order to minimize the ratio of the pressure 

drop to the heat and mass transfer. In regular-shaped 

channels, laminar flow occurs when the Reynolds 

number, Re, is less than 2300, transitional flow occurs 

when Re is in the range 2300 - 4000 and turbulent flow 

occurs when Re > 4000.  The relationships (Eqs. 13 

Outdoor Air 

 

OA After ER 

 

Relief Air After ER 

 

Relief Air  
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and 14) used to calculate the Nusselt and Sherwood 

numbers apply to partially developed laminar flow and 

are taken from ASHRAE (2009).  

3/2Pr]Re)/[(04.01

PrRe)/(065.0
66.3

LD

LD
Nu

h

h


      (13) 

3/2]Re)/[(04.01

Re)/(065.0
66.3
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      (14) 

where L is the length of the flow channel. For flat plate 

configurations, the reasons for using the relationships 

for partially developed laminar flow are as following. 

1) The flow pattern within the entrance length of the 

channel is not fully developed. 2) The relationships in 

ASHRAE (2009) to calculate the Nusselt and 

Sherwood numbers for developed laminar flow are 

valid for uniform surface temperature or uniform heat 

flux; however, these uniform boundary conditions do 

not apply in the designs considered here. 

EVALUATION OF CONFIGURATIONS   

To identify the optimum heat exchanger configuration, 

parametric studies for flat plate membranes and pleated 

membranes was completed for various featured 

parameters including aspect ratio, energy recovery area 

per module, number of layers, number of pleats (for 

pleated configurations) or gap dimension (for flat plate 

configurations, the separation distance between 

uniform membrane layers). A counterflow 

configuration was assumed in all cases.  Unless stated 

otherwise, the value of the water vapor permeance of 

he membrane used in the study was fixed.  

As shown in Figure 2, when the number of layers is 

increased, the effectiveness increases and pressure drop 

decreases for flat configuration. This is also true for 

pleated configuration.  

SAVINGS ASSESSMENT 

METHODOLOGY 

Buildings in two climates in the United States were 

simulated to investigate the benefits of the technology 

under consideration. Miami, FL (DOE climate zone: 

1A) has a tropical monsoon climate with hot and humid 

summers and short, warm winters.  Atlanta, GA (DOE 

climate zone: 3A) has a humid subtropical climate with 

hot humid summers and mild winters.  Enthalpy 

recovery was implemented in the EnergyPlus model 

(EnergyPlus, 2012a, 2012b) for the DOE Benchmark 

Mid-size Commercial Office Building (Commercial 

Reference Buildings, 2011).  This model is widely used 

to assess and compare the impact of various energy 

efficiency measures and systems. The building, 

illustrated in Figure 3, has three stories, 15 thermal 

zones and a floor area of 4,982 m
2
. 

The HVAC system is a packaged VAV system with 

direct expansion (DX) cooling coils, gas-fired heating 

coils, supply fans and VAV terminal units with electric 

reheat. Configurations with and without economizers 

were simulated. Three different sizes of enthalpy 

exchanger were implemented. Their effectivenesses are 

shown in Table 1 and “L”, “M” and “H” denote  low 

effectiveness, medium effectiveness, and high 

effectiveness, respectively.    

       

Figure 2 The effects of number of layers on the 

effectiveness and pressure drop for the flat 

configuration with aspect ratio =1, normalized energy 

recovery area per layer=1.2 m2/ (L/s air), gap 

dimension=3mm 

 

 

Figure 3 Geometry of the DOE benchmark mid-size 

commercial office building 
 

Table 1 Enthalpy recovery effectiveness 

75% 

Airflow

100% 

Airflow

75% 

Airflow

100% 

Airflow

75% 

Airflow

100% 

Airflow

Sensible 0.75 0.72 0.85 0.81 0.95 0.91

Latent 0.6 0.56 0.8 0.75 0.92 0.89

L M H
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EVALUATION OF ENERGY SAVING 

POTENTIAL FOR CONVENTIONAL VAV 

SYSTEMS 

Six different cases were investigated for conventional 

VAV system.  

Case 1: Baseline: no enthalpy recovery, no economizer 

A fixed minimum outdoor air flow rate is provided 

during occupied periods to maintain acceptable indoor 

air quality. 

Case 2: Air side economizer, no enthalpy recovery 

The system includes an outdoor air economizer, which 

can modulate the outside air fraction damper to provide 

free cooling when the outdoor air conditions are 

favorable.  

Case 3: Enthalpy recovery, no economizer 

The optimized recovery technology pre-conditions a 

fraction of the outside air when the return air enthalpy 

is more favorable whenever HVAC system is 

operating.  

Case 4: Enthalpy recovery and air-side economizer 

The enthalpy recovery ventilator is fully bypassed 

when the air-side economizer is in free cooling mode 

and when the outdoor air condition is more favorable 

than that of the return air, even when the outside air 

flow rate is at its minimum value. When not in free 

cooling mode, a variable fraction of the outdoor air 

stream by-passes the enthalpy exchanger in order to 

meet the set-point of the supply air outlet temperature. 

In the EnergyPlus model, the Energy Management 

System facility is used to integrate the control of the 

enthalpy exchange bypass with the control of the 

economizer.  

Case 5: Desiccant wheel enthalpy recovery, no 

economizer     

Case 5 is similar to Case 3 except that a desiccant 

wheel is used in place of a membrane-based enthalpy 

exchanger, resulting in a substantially higher pressure 

drop (~251Pa).  

Case 6: Desiccant wheel enthalpy recovery and air-side 

economizer     

Case 6 is similar to Case 4 except that a desiccant 

wheel is used in place of a membrane-based enthalpy 

exchanger, resulting in a substantially higher pressure 

drop (~251Pa).  

A diagram of the conventional VAV system with the 

enthalpy recovery ventilation is shown in Figure 4. The 

enthalpy exchanger is connected to the air side 

economizer to pre-condition the outdoor supply air at 

times when the difference between the return air 

enthalpy and the required supply air enthalpy is less 

than the difference between outside air enthalpy and the 

required supply air enthalpy.  

 

 

Figure 4 System diagram for conventional VAV  system 

integrated with energy recovery (optimized  system, 

OA-outdoor air, EA-return air, ER-enthalpy recovery, 

HC-heating coil, CC-cooling coil) 

Table 2 summarizes the energy savings predicted for 

Cases 2-4, relative to the baseline, in terms of HVAC 

energy use (energy consumption for domestic hot water 

is not included). The HVAC system includes DX 

cooling, a direct-fired gas heating coil and electric 

reheat.  In Miami climate, the enthalpy exchanger 

combined with an outdoor air economizer provides 

significant savings (11-17%, depending on the 

effectiveness) while the savings due to the 

implementation of the economizer are very small (1%).   

In the Atlanta climate, Case 4 (coupled system) 

provides the greatest energy savings (17%); the energy 

savings due to the implementation of the economizer is 

about 6% as there are more hours of airside economizer 

use in Atlanta than in Miami; while Case 3 (with 

enthalpy recovery and without economizer) provides 

lower energy savings as an energy penalty is introduced 

when enthalpy is exchanged between the outside air 

and the return air when the outdoor conditions are 

favorable for free cooling. As expected, the energy 

savings potential increases when the effectiveness of 

the exchanger is increased. However, whether to select 

the exchanger with the highest effectiveness needs to 

be judged on a case-by-case basis, based on a 

cost/benefit analysis.  
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Table 2 Annual HVAC energy savings for various HVAC system options – absolute savings per unit floor area and 

percentage of the Case 1 baseline. L,M and H refer to high, medium and low enthalpy recovery effectiveness, as 

defined in Table 1. Econ = economizer, Recov = enthalpy recovery. 

 

Energy savings potential for desiccant wheels assessed 

using EnergyPlus simulations are listed in Table 3. A 

commercial product was selected based on the required 

outdoor air flow rate and conventional sizing practice. 

The latent and sensible effectivenesses and pressure 

drop for use in the EnergyPlus model were obtained 

from the manufacturer’s catalog listed in Table 4. The 

savings due to the desiccant wheels are significantly 

less than for membrane-based enthalpy recovery due to 

the higher pressure drop.  

Figures 5 and 6 show the process lines for the base case 

and the case with medium effectiveness enthalpy 

recovery plotted on the psychrometric chart for the 

design condition in Miami climate.  To avoid the 

overlapping of labels for each point, the temperature 

rise across the supply fan (~0.5K) is not shown.  (Note 

that the design condition is such that an economizer, if 

one were installed, would be in minimum outside mode 
and so the process lines are independent of whether an 

economizer is present.) Figure 5 shows the case 
without heat recovery. The required amount of outdoor 

air (OA) for ventilation is mixed with return air (RA). 

Then the mixed air (MA) is cooled and dehumidified to 

the supply air condition (SA); the required reduction in 

the specific enthalpy of the supply air is 24.9kJ/kg.  

Figure 6 shows the process with enthalpy recovery; the 

outdoor air is pre-cooled by the enthalpy exchanger, 

and the required reduction in the specific enthalpy of 

the supply air is 7.9kJ/kg less than in the base case.  

 

Table 3 Energy savings for desiccant wheel systems 

 CASE 5 CASE 6 

 Desiccant 

wheel only 

Desiccant 

wheel + 

economizer 

Miami (kJ/m2) 168.7 165.5 

Miami (%) 12% 13% 

Atlanta (kJ/m
2
)  143.7 124.1 

Atlanta (%) -1% 13% 

 

Table 4 Performance data for desiccant wheel 

  

Sensible 

Effective-

ness 

Latent 

Effective-

ness 

Pres-

sure 

drop 

(Pa) 

100% Airflow 

Heating Condition  
80% 72% 

251 

75% Airflow 

Heating Condition  
83% 77% 

100% Airflow 

Cooling Condition  
80% 72% 

75% Airflow 

Cooling Condition  
83% 77% 

 CASE 2 CASE 3L CASE 3M CASE 3H CASE 4L CASE 4M CASE 4H 

Description 
Econ 

only 

Recov 

only 

Recov  

only 

Recov 

only 

Recov + 

Econ 

Recov + 

Econ 

Recov + 

Econ 

Miami (kJ/m2) 189.1 172.8 166.5 162.4 170.0 163.7 158.7 

Miami (%) 1% 10% 13% 15% 11% 14% 17% 

Atlanta (kJ/m
2
)  142.8 140.2 139.2 139.1 121.5 119.5 118.0 

Atlanta (%) 6% 2% 3% 3% 15% 16% 17% 
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Figure 5 Process without energy recovery and economizer (OA-outdoor air, MA-mixed air, RA- return air, RO-

room air, SA- supply air)  

 

Figure 6  Process with optimized system coupled with air-side economizer (OA-outdoor air, AfterER-outlet of 

enthalpy exchanger, MA-mixed air, RA- return air, RO-room air, SA- supply air) 
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To illustrate the performance of the enthalpy 

exchanger, time series plots of key variables are 

presented for the summer design day for Miami 

climate.  Figures 7 and 8 show hourly temperature and 

humidity ratio profiles for the outdoor air, the 

processed outdoor air after enthalpy recovery and the 

relief air. It can be seen that sensible heat and water 

vapor are transferred from the outdoor air to the relief 

air when building is occupied and outdoor air 

conditions are not suitable for economizer operation.  

The hourly fan energy consumption profiles for 

systems with and without enthalpy recovery are 

presented and compared in Figure 9. A slight fan 

energy penalty can be identified when the membrane-

based enthalpy recovery is on. The benefits of energy 

consumptions for HVAC end use can be observed from 

Figures 10.  The hourly values of the COP ratio, 

defined as the ratio of COP for system with enthalpy 

recovery to COP for system without enthalpy recovery, 

are presented in Figure 11.  The COP can be increased 

by as much as 26% through the use of the optimized 

enthalpy recovery  technology.  

Figure 7 Temperature profile for the summer       

design day (7/12) 

Figure 8 Humidity ratio profile for the summer          

design day (7/12) 

 

Figure 9 Fan energy consumption profiles for the 

summer design day (7/12) 

Figure 10 HVAC source energy consumption profile 

for the summer design day (7/12) 

Figure 11 COP ratios for the summer                   

design day (7/12) 
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CONCLUSION 

A simple design tool was set up to assess the 

performance of membrane based heat recovery for 

various configurations. The case of enthalpy recovery 

combined with an air side economizer provides the 

greatest energy benefit of the various test cases - 17%  

reduction in annual HVAC energy consumption in  a 

conventional commercial office building in Miami and 

Atlanta. The technology raises the system COP by up 

to 26% over the course of a typical summer design day 

for  Miami climate.   
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ABSTRACT 
Thermally stratified atria and similar spaces present 
challenges for building thermal-comfort and energy 
modeling. This work tests a zonal modeling method for 
dynamic thermal and energy simulation of a heavily 
glazed and thermally stratified atrium cooled by 
displacement ventilation. The goal of the study was to 
explore the extent to which this method offers any 
improvement over simpler methods with respect to 
assessing thermal comfort and energy consumption.   
This paper describes a thermal and bulk-airflow zonal 
modeling strategy that appears to capture the some of 
the principal effects of thermal plumes generated when 
glazed façades and other interior surfaces are heated by 
solar radiation. This approach may be applicable to a 
relatively broad range of projects with similar characte-
ristics. A CFD tool running the same model of the 
space, but without the zonal subdivisions, was used to 
tune the dynamic thermal/bulk-airflow model and to 
assess the degree to which the latter provides consis-
tently appropriate results with variation in solar gain.  
The zonal approach appears to have some advantage 
with respect to predicting thermal comfort as a 
function of heat removed from the interior of glazed 
façades; however, a comparison with a simpler method 
that does not use bulk-airflow modeling suggests that 
this simpler method may provide much of the same 
benefit with respect to assessing energy consumption. 

INTRODUCTION 
Heavily glazed atria and similar spaces are increasingly 
common features of modern architecture. In cases for 
which only a fraction of the atrium is occupied, 
conditioning the entire volume of such spaces as a 
well-mixed zone can be an energy intensive approach 
to maintaining thermal comfort. This is a potentially 
significant consideration with respect to space cooling, 
particularly when only a small fraction of volume at 
the bottom of the space is occupied, as conditioning the 
remaining volume above may require a relatively large 
input of cooling and/or fan energy while providing 
limited benefit with respect to thermal comfort. 

There is ample evidence, including results from this 
study, to suggest that displacement ventilation systems 
designed to allow thermal stratification and focus 
cooling in the occupied zone at the base of such spaces 
have potential for significant energy savings. For many 
projects, however, adopting this strategy for space 
conditioning will hinge upon the ability to reasonably 
predict relative energy savings while maintaining a 
desired level of thermal comfort. 
Computational fluid dynamics (CFD) offers suitably 
accurate modeling of such spaces, particularly with 
respect to thermal comfort, but for practical reasons is 
limited to modeling a set of conditions representing a 
particular moment in time. Dynamic simulation, on the 
other hand, is limited to fully mixed zones with the 
option of using bulk-airflow modeling to represent 
pressure-driven inter-zonal air movement through 
defined openings, and cannot actually model localized 
thermal plumes and similar air movement in thermally 
non-homogeneous spaces.  
With this study, therefore, we sought to explore the 
feasibility, consistency, and practicality of one possible 
approach or methodology for modeling a thermally 
stratified atrium conditioned by displacement ventila-
tion. The aim of this study was not to drill deep into the 
accuracy of this approach, as it can only approximate 
the dynamic effects of thermal plumes over time, but to 
assess the general potential and possible usefulness of 
the approach as a tool to be used in practice. 

MODELING METHODS 
Hypothesis and Tools to Test It 
The central hypothesis to be tested was that using an 
expanded set of distinct zones or subdivisions to model 
large, contiguous, thermally stratified spaces might 
yield more accurate energy simulation results, and 
therefore provide a potentially more useful analytical 
tool for design. Because they tend toward thermal 
stratification, energy savings may be most significant 
for tall, heavily gazed spaces located in hot climates 
and having excessive solar gain. Thus we examined 
and compared modeling methods for a tall, mostly 
glass atrium or “winter garden” in a hot climate. 
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Fundamental to testing this hypothesis is the ability to 
model airflow between zones not separated by physical 
partitions. Some high-fidelity simulation programs 
include or can be coupled with bulk airflow models 
with this capability. The IES Virtual Environment 
thermal simulation program includes a bulk airflow 
modeling module called MacroFlo that can be used to 
model airflow through building openings, either 
internal or external. These are most typically openings 
in vertical surfaces with sizes small relative to the 
surface on which they reside—i.e., windows, doors, 
etc., but can also be vertical or horizontal interfaces 
between volumes without physical partitions.  
The MacroFlo module calculates pressure associated 
with wind, mechanical system airflow, or temperature 
differences to determine airflow between two volumes 
where a pressure difference exists. Buoyancy effects 
are thus accounted for in the pressure force determina-
tion. This is broadly similar to other bulk-airflow 
modeling tools, such as CONTAM (Walton, 1997) and 
COMIS (Pelletret and Keilholz 1997), which are 
employed in related studies of zonal modeling (Axley 
2001, Mora et al. 2003, Wurtz et al. 1999). Because it 
runs in conjunction with detailed models of building 
envelope and HVAC systems—interacting with these 
at each simulation time step—MacroFlo was particu-
larly well suited to this study.  
The IES Virtual Environment simulation program also 
includes a basic CFD module called MicroFlo that was 
used for the tuning and validation of the thermal, bulk-
airflow, and HVAC energy model. Because this CFD 
tool can use geometry, surface temperatures, and other 
data from a selected simulation timestep in the 
dynamic thermal, airflow, and energy simulation, it 
facilitates an iterative “ping-pong” process, using CFD 
to repeatedly inform and test validity for iterative 
experimental simulation runs. 
Acknowledging that, in practice, energy modelers may 
not have access to a CFD tool or sufficient project 
resources for iterative tuning and validation of zonal 
bulk-airflow models, this study seeks to advance an 
understanding of how zonal modeling methods 
compare to simpler methods that may have broader 
practical applications. 

Methods for Modeling Thermal Stratification  
There are at least three common methods for modeling 
thermally stratified spaces:  
1) A model with two air nodes—one for the occupied 

zone and one for the stratified zone—or an equiva-
lent pair of stacked zones wherein airflow from the 
HVAC system can be supplied to the occupied 
zone and extracted from the stratified zone. In this 
method the two zones are each fully mixed and the 

volume of air forced to flow between the two is 
determined by the HVAC supply flow rate.   

2) Bulk-airflow network models that expand upon the 
first method to include infiltration, exfiltration, 
operable windows or vents, air movement between 
rooms, and/or air movement between the occupied 
and stratified zones. 

3) Zonal models that further subdivide the thermally 
stratified space to determine some aspects of air 
movement in keeping with pressure differentials. 

4) Computational fluid dynamics (CFD). 
The first three of these provide no means of actually 
modeling thermal plumes and other local airflow 
effects; however, the third (zonal) method is an attempt 
to partly overcome this limitation.  
The first two of these methods treat each space as an 
instantaneously and fully mixed volume. Mora et al. 
(2003) state that the “assumption that the building can 
be defined as a set of well-mixed volumes or zones of 
homogeneous composition…can be acceptable for 
small rooms or zones, [but] becomes unacceptable 
when modeling large indoor spaces such as atria and 
auditoria, regarding modeling of phenomena based on 
local airflows…” 
Without some form of zonal subdivision or CFD model 
to get beyond the assumption of such spaces as 
thermally homogenous, a building simulation will fail 
to represent thermal stratification. The first of the 
methods listed here approximates thermal stratification 
via the simple subdivision of the space into occupied 
and stratified zones or volumes. This is a really the 
most basic form of zonal model. For this paper, 
however, these will be referred to as “two-node” 
models and the term “zonal” will be reserved for 
models that further subdivide the thermal zones to 
include multiple airflow paths through a single space.  
The second method introduces a bulk airflow network. 
So long as air is supplied by a mechanical system, the 
addition of the airflow network affords an advantage 
only when there are multiple possible paths that the air 
might take, including between occupied and stratified 
zones, between these and adjacent zones, through 
operable windows or vents, and/or as infiltration and 
exfiltration through the building façade. When there is 
only one possible path, the mechanical system will 
simply force the flow of air from occupied to stratified 
zones, as in the first method (without a bulk-airflow 
network). While bulk airflow tools such as MacroFlo 
include algorithms to represent turbulent bi-directional 
flow associated with a sharp-edged orifice or relatively 
small punched opening between two large volumes 
(such as an operable window), it would be inappro-
priate to apply this to the virtual subdivision of a space 
that is not actually partitioned. 
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The limitations of bulk-airflow models with respect to 
large openings between zones can be further unders-
tood by considering a fully enclosed space divided into 
upper and lower volumes with warm air beneath the 
virtual boundary and cool air above it, and assuming 
no forced supply or extract to or from either volume. 
This condition is inherently unstable, resulting in 
buoyancy driven fluid motion—the Rayleigh instabili-
ty—which cannot be directly modeled by bulk airflow 
networks. The model underlying bulk airflow networks 
predicts that no air will flow between the two volumes, 
as it assumes uniform pressure across the opening. In 
practice, however, warm air will rise through one side 
of the opening while cool air descends through the 
other. A zonal approach can account for some aspects 
of the Rayleigh instability based on the behavior of 
thermal plumes; however, the fidelity of this approach 
is quite limited with respect to the actual complexity 
and variability of local airflows in a large atrium. 
Computational fluid dynamics (CFD) methods are able 
to model these situations with considerable accuracy. 
The computational cost of CFD models with typical 
mesh densities, however, renders this tool infeasible 
and impractical for annual or even seasonal building 
energy simulation. This suggests a possible role for 
bulk airflow modeling to represent buoyancy driven 
airflows in atria. In this study, we have attempted to 
use these two methods in a complimentary manner. We 
use a zonal bulk airflow model to simulate vertically 
stratified spaces within an atrium and use CFD to test, 
validate, and tune the zonal model.  
Mora et al. (2003) describe a less computationally 
intensive “course-grid” approach to CFD modeling that 
may be both desirable and practical in some cases. This 
study, however, is focused on discerning the relative 
merits of methods that do not directly rely upon a CFD 
model for the simulation of building energy consump-
tion as required to maintain a desired level of thermal 
comfort over an extended period of time. 
The zonal method described in this study subdivides 
the space both vertically and in close proximity to 
glazed façades. This is an attempt to roughly approx-
imate the pool of cool air on the floor provided by true 
thermal displacement ventilation diffusers, the thermal 
plumes rising up the façade from that pool of cool air 
as a result of the hot inside surface of the glazing, and 
the tendency for the hottest air in the space to collect in 
another pool adjacent to the ceiling surface.  

Model Setup and Assumptions 
The model was kept relatively simple to facilitate 
understanding of fundamental characteristics. The 
atrium is a rectangular enclosure with glazed surfaces 
on three sides and roof (Figure 1). The model was 
oriented with the largest glazed façade facing south to 

be exposed to maximum solar gain variations during a 
summer day. The glazed façades are assumed to have 
10% frame area constructed of thermally broken 
aluminum mullions with wetted-to-projected frame 
area ratios of 3.0 outside and 5.0 inside. The double 
glazing represented in the model is PPG Azuria with 
SolarBan 60 low-e coating on the second surface and a 
clear inner pane (center-of-glass SC 0.32, SHGC 0.28, 
U-value 0.29; ASHRAE U-value with frame 0.34).  
The remaining opaque north wall was modeled as 
adjacent to a separately conditioned zone (brick 
textured in Figure 1) representing the building and 
adjacent spaces to which the atrium would be attached. 
This adjacent zone was separated by a continuous wall 
of typical interior construction and maintained between 
68 and 75 °F. This was an intentional simplification of 
the influence that fully conditioned adjacent spaces 
would have if there were openings to the atrium.  
The 20-ft deep, 40-ft wide, 40-ft tall atrium volume 
was then subdivided into the following zones: 
• 6-in Cooling air zone covering the entire floor area 

to represent the shallow pool of cool supply air 
provided by displacement ventilation diffusers  

• 7.5-ft Occupied zone above the cooling air pool 
• 28-ft Lower stratified zone 
• 4-ft Upper stratified zone against the ceiling 
• 6-in Façade zones to concentrate heating of room 

air by the glass surfaces on each orientation. 

Figure 1 Atrium model with zonal subdivisions to 
represent both vertical stratification and thermal 

plumes adjacent to the glazed façades. 
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The façade zones were subsequently subdivided at the 
same height as the top of the occupied zone (8 ft above 
the floor) to form upper and lower façade zones. These 
were defined as sitting on top of the cooling air zone 
and meeting the underside of the uppermost stratified 
zone. Bases of the lower façade zones were adjacent to 
the cooling air pool and the top of the upper façade 
zones were adjacent to the uppermost stratified zone.  
The purpose of the façade zones was to model 
localized heating of air adjacent to the facades and 
paths for that buoyant hot air to rise to the top of the 
atrium without significantly mixing with the main air 
volume. The façade zones were, over several modeling 
iterations, variously extended inward six to eighteen 
inches from the hot glazed surfaces to determine the 
zone depth that was best suited to mimicking results 
obtained with the CFD model.  
The occupied zone was assumed to be the location of 
the thermostat and the only region of interest with 
respect to thermal comfort. In the zonal model, 
however, cool air was supplied to the displacement 
ventilation cooling air zone at the floor level and hot 
air was extracted from the uppermost stratified zone. It 
was therefore left to MacroFlo to determine how much 
of the cooling air would be drawn up through each of 
the façade zones vs. up through the occupied zone. 
The study sought to discern whether or not there was 
any advantage to this relatively simple and intuitive 
approach to zoning the atrium as a potentially more 
accurate means of modeling the energy requirements 
for conditioning the space.  
For comparison purposes, the model was also run in 
two other configurations. For these configurations, the 
MacroFlo bulk airflow model was simply turned off, as 
it would have nothing to add to these cases:  
• One fully-mixed zone for the entire atrium. 
• Separate occupied and stratified full-plan zones 

(the 2-node or 2-zone method), with the occupied 
zone being the first 8 feet above the floor and the 
stratified zone filling the remaining 32 feet up to 
the glazed roof of the atrium.  

HVAC Systems 
Heating Ventilation and Air-Conditioning (HVAC) 
systems were set up, autosized for the Phoenix, AZ 
climate, and modeled in the IES Virtual Environment’s 
ApacheHVAC module. Figure 2 shows the thermal 
displacement ventilation system for the zonal model. 
The floor-level cooling supply air zone, occupied zone, 
and uppermost stratified zone are included on the 
HVAC network. Controllers are used to eliminate the 
flow between zones on the network (controlled to zero 
cfm) such that all inter-zonal flow during the 
simulation must be determined by MacroFlo.  

 
Figure 2. Thermal displacement ventilation system 
airside network as represented in ApacheHVAC.  

Cooling air was supplied into the cooling air zone or 
“pool” for the zonal configuration and supplied directly 
to the occupied zone for the two-node and fully mixed 
configurations. The cooling supply air temperature was 
62°F for the zonal and two-node configurations and 
55°F for the fully mixed configuration. Airflow was 
modulated as required in all cases to maintain the 75°F 
cooling setpoint in the occupied zone.  
The system initially prepared for the zonal model was 
reused for the other two configurations, with the only 
modifications being removal of  the cooling supply air 
zone and removal of that plus the stratified zone for the 
2-node and fully mixed configurations, respectively.  
Cooling airflow rates, fans, coils, and plant equipment 
were then autosized for each of the configurations to 
ensure that none of the systems were significantly 
undersized or oversized with respect to maintaining the 
cooling setpoint in the occupied zone.  
As noted previously, the occupied zone was assumed 
to be the only region of interest with respect to 
maintaining thermal comfort. Equivalent performance 
was achieved by tuning system controls to match both 
the peak design day temperature in the occupied zone 
(within 0.1°F) and the temperature profile as a function 
of system responsiveness for each of the systems. 

Model development and simulations 
Thermal displacement cooling airflow requirements 
were based upon maintaining a 75°F setpoint in the 
occupied zone with a 62°F supply air temperature 
(55°F SAT for the case of the fully mixed configura-
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tion). The thermal and energy simulation model also 
provided surface boundary conditions for the compli-
mentary CFD model. 
The CFD model of the atrium was configured using 
geometry and boundary conditions from the simulation 
model (the IES Virtual Environment allows for these 
conditions for a particular thermal simulation time step 
to be transferred, along with the geometry, directly 
from thermal simulation results to the CFD module). 
The very large supply air diffuser at the base of the 
opaque north wall and a similar outlet at the top of the 
north wall were added within the CFD model and 
assigned flow rates as calculated by the initial 3-zone 
thermal model. Since CFD provides a spatially dense, 
conservative computation of fluid properties, there 
were no “zones” in the CFD model. However, due to 
computational cost, each CFD run provided solutions 
for only a single set of conditions or point in time.  
When testing for agreement between the thermal/bulk-
airflow simulation and CFD model, we held cooling air 
temperature and flow rate constant and then extracted 
three sets of boundary conditions from the solar, 
thermal, bulk-airflow simulation for 10:00 AM, 1:00 
PM, and 4:00 PM. These conditions were then the 
basis for three separate CFD models using the same 
constant cooling air temperature and flow rate to test 
agreement of occupied zone temperatures at these 
times of day, and thus across a range of insolation 
levels and outdoor temperatures. 
Testing of 2-ft and 6-in depths for the cooling supply 
air zone adjacent to the floor in the zonal model 
indicated that the deeper zone resulted in excessive 
cooling airflow requirements. Airflow requirements in 
the zonal model with 6-in deep cooling supply air zone 
adjacent to the floor were aligned with the CFD model. 
We then added one full-height façade zone to each 
glazed orientation of the zonal model, testing agree-
ment with the CFD model for 6, 12, and 18-inch façade 
zone depths. As we were seeing further discrepancies 
between the airflow requirements in the zonal vs. CFD 
models for all three of these façade zone depths, we 
then went on to explore the effects of subdividing the 
façade zones into lower and upper zones adjacent to 
the occupied and stratified zones at the core of the 
space. This provided improved agreement with the 
CFD model in terms of the air temperature at the 
geometric center of the occupied zone for a given 
cooling air flow rate. 
Having achieved a reasonable level of agreement 
between the zonal and CFD models in terms of 
occupied zone temperatures for a given cooling airflow 
rate and temperature, we then went on to compare the 
results of the zonal model with simpler methods for 
thermal and energy modeling that did not include the 
use of the MacroFlo bulk-airflow network.  

Façade Zones Development, Testing, and Discussion  
As described earlier, the use of façade zones to capture 
boundary layer buoyant effects makes intuitive sense; 
however, there are several parameters that might affect 
the results of such a model. To characterize the 
parameters introduced in the zonal model, we tested 
several sets of boundary conditions for the CFD model, 
airflow rates, façade zone depths (dimension perpendi-
cular to the glazed façade), and both full-height and 
vertically split façade zones. 
Results from initial runs indicated significant depen-
dence on boundary conditions and sizing of airflow 
rates when attempting to determine the correct façade 
zone depth. Using inappropriate boundary conditions 
and cooling airflows could readily lead to incorrect 
determination of the façade zone depths. For example, 
if we used a fully-mixed model to obtain boundary 
conditions and cooling airflow rate for the CFD model, 
and then ran the zonal model using the same airflow 
rate, the results suggested that a 2-ft façade zone 
provided the best agreement with the CFD model and 
1-ft façade zone was on par with no façade zones.  

 
Figure 3. Occupied zone temperatures for three façade 

zone depths using boundary conditions and airflow 
from the zonal model prior to addition of façade zones.  

When we first added the facades zones to the model, 
all three façade zone depths tested showed much worse 
agreement with the CFD in terms of predicted occu-
pied zone temperature than for the case with no façade 
zones (Figure 3). While we anticipated that a substan-
tial portion of the airflow would be draw to and then up 
the façades via the façade zones, the significant 
increase in occupied zone temperatures for these cases 
was not expected. 
Air flows in the zonal model indicated that more 
cooling airflow was being diverted around the 
occupied zone than was predicted by the CFD model, 
resulting in higher occupied zones temperatures.  
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To see if this was consistent across changes in atrium 
geometry, we tested atria height. As shown in Figure 4, 
the relative affect of the façade zones was reversed for 
a 20-foot tall atrium vs. the 40-foot tall atrium. 

 
Figure 4. Initial CFD and zonal model occupied zone 

temperatures for a shorter, 20-ft tall atrium.  

Vertically Stratified Façade Zones 
We further refined the zonal model by vertically 
subdividing the façade zones to match the height of the 
adjacent occupied zone and stratified zones at the 
interior of the space. This approach provided better 
agreement with the CFD model (Figure 5), with the 
smaller 6-inch depth, vertically split façade zone 
yielding results closest to the CFD model.  
Splitting the façade zone vertically provided lower 
façade zone with reduced homogenous temperature, 
and this resulted in less pumping action at the façade 
and a larger portion of the cooling air flowing through 
the occupied zone. This partial shift in flow from 
façade zones to the occupied zone, thus lowering the 
occupied zone temperature for a given cooling airflow 
rate, provided the improved agreement with the CFD 
model. Examination of airflows in the zonal model 
revealed that the façade pumping action was now 
drawing cooling airflow from the “pool” of cooler air 
on the floor in a proportion of total flow that approx-
imated the thermal plumes in the CFD model. It is 
worth noting that the zonal model with vertically 
stratified façade zones was really not very different 
from either the zonal model without façade zones or 
the even simpler 2-node/2-zone model without any 
bulk-airflow network in terms of predicted occupied 
zone temperature at a given cooling airflow rate. 

 
Figure 5. CFD and zonal model occupied zone 

temperatures with a fixed airflow rate after vertically 
subdividing the façade zones.  

RESULTS ANALYSIS 
Thermal performance 

 
 
Figure 6. CFD model using boundary conditions from 

the final version of the zonal model.  

Results for the zonal model (Figure 7) had strong 
agreement with the CFD model (Figure 6) in terms of 
predicted occupied and stratified zone temperatures at 
a given cooling airflow rate. 
Airflow through the lower façade zones (Figure 8) 
indicate that stack-effect flows are responding to 
diurnal variations of interior glass surface temperature 
as a function of absorbed solar radiation. 

Occupied zone 

Airflow 
from DV 
diffuser on 
back wall 
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Figure 7. Temperatures for cooling supply air (node 4) 
the lowest zone as virtual pool of cooling supply air on 
the floor, the occupied zone, stratified zone above that, 
and finally the uppermost stratified zone at the ceiling.  

 
Figure 8. Interzonal flow for East, South, and West 

lower façade zones in the zonal model.  

Results for the much simpler 2-node/2-zone model 
(Figure 9) were very close to those of the more detailed 
zonal model (Figure 7): Temperature profiles are 
similar and peak occupied zone temperatures were in 
both cases just under 75 °F at cooling airflow rates that 
differed by just 1.3% —a difference that is well within 
the uncertainty of the relatively coarse zonal method. 

 
Figure 9. Temperatures for cooling supply air, 

occupied zone, and stratified zone in the simple two-
node or two-zone model without bulk-airflow network.  

The one clear difference between these models is 
radiant temperature as seen from the occupied zone, 
contributing to a lower dry resultant temperature in the 
zonal model (Figure 10) than in the 2-node model. 

 
Figure 10. Occupied zone dry resultant temperature 
for the zonal model (gray) and 2-node model (red).  

A comparison of return air temperatures (Figure 11) 
shows that that the zonal model is removing more heat 
from the façades (thus the lower radiant temperatures). 
Both models have a 62 °F supply air temperature and 
the occupied zone temperatures and associated supply 
air flow rate profiles are so closely matched as to 
almost completely hide behind one another on a graph.  
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Figure 11. Return air temperature for the zonal model 

(green) and 2-node model (purple). 

System Energy Results Comparison  

 
The added removal of heat from the facades contri-
butes to roughly 14% higher chiller energy for the 
month of July. While fan energy is 7.5% less for the 
zonal model, overall HVAC system energy for the 
month of July, including pumps and cooling towers, is 
7.7% higher in the zonal model than 2-node model. 

CONCLUSIONS 
This study set out to examine whether the use of 
vertically segmented zones plus special façade zones in 
a bulk airflow model for thermally stratified atria could 
provide greater fidelity in energy simulations.  
The zonal model, including both a 6-in deep floor-level 
zone to represent the TDV “pool” of cooling air and a 
6-in deep facade zone for each glazed orientation as an 
alternate path within the bulk-airflow network (split 
into upper and lower zones at the top of the occupied 
zone), appears to more closely match the CFD model 
with respect to removing heat from the interior façade 
surfaces while maintaining the occupied zone setpoint 
with very slightly less total airflow. The added removal 
of heat and associated requirement for additional 
cooling energy provide a more conservative and 
probably more realistic energy model as compared to 
the simpler 2-node/2-zone method. 
Study results suggest that, relative to the CFD model, 
the zonal modeling method tested appears to yield 
more accurate simulation results than were obtained 

with the simpler models in terms of cooling airflow 
requirements, cooling of façade surfaces, and predicted 
temperatures in the occupied zone. The improvements 
with respect to accuracy of cooling airflow and chiller 
requirements are modest but still significant relative to 
a far simpler 2-node/2-zone model. The zonal model 
does, however, appear to have greater need for tuning 
via iterative CFD and bulk-airflow simulation runs, as 
there are more possible airflow paths—the added 
façade zones in particular—and these can either 
improve or detract from the model. The simpler 
method may provide much of the same benefit with 
respect to energy modeling as compared to a fully 
mixed baseline model. In practice, therefore, a zonal 
model may be justified on the basis of improved 
energy simulation results only when the climate is 
fairly extreme and the atrium represents a significant 
portion of the overall building project.  
The zonal model, even without validation via CFD, 
may be also useful in providing enhanced representa-
tion and communication of the relative fluctuation of 
thermal plumes at each façade orientation as the levels 
of insolation on each change over the course of a day.  
While the zonal model can provide a reasonable 
simulation of design conditions being maintained 
throughout the year, modeling of thermal comfort in 
the context of displacement ventilation (DV), requires 
a CFD model with thermal mannequins to represent 
thermal plumes and local cooling effects associated 
with each occupant. Therefore, the comfort conditions 
maintained in the zonal model are only a proxy for 
what would be provided by the DV system.  
For practical energy modeling purposes, especially 
where the atrium is but a minor part of the building, 
simply dividing the atrium into fully mixed occupied 
and stratified zones (a 2-node or 2-zone model), with 
all HVAC cooling airflow supplied to the occupied 
zone and extracted from the stratified zone may be 
sufficient. Under relatively extreme conditions for a 
notably extreme design case, this far simpler method 
appears to overestimate benefits of DV for the atrium 
by only about 7% relative to that predicted by the CFD 
model. The tendency toward convergence of results for 
the simpler 2-node model with that of the zonal model 
when solar gain is reduced suggest that the simpler 
model would be on par with the zonal model in terms 
of matching the CFD results under less extreme 
conditions. The simpler method has the added advan-
tage of low computational overhead, as it does not 
require modeling inter-zonal air movement as a 
function of temperature or pressure. This will hold true 
so long as there are no operable exterior openings (i.e., 
no natural ventilation or mixed-mode operation) and no 
need for detailed infiltration modeling, either of which 
may call for the use of a bulk-airflow model.  

Month of 
July

Chillers energy 
(MWh)

Fans energy 
(MWh)

System energy 
(MWh)

Zonal model 2.71 0.86 5.60
2-node mode  2.37 0.93 5.20
Fully mixed 3.60 1.42 7.09
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ABSTRACT 

Multizone modeling for the simulation of airflow and 

contaminant transport in buildings is intermediate in 

resolution and complexity between the extremes 

represented by single-zone models and computational 

fluid dynamics. The model input time requirements for 

a multizone building model are likely less than that 

required for the construction of computational fluid 

dynamics model of a building subset, but are likely 

more than required for a single-zone building model. 

This paper describes techniques intended to reduce the 

time required to construct a multizone representation of 

a building and presents data demonstrating their 

effectiveness. The airflow network that models the 

movement of air is constructed semi-automatically from 

input geometrical information, simple mechanical 

systems descriptions, and high-level weather 

parameters. The time required for model construction 

with this streamlined input procedure is measured using 

an implementation of the streamlined procedures. 

Model creation time is found to be approximately one 

quarter of the time required to construct the same model 

using standard techniques. When calibrated, the 

resulting models are sufficiently representative of the 

buildings under study to be useful for analytical and 

design studies. 

INTRODUCTION 

The many techniques available for airflow simulation in 

the indoor environment may be distinguished in terms 

of the length scale that is resolved. At the largest scales, 

a building is represented in terms of a set of scalar 

properties. With this approach, also called a single-zone 

approach, it is assumed that variations in these 

properties throughout the building are negligible. At the 

smallest scales, the governing equations of fluid flow 

are solved by computational fluid dynamics (CFD) 

methods. CFD methods are available over a range of 

scales, and a properly executed solution will describe a 

solution domain in terms of vector-valued properties. 

Multizone airflow modeling, also called nodal airflow 

modeling, is an intermediate technique between the 

detailed, microscopic approach of computational fluid 

dynamics and the high-level, macroscopic approach of 

single-zone methods. In this approach, the building is 

divided into a set of regions of interest, called zones or 

nodes. Airflow between nodes is constrained to a set of 

connecting paths. These airflow paths may represent 

doorways, windows, leakage due to construction flaws, 

ducts, and other routes by which air may travel from 

zone to zone. This operation decomposes a building 

into an airflow network, as shown in Figure 1. 

 

                     

Figure 1 Schematic of a typical MZ model 

 

Some interzonal flows may be specified (e.g. the flow 

rate of a fan), but most flows will be determined by the 

pressure differences between two connected zones and 

the resistance to flow of the leakage paths. The most 

common representation of the airflow in a multizone 

model is the nonlinear power law 

 
,nPCQ   (1) 

Where Q is the flow rate, C is a constant, ∆P is the 

difference in pressure between the two zones connected 

by the path, and n is the flow exponent (typically less 

than 1, often 0.65). Each airflow path represented in 

this way may be thought of as a distinct resistance to 

flow. The resulting network is well suited to the 

element-based solution approach advocated by Axley 

and Grot (1989), in which the building model is made 

up of a set of nodes connected by airflow elements. The 

equations that are to be solved may be assembled in a 

process very similar to the finite element assembly 

process. The resulting resistance network is then solved 
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to determine the airflow between zones, typically using 

a Newton-type iterative procedure. This approach 

results in a (nonlinear) system of equations with the 

number of degrees of freedom on the order of the 

number of zones, which is far less than that required for 

CFD solutions (many millions) and more than that for 

single-zone solutions (typically no more than order 10).  

It should be noted that, for any non-trivial building, 

modeling choices will be required before a complete 

model can be constructed. In Figure 1, a network of 

seven zones represents the first level of a small 

building. The entry hallway and stairwell (labeled as 

number 5 in both drawings) and the connecting hallway 

(labeled as 3 in both drawings) have been represented 

as single nodes. Depending upon the nature of the 

partitions separating zone 1 and zone 3, these spaces 

might be represented as a single zone. Similarly, zone 5 

might be better represented as two zones: one for the 

hallway and one for the stairs. This sort of modeling 

choice arises frequently in multizone model 

development. 

It is difficult to describe a “typical” multizone model 

development process since there are many ways to 

arrive at the network shown in Figure 1. The processes 

used vary for many reasons, including the availability 

(or lack of availability) of information on the building 

to be studied. Sources for building information include 

drawings, equipment manuals, operators, and 

inspection. The collection of building information may 

be very time consuming, and little can be done to 

shorten this process if the information is not easily 

obtainable. The collected data usually needs to be 

reformatted for the modeling software, which may also 

be very time consuming and typically requires a degree 

of familiarity with the software. All of these factors 

contribute to the investment in time and money required 

to develop a proper model.  

This paper describes an effort to reduce the burden 

upon the modeler by both reducing the quantity of 

information required to develop a model and the 

difficulty in translating that information into suitable 

form for use by multizone modeling software. This 

reduction in complexity will reduce the time required 

for the creation of models and lower barriers to the use 

of multizone modeling in practice. The reduction in 

time is demonstrated with a software implementation of 

the streamlined methodology. 

SOFTWARE CONSIDERATIONS 

A number of air flow modeling packages utilize the 

multizone methodology. CONTAM (Walton and Dols 

2010) is developed and maintained by the National 

Institute of Standards and Technology (NIST). COMIS 

(Feustel and Rayner-Hooson 1990) was developed by 

an international group of experts and is still in active 

use. Recently, a Modelica package for multizone 

modeling was developed (Wetter 2006). The discussion 

here focuses on CONTAM because it is under active 

development, freely available, and widely used, but it is 

expected that the techniques described likely apply to 

other packages. 

 

 

Figure 2 The ContamW user interface 

 

CONTAM is comprised of a number of separate 

programs, most importantly, the ContamW interface 

and the ContamX solver. The ContamW interface may 

be described as a hybrid of a building floor plan and a 

building schematic, with a certain degree of planning 

required to obtain a model that both describes the 

building under study and facilitates post-processing of 

results. The process is menu- and dialog-driven using 

ContamW’s sketchpad, which allows for the 

construction of models in a schematic form with some 

integration of spatial positioning. The sketchpad is a 

rectangular grid of square cells that represent model 

elements and how they interact. Each cell in the 

sketchpad grid can usually hold one icon that describes 

some aspect of the model, for example, a leakage path, 

as shown in Figure 2 – each item shown in the display 

window is an icon of one type or another. Key elements 

of the sketchpad interface are: 

 The building is divided into a discrete set of 

vertical levels. 

 Each level is described in terms of a 2 

dimensional array of cells that may contain 

icons describing elements of a level, including: 

walls and partitions, air flow paths, 

contaminant sources and sinks, and HVAC 

equipment. 
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 Icons for many elements of a building model 

are placed individually. While there are 

placement rules, the user is mostly left to 

decide where icons should be placed. 

For experienced users, the sketchpad interface is an 

extremely powerful tool, but for new users it can be 

intimidating. The user draws each zone as a set of 

enclosed cells, and then adds paths between 

neighboring zones and any other required attributes. 

Typically, each attribute is added by adding or 

modifying an icon. 

MODEL CREATION 

As noted above, there are many ways to create an 

airflow network that models a building. Some of this 

variability may be attributed simply to modeler 

preferences, as ContamW allows the construction 

process to proceed in almost any order. In ContamW, 

this is done explicitly with icons representing the 

components. As shown in Figure 2, each zone is an 

enclosed space on the sketchpad, and each airflow path 

is shown as an icon (with different icons for leakage 

paths, supply points, return points, and other model 

elements). Once simulation results are available, the 

results may be displayed on the sketchpad. The typical 

modeling process involves 4 steps (not necessarily in 

this order): 

1. Information on the building is gathered from 

drawings and other sources (possibly including 

operational information from the responsible 

parties). This step may require a significant 

investment of time and energy. 

2. Walls or partitions that are deemed sufficiently 

important are drawn (this places wall icons) 

and zones are specified by placing zone icons 

within regions delineated by walls. 

3. Airflow paths are defined by placing path 

icons on surfaces separating zones.  

4. HVAC elements are input with icons 

representing the connections between air 

handling systems.  

Additional steps may be taken depending upon the type 

of analysis that is to be done. For example, additional 

icons representing CO2 sources would be placed for 

certain types of ventilation studies. The usual 

expectation with CONTAM (and many other simulation 

tools) is that the model will be constructed using a 

graphical user interface (GUI). That is, the user will sit 

in front of a computer and manually enter the necessary 

information to create a model. Any attempt to 

streamline the model development process must honor 

this mode of model creation, but it also must consider 

other modes and the possible impact that changes to the 

process may have. 

There are two additional modes of model creation to 

consider. First, it is often desirable to take a previously 

created model and generate a set of new models with 

one or more parameters varied. This “parametric mode” 

of model creation is useful in studies in which a large 

number of design parameters may need to be 

investigated. Second, there are situations in which it 

may be desirable to automatically generate a multizone 

model. When multiple analysis packages are to be used 

to study a building, it is natural to wish to drive model 

creation from a single data source. Each of these modes 

has distinct challenges and benefits, and there are many 

ways to include all three in an overall methodology. 

Care must be taken that support of one mode does not 

adversely affect other paths to the creation of multizone 

models. 

Graphical Model Creation 

CONTAM models are usually created with the 

ContamW graphical user interface. The schematic 

nature of the sketchpad interface can be confusing for 

first-time users, and it is easy for beginners to make 

mistakes that may not be easy to see. A typical issue is 

to forget to place all of the flow paths that were 

intended, resulting in a model that may not behave as 

expected. This same schematic input method also 

presents opportunities for streamlining. Since the model 

doesn’t require the detailed shapes of walls or spaces 

within the building, it is not necessary to gather that 

sort of information. Therefore, while it might be viewed 

as desirable to have three-dimensional model 

visualizations, it is highly unlikely that a three-

dimensional input tool would by itself represent a 

simplification of the process. Rather, any directly user-

driven creation process should focus on keeping the 

number of inputs down rather than adding different 

inputs (e.g. three-dimensional partition details). 

Significant reductions of model input time are possible 

by improving the efficiency of sketchpad input rather 

than looking for a complete replacement. 

Parametric Model Creation 

The parametric mode of model creation requires a fully 

realized model in an appropriate form for modification. 

One or more parameters of interest are selected and 

these parameters are varied, producing a set of models 

that cover a range of parameter values. This process has 

been used with CONTAM by DeGraw and Bahnfleth 

(2011) to compute security assessments of buildings in 

response to extreme indoor air quality events. In that 

case, new models are generated from the baseline 

model automatically. The typical parametric modeling 

process involves the creation of many more models 

than would likely be practical or feasible to examine 

manually, but it is not unusual to do spot checks or post 

processing of individual cases to gain insight into what 
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is happening as parameters are varied. A streamlined 

modeling process that supports parametric model 

creation should make many parameters as easy as 

possible to access, but should not preclude access to the 

models themselves. CONTAM is ideal for this purpose, 

as the input files are plain text and relatively easy to 

parse automatically to modify parameters. Thus, a 

simplified approach should make parametric modeling 

easier since model simplifications should result in 

easier variation of parameters. 

Automatic Model Creation 

Automatic creation of models is an area of increased 

interest, especially in the area of building information 

modeling (BIM). Typically, the source data for such a 

process is some other representation of a building, so 

the primary issue is one of translation. Basarkar and 

Swami (2006) describe a program to translate an 

Industry Foundation Classes (IFC) representation of a 

building into a CONTAM model. Dols et al. (2009) use 

a converter to obtain an initial version of a model from 

an IFC-formatted file. Difficulties arise if a detailed 

model is desired due to incompatibilities between the 

IFC representation of building elements and the 

requirements of a detailed multizone airflow model. A 

less detailed approach would be beneficial to any effort 

to produce a model automatically, as it is less likely to 

depend upon the spatial arrangement of components or 

the details of a particular data source. This is an area of 

ongoing research, particularly with respect to the formal 

process by which BIM-type data is made available for 

translation or conversion into modeling software inputs.  

STREAMLINING INPUT 

To reduce the time required to create multizone models, 

it is important to understand the data that is required to 

construct a model. The typical process for the creation 

of multizone models tends to treat most building-related 

inputs as being specific to the current building. 

Building-specific information describes some aspect 

particular to the present building under study. These 

data are low-level and detail-oriented in nature. 

Examples include level heights and placement of 

intakes and exhausts. Many other characteristics may be 

expressed either in generic terms or as high-level 

descriptions that are not specific to the building under 

study. Examples include the building type (e.g. 

commercial), the building use (e.g. education), the 

thermal zoning strategy (e.g. perimeter-core), and site-

related information (e.g. surrounded by other 

buildings). Not all of these characteristics are directly 

useful for multizone modeling. A particularly important 

example of site-related information that is useful for 

multizone modeling is weather data. The wind 

pressures that act on a building play a very important 

role in air movement inside the building, but weather 

data is best associated with geographic location and the 

broad building type, not with details of the particular 

building. Of these two types of building information, 

the non-building-specific data is generally easier to 

obtain, and sometimes can be determined by simply 

looking at a building (e.g. building type).  

A multizone model is representative of a specific 

building, so it is not unreasonable to view models as 

collections of building-specific information. Excluding 

all high-level information from the modeling process 

does not address the issue of making sure that high-

level information is properly represented in the model. 

Manual verification of the properties of hundreds of 

model components is no small undertaking, so expert 

users tend to arrange tasks in ways that build the 

verification into the process. One technique specific to 

ContamW is to cut-and-paste icons of leakage paths so 

that all the paths that should be the same are the same. 

Beginning users or infrequent users of the software may 

lack the sophistication necessary to plan too far ahead, 

and thus may face hours of additional work that could 

have been avoided. Many of the common mistakes that 

less experienced users make can be prevented by 

building more expertise into the interface and 

preventing the beginner from following paths that will 

lead to problems. Collection and use of high-level 

information is one way for the modeling software to 

reduce the input requirements for new users. A 

streamlined process is not about making an overly 

simple or less functional model. It is about helping the 

user generate a model that is that is sufficiently 

representative of the building under study in less time 

and with less difficulty. In the following subsections, a 

number of specific streamlining opportunities are 

described. Some are quite small in scope, while others 

represent larger changes to the overall model creation. 

Air Handling System Specification 

It is often useful to specify air supply rates to zones on 

a per-square-foot basis (e.g. 1 scfm/ft
2
) and a supply 

flow/return flow ratio as first-pass approximations. This 

short cut would not be acceptable in a highly detailed 

model, but can be acceptable in situations when the user 

is not certain of occupancy requirements or other 

details. CONTAM’s simple air handling system feature 

is very compatible with this sort of specification, but it 

is not enough to simply allow the user to specify a 

supply/return ratio and per-area flow rates. These inputs 

must be maintained when other changes are made (e.g. 

a change in floor area) or simplification will be lost and 

the user will be burdened with manually verifying that 

all flow rates are correctly set. A simplified approach 

must store the user’s input, detect changes that require 

updates of other parts of the model, and then reliably 

make the required changes. 
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Determine Wind Effects from High-Level Data 

Wind effects are an important part of multizone airflow 

model, so proper specification of these effects is 

important.  Ideally, measurements of wind pressure data 

would be available for use.  This is not always the case, 

and CONTAM has flexible capabilities for specifying 

the effect of wind upon the building. The wind pressure 

Pw may be computed as  
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Where ρ is the ambient air density, Vmet is the wind 

velocity measured at a local meteorological station,    

is the wind speed modifier, and f(θ) is the wind pressure 

profile as a function of θ, which is the angle of the 

surface to the wind direction. The wind speed modifier, 

which adjusts the wind velocity to local conditions, is 

calculated as 
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where Ao is a terrain constant, a is a terrain exponent, H 

is the height at which wind pressure is calculated, and 

Href is the meteorological station height. These 

parameters may be specified individually or as part of 

an overall model.  The terrain-related local shelter class 

from the model of Sherman and Grimsrud (1980) that 

describes local wind shielding conditions is one 

approach. A set of five shelter classes is provided, 

varying from no close obstructions to very close 

obstructions. The terrain constant and velocity profile 

exponent that are used to determine the wind speed 

multiplier are then available. 

To streamline the selection of a wind pressure profile, 

the user is asked to describe the building as one of four 

building types: low rise, high rise with low aspect ratio, 

high rise with unity aspect ratio, or high rise with high 

aspect ratio. The aspect ratio is the ratio of the wind-

parallel dimension of the building to the wind-normal 

dimension of the building. The wind pressure profile 

that should be used in the model depends upon the 

selected building type. For low rise buildings, the 

profile is taken from Swami and Chandra (1987) and 

for high rise buildings, the profiles are from Akins et al. 

(1979). 

Automate Zone Creation 

ContamW represents zones as enclosed areas in the 

sketchpad, but an enclosed area is not a zone until a 

zone icon is placed there. All enclosed areas must be 

defined as either an interior or ambient zone; otherwise, 

ContamW will flag the model as incomplete. Interior 

zones are much more common, so an obvious time-

saving step is to automatically define all enclosed areas 

as interior zones and ask the user to redefine any 

ambient zones. Once zone icon placement is automated, 

it makes sense to collect or determine additional 

information on zones during the creation process, most 

notably zone size information. A new process to prompt 

the user to input wall lengths is introduced, in which the 

user is asked to sequentially input the lengths of walls. 

Once this is complete, the implementation may then 

detect rectangular zones that have equal length opposite 

sides. The volume of each zone identified in this 

manner is computed with the associated level height. 

Zones that are not selected in this process will still 

require manual input of the volume or floor area, the 

modeler may override the calculated area or volume 

should this be required, and wall length changes must 

be handled. The user is also asked to identify zones that 

require special treatment, such as elevator shafts and 

stairwells. 

Building Leakage Characteristics 

Rather than asking the user to specify leakage in detail 

(i.e. leakage path by leakage path) for each model 

component, an alternate approach is to specify leakage 

through most interior walls, floors, ceilings, and 

envelope components in terms of the expected leakage 

through the component as a whole. For example, a 

detailed approach would ask the user to individually 

account for each possible leakage path through a wall, 

while the alternate approach would base the expected 

leakage on the type of wall (e.g. interior or exterior) and 

an assessment of the leakiness of the wall. Large 

openings (e.g. doors that are always open) still must be 

accounted for, but an acceptable first approximation is 

to ask the modeler to make a judgment as to expected 

leakage level. Three options are defined as possible 

leakage levels: normal, tight, and leaky. The normal 

condition for exterior walls is the mean of all buildings 

summarized by Emmerich and Persily (2011) on a per-

unit-area basis. The tight and leaky conditions are 

defined as ±1 standard deviation from the mean in the 

same survey, again for exterior walls. Interior walls are 

defined as having twice the airflow as the exterior walls 

under the same conditions. Similar relations hold for 

other wall or partition types. This operation frees the 

user from the burden of finding detailed information 

about the placement of building components that may 

lead to leakage airflows and ultimately frees the user 

from the task of placing most leakage paths (see 

below). 

Automate Flow Path Creation 

The typical ContamW process for creating the flow 

path connections between nodes involves the manual 

placement of each flow path icon. However, since the 

wall area that separates zones is now known along with 

the expected leakage rate, the next step is to assign 

leakage paths between neighboring zones 
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automatically. This frees the user from the manual 

placement and verification of each path, which greatly 

reduces the work necessary to create a model. Zones 

that have been previously identified for special 

treatment may be automatically handled as well. 

Elevator shafts and stairwells are one such example. 

For walls of elevator shafts and stairwells, the leakage 

rate is defined based upon an average of 15 buildings 

surveyed by Tamura and Shaw (1976) rather than on 

the regular interior wall leakage rate defined above. The 

interlevel leakage paths for elevator shaft zones and 

stairwell zones are defined using CONTAM’s elevator 

shaft model and stair shaft model, respectively.  

The placement of paths is a very important part of the 

modeling process, as the connectivity of the network 

determines what flows are possible. Mistakes in the 

placement of paths or in calculation and input of path 

parameters can lead to incorrect results. The 

streamlined process should still allow the user freedom 

in zone-to-zone connections (e.g. for open doors or 

windows), but repetitive path placement should be done 

automatically. 

Provide a Reduced Set of Model Components 

The CONTAM package is very flexible and allows for 

quite general model construction and for an effectively 

unlimited number of model elements. New users may 

have difficulty in choosing model elements when too 

many options are available. A smaller set to choose 

from simplifies matters, and even if the available 

elements have been ranked based upon other input (e.g. 

the leakiness of the building), the reduction in choice 

will benefit new users. A streamlined process should 

still allow the user access to a degree of customization 

of model components (as in ContamW), but the user 

should not be presented with many choices unless more 

choices have been explicitly requested. 

Impose a Specified Order of Operations 

ContamW allows users to construct models in nearly 

any order, which can lead to problems for 

inexperienced users. Poor planning can trap the user in 

a cascade of poor choices, ultimately resulting in the 

abandonment of the model. It is useful to encourage 

new users to follow a procedure that has been 

successfully used to develop many models in the past. 

The following process may be encouraged by placing 

menu items in a logical order and selective disabling of 

menu items that are not possible (e.g. automatic zone 

volume calculation cannot happen until after wall 

lengths are specified):  

1. Walls are drawn 

2. Wall lengths are specified 

3. Zones are automatically assigned 

4. Leakage airflow paths are automatically 

assigned 

5. Air handling systems are constructed 

This order of operations is recommended when using 

ContamW and it has produced a number of high-quality 

models that are suitable for use in calibrated model 

development. 

RESULTS 

A simplified version of the ContamW interface, called 

PCW, has been developed that implements the input 

streamlining techniques discussed above. To simplify 

the development task, the software was based upon the 

ContamW code, and many of the techniques used may 

be described as semi-automatic because the software 

partially automates the creation of certain parts of the 

airflow network based upon user input. PCW 

implements both graphical and parametric versions of 

the streamlined approach. An explicit goal in the 

development of the software was that input time per 

10,000 square feet would be less than 1 hour. The 

attainment of this goal was tested with twelve timed 

model development exercises of the software with users 

of varying familiarity with CONTAM, including both 

novice users and experienced users. 

Five prototype buildings were developed in order to test 

the effectiveness of the simplified model development 

process. These five buildings were selected to cover a 

variety of building sizes, system types, and levels of 

complexity, as described in Table 1. 

 

Table 1 Prototype building models used in tests 
 

MODEL 

NUMBER OF 

LEVELS 

TOTAL FLOOR 

AREA 

Gymnasium 2 7980 ft2 

Dormitory 11 70,400 ft2 

House 2 1600 ft2 

Museum 5 13,925 m2 

Office 5 27,514 ft2 

 

The prototype buildings were supplied to users in the 

form of a building description comprised of a simplified 

floor plan, sufficient details to develop a simple air 

handling system model of the building mechanical 

system, and any other required information (e.g. 

occupancy for the study of CO2 transport). These 

building descriptions were specifically designed to test 

a wide range of possible input options in order to 

identify as many program bugs and process 

shortcomings as possible. Each of the prototype 

buildings was modeled by at least one novice and one 

expert user using both PCW and ContamW. 

The time required for model input using both programs 

was recorded and broken into steps so that the steps 

contributing most to input time could be identified. The 
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resulting project files and simulation results for PCW 

and CONTAMW were compared with expected results 

to determine differences between the two models and 

assess the model quality. Issues were identified either 

as program bugs and fixed or identified as user 

mistakes and recorded. Based on the results of this 

testing, a number of improvements were made to the 

program. These included bug fixes, as well as added 

features, including a feature to automatically calculate 

the building height used for wind modeling and 

improving the handling of supply point copy and paste 

operations. 

 

Table 2 Per-user timing results (minutes/10,000 ft
2
) 

 

MODEL 

PCW TIME 

(min/10k ft2) 

ContamW 

TIME 

(min/10k ft2) SPEEDUP 

Gymnasium 35 128 3.66 

Gymnasium 26 164 6.31 

Dormitory 2 12 6.00 

Dormitory 4 12 3.00 

House 112 375 3.35 

House 137 694 5.07 

Museum 43 89 2.07 

Museum 33 172 5.21 

Office 42 94 2.24 

 

Overall, the software met and exceeded the goals that 

were set for it in most of the test cases. For a building 

with a typical level of complexity, the PCW model 

input time was between 30 and 40 minutes per 10,000 

square feet for both novice and expert users, exceeding 

the goal by a substantial margin. Table 2 provides a 

listing of the nine tests for which direct comparisons on 

a per-user basis is possible. For each test the 

development times using PCW and ContamW are given 

per 10,000 square feet, along with the speedup. The 

speedup is the ContamW time divided by the PCW 

time. The average speedup is 4.1, indicating that 

approximately 4 PCW models can be completed in the 

time required to complete a single ContamW model. 

This speedup corresponds to an approximately 75% 

reduction in model development time. The model input 

time only exceeded 1 hour per 10,000 square feet for 

the house prototype building, but this result is more 

related to the small size of the building than to 

shortcomings in the software or errors by the users. The 

small size of the house meant that the time required for 

overhead-type tasks that are not very dependent on 

building size dominated the total time required 

construct the entire model. This situation results in an 

increase in the time required per 10,000 square feet, but 

the time required to construct the model in PCW is still 

significantly less than that required using ContamW. 

The tests showed that novice users benefit slightly more 

than expert users, likely due the fact that the PCW 

interface includes features specifically aimed at novice 

users. Expert users still benefit from using the interface, 

but the time savings is not as pronounced. The tool 

consistently allowed users to create project files in one-

quarter to one-third the time required for ContamW. 

Comparison of the input files created using PCW and 

ContamW also showed that user input errors were 

reduced for both expert and novice users using PCW. 

The reduction was especially pronounced for novice 

users. Again, the novice users are benefitting from 

features explicitly intended to aid them in model 

development.  

Subsequent use of PCW has shown that it can be used 

to speed up development of ContamW models that use 

functionality not supported by PCW. For example, 

PCW does not support the use of CONTAM’s detailed 

duct HVAC models. To reduce the total time required 

to develop a model including this functionality, PCW is 

used to create zones and assign leakage flow paths. The 

resulting model is then loaded into ContamW and 

completed. The resulting time savings is typically not 

as large as in the timed tests (generally due to the 

complexity associated with the elements not supported 

by PCW), but is still sufficient to make the use of two 

modeling programs worthwhile. 

Models developed with the PCW software have been 

successfully used by Bahnfleth et al. (2012) to produce 

calibrated airflow simulations. A parametric simulation 

technique is used to obtain a model that agrees with 

experimental measurements of building under 

controlled circumstances. The approach is found to be 

reasonably repeatable, and indicates that the models 

created with this streamlined approach are capable of 

representing real buildings. Further information on the 

software is available in this reference in the references 

therein. 

CONCLUSION 

The CONTAM multizone modeling package is an 

extremely powerful tool for the simulation of air 

transport processes in the indoor environment. Model 

development can require a significant investment of 

time and effort, and this tends to work against wider 

adoption of multizone modeling in practice. A number 

of techniques have been described that are aimed at 

decreasing the time and information required to 

construct a model that is reasonably representative of 

the building. These techniques are compatible with 

fully automatic model creation methods, but care must 

be exercised when pursuing such techniques. It is 

unlikely that fully automating model creation will be 

successful, as there issues that are difficult best handled 

by the user. In particular, automatic generation of a 
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sketchpad representation is difficult enough that it may 

be more efficient to construct this representation by 

hand with computer assistance rather than expect full 

computer construction. 

A software implementation of these techniques has 

demonstrated that the time required to produce 

legitimate multizone models can be reduced by up to 

75%. The resulting models have been used in a number 

of other projects very successfully, and work continues 

on further simplification of the multizone model 

development process. 

The time savings realized in this effort are primarily in 

the form of a reduction of the required number of 

mouse clicks or key presses. The models produced here 

require less input information and the information-

gathering step is easier, but there is still room for 

improvement. In some situations, the difficulty of 

gathering building information may be less of an issue 

in the future (e.g. BIM data is available), but this does 

not reduce the value of easy-to-use, validated modeling 

software. PCW is not yet as user-friendly as desired, 

still requires too much expertise, and is limited to the 

Microsoft Windows platform. A cross-platform, more 

flexible implementation is under development. 
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ABSTRACT 

A software tool (LoopDA) to aid in the design of 

natural ventilation systems has recently been udpated. 

This update implements a general method for sizing of 

natural ventilation system components, which allows 

direct consideration of stack and wind-driven airflow. 

The tool assists the designer in performing the 

following steps in developing the natural ventilation 

system design: establishing the global geometry and 

topology of zones and interconnecting flow paths, 

establishing design conditions, setting up and solving 

the representative loop equations based on the “design” 

form of the airflow components, and analyzing 

operation under a variety of conditions. This paper 

describes the updated tool and provides an example of 

its application to the design of a naturally ventilated 

school building. 

INTRODUCTION 

In earlier work [Dols and Emmerich 2003, Emmerich 

and Dols 2003], the National Institute of Standards and 

Technology (NIST) developed a software tool to 

implement the Loop Equation Design Method 

[Emmerich et al. 2001]. That method enables the sizing 

of natural ventilation components in a general and 

practical manner, and allows direct consideration of 

stack and wind-driven airflows that are critical in 

natural ventilation. The tool assists the designer in 

performing the steps in designing natural ventilation 

systems including: establishing the global geometry 

and topology of zones and interconnecting flow paths, 

establishing design conditions, setting up and solving 

the representative loop equations based on the “design” 

form of the airflow components, and analyzing 

operation under a variety of conditions. 

Version 1.0 of the LoopDA program (for Loop Design 

and Analysis tool), was developed as a version of 

CONTAM. LoopDA 1.0 has been upgraded to version 

3.0 to correspond to the latest version of CONTAM 3.0 

[Walton and Dols 2005]. Further, LoopDA 3.0 has 

been modified to streamline the process of 

implementing the Loop Equation Design method 

mainly by eliminating the need for a third party 

spreadsheet during the design process. It also 

incorporates a simple thermal design calculation to 

assist in estimating design temperatures and natural 

ventilation airflow rates, adds self-regulating vents as 

an airflow component option (Axley 2001a), and 

calculates fractional bias as a measure of the adequacy 

of simulated airflow results relative to design 

requirements. This paper provides an overview of the 

steps involved in implementing the Loop Equation 

Design within LoopDA 3.0, reviews the input 

requirements, and presents a brief design example of 

how to utilize the tool. 

SIMULATION METHOD AND 

IMPLEMENTATION 

Loop Equation Design Method 

The Loop Equation Design Method, which is intended 

for use during the Design Development stage of the 

overall design process of a natural ventilation system, 

is described in detail in Emmerich, et al. [2001]. (Note: 

The other design stages, Conceptual Design and 

Design Performance Evaluation, precede and follow 

the Design Development Stage respectively and are 

described in this same reference.) Detailed theory of 

the method is presented in [Axley 2001a] and [Axley 

2001b]. The Loop Equation Design Method consists of 

the following eight steps: 

1. Lay out the global geometry and multi-zone 

topology of the natural ventilation flow loops for 

each zone of the building. 

2. Identify an ambient pressure node and additional 

pressure nodes at entries and exits of each flow 

component along the loops. 

3. Establish design conditions: wind pressure 

coefficients for envelope flow components, 

ambient temperature, wind speed and direction, 

and interior temperatures; calculate indoor and 

outdoor air densities. 

4. Establish first-order design criteria (i.e., a 

ventilation requirement) and apply continuity to 

determine the objective design airflow rates 
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required for each natural ventilation flow 

component. 

5. Form the forward loop equations for each loop 

established in step 1 above by systematically 

accounting for all pressure changes while 

traversing the loop. 

6. Determine the minimum feasible sizes for each of 

the flow components by evaluating asymptotic 

limits of the loop equation for the design 

conditions. 

7. Develop and apply a sufficient number of 

technical or non-technical design rules or 

constraints to transform the under-determined 

design problem defined by each loop equation into 

a determined problem. 

8. Develop an appropriate operational strategy to 

accommodate the regulation of the natural 

ventilation system for variations in design 

conditions. 

As detailed in the following section, the user will 

perform some of these steps explicitly (e.g., Step 1). 

Other steps are performed implicitly by LoopDA 

without user interaction (e.g., Step 5). Still others are 

accomplished by a combination of explicit and implicit 

actions (e.g., Step 3).  

Using the LoopDA 3.0 GUI to Implement the Loop 

Equation Design Method  

The following steps are followed to utilize LoopDA 

3.0 to implement the Loop Equation Design Method. 

Note that these steps do not align perfectly with those 

presented in the Loop Equation Design Method 

section, but they do address all of the steps needed to 

implement the method. 

1. Define project default Design Data via the 

Calculations menu. These include the outdoor 

temperature, wind speed and atmospheric pressure 

for the current design condition being analysed. 

2. Use the Box and Line drawing tools provided in 

the toolbar to draw the outlines of the zones. This 

drawing will form an elevation view of a section 

of the building through which natural ventilation is 

to be provided.  

3. Place zone icons and define the zone properties. 

Set the minimum required ventilation rates (e.g., 

based on ASHRAE Standard 62.1) and the thermal 

characteristics of the zone (e.g., internal loads) in 

order to establish the ventilative cooling airflow 

rate required to maintain the zone at a design 

temperature for the design conditions. 

4. Place airflow path icons on the walls that connect 

the zones. You can also use the duct drawing tool 

to draw ducts. It is best to draw all the sections of 

a duct before defining them. A typical duct will 

have three sections: inlet fitting, segment, and 

outlet fitting, with each section separated by a 

junction icon.  

5. Define each of the undefined flow paths and duct 

segments by setting the properties as desired via 

the associated dialog boxes that will be displayed. 

You will be prompted to select the type of airflow 

or duct flow element that is being used to 

represent the relationship between airflow and 

pressure drop through the flow path, e.g., 

powerlaw, orifice or self-regulating vent, or the 

duct, e.g., segment or terminal/fitting. These are 

mathematical models that relate the airflow to the 

pressure difference across the path. These are akin 

to the airflow elements in CONTAM, but LoopDA 

provides both forward and inverse forms of each 

model. The inverse forms of the equations are 

used when forming the pressure loop equations 

during the sizing phase of the design procedure, 

while the forward forms are used when performing 

a simulation to verify the design. 

6. Use the Loop (Arrow) drawing tool to draw 

intended airflow patterns (pressure loops) through 

the flow paths and ducts. Begin drawing outside of 

the building and draw in the direction that you 

want air to flow through the airflow paths. 

Drawing will stop when you have exited the 

building via a flow path or duct. Note that the 

arrows you draw represent the pressure 

conservation concept of the Loop Equation Design 

Method. 

7. Define design conditions for the case you are 

working on via the Design Data dialog box 

available under the Calculations menu: 

a. outdoor temperature and wind speed 

b. zone cooling and heating set point 

temperatures: Tcsp and Thsp 

8. Access the Simple Thermal Design dialog box via 

the Calculations menu to: 

a. review required airflow rates for each zone 

b. set airflow rates for each loop based on 

required airflow rates 

c. perform the Simple Thermal Design 

calculation to balance airflows and determine 

temperatures for each zone, airflow path and 

duct 

The Simple Thermal Design calculation is a simplified 

cooling load calculation that includes convective heat 

gain/loss via airflow into/out of the zone, conductive 

heat loss through the exterior envelope based on an 

overall heat transfer coefficient and the sum of heat 

sources (internal, solar, etc.). However, it does not 
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account for differences in solar incidence on various 

building surfaces, fenestration effects, transient 

conduction, and other heat transfer mechanisms. 

9. Double click each loop arrow icon to reveal the 

Pressure Loop Properties dialog and review the 

asymptotic relationships between the components 

to be sized. This analysis utilizes the inverse form 

of the airflow elements to present the feasible 

design curves. Set each component to be sized in 

turn until they have all been defined.  

10. Steps 1 - 9 essentially form the design portion of 

the process for a given set of design conditions 

(e.g., outdoor temperature and wind speed). Once 

the design portion of the process has been 

completed for a given set of design conditions, use 

the Run Simulation command under the 

Calculation menu to perform an analysis 

calculation. This will calculate the airflow rates for 

the combination of sizes you selected.   

11. After the simulation has been successfully run, the 

SketchPad switches to the results display mode. In 

this mode, scaled lines will be displayed to 

provide relative airflow rates and pressure 

difference across each airflow path and duct 

terminal icon, and the status bar/tool tip will 

provide numerical results. Airflow results will be 

provided in both mass flow and volume flow units 

along with the fractional bias (FB) between the 

mass flow as calculated by the simulation (Qsim) 

and that determined via the Simple Thermal 

Design calculation (Qcalc). 

Fractional bias provides a normalized range of 

values between ± 2.0 and is very similar to percent 

difference for values between ± 25 %. Values of 

FB between ± 1.636 indicate that averages are 

within one order of magnitude of each other, and 

values between ± 1.960 are within two orders of 

magnitude of each other. 

 

12. Steps 7 through 11 are repeated for each set of 

design conditions thus establishing the range of 

sizes required to meet the various conditions that 

are expected to be encountered for the building. To 

perform these steps for another set of conditions, 

you should save the project under a new name, 

then Unsize All Elements via the Calculations 

menu, and repeat steps 7 through 11. 

DESIGN EXAMPLE 

The following example provides a brief tutorial on how 

to utilize LoopDA to size the natural ventilation 

openings for a single zone case. Figure 1 provides a 

schematic diagram of a cross section of the room, 

which is based on a case provided by [Daly 2003]. 

Run LoopDA and edit the Design Data as follows: 

 Outdoor Temperature = 23.3 °C (74 °F) 

 Wind Speed = 1.56 m/s (3.5 mph) 

 Indoor Design Temperature = 28.9 °C (84 °F) 

 Room dimensions: 12.19 m x 7.32 m x 3.96 m  

(L x W x Havg) (40 ft x 24 ft x 13 ft) 

 

Draw the SketchPad diagram as shown in Figure 2. 

Begin by drawing the zone outline, then place the zone 

icon and each of the path icons. Define the zone and 

path icons as provided in the dialog box figures that 

follow. Figure 3 provides the zone data for this design 

case where the input in the white boxes is entered by 

the user (including the zone dimensions, minimum 

ventilation requirements, thermal design parameters, 

and set points) while the values in the shaded boxes are 

calculated by the program. 

Figure 1 - Conceptualization of Classroom Natural Ventilation Design 
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The next step is to define the path properties for the 

numbered icons as shown in Table 1. 

Table 1 - Path properties 

Number Type Name 
Elevation 

m (ft) 
Cp 

1 Orifice Clerestory 
4.72 

(15.5) 
0.5 

2 Orifice UpperWindow 
2.90 

(9.5) 
-0.4 

3 Orifice InletWindow 
1.37 

(4.5) 
0.4 

 

 

Figure 2 -  SketchPad showing zone, paths and loops 

Open the Simple Thermal Design dialog box via the 

Calculations menu. Set the airflow rates for the two 

loops to overcome the heat sources within the zone 

(cooling load). The value of Qcool should be 1888 L/s 

(4000 cfm) for both loops as they each serve the same 

zone. Because both loops enter through the same flow 

path, you need to apportion some of the flow to each 

loop. Set the design flow of each loop to 944 L/s (2000 

cfm) and click the Perform Simple Thermal Design 

Calculation button. The results for both loops appear as 

shown in Figure 4. Note that the loop components are 

provided from top to bottom in the order in which the 

air flows through them: 1888 L/s (4000 cfm) into path 

3 (InletWindow) and 961.7 L/s (2038 cfm) out of both 

paths 1 and 2. Note that in order for a mass balance to 

be maintained, a greater volume of 28.9 °C (84 °F) air 

must flow out due to the lower density of the exiting 

air.  

After the simple thermal design has been performed, 

the airflow rates and temperatures for each of the 

airflow paths (and zone) will be set. When you open 

each of the corresponding dialog boxes, this will be 

evident by the Qcalc and Tcalc values presented 

therein. It is now time to set the sizes of each airflow 

component.  

Starting by double clicking Loop 2 (through paths 3 

and 1) to reveal the Pressure Loop Properties dialog 

box shown in Figure 5. 

Additionally, you can click the "Show Graphs" button 

to reveal the size relationship graph between the two 

openings (Aorfc2 vs. Aorfc3) as shown in Figure 6. 

Figure 3 - Zone properties 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

188



This graph indicates the minimum size limits that are 

approached asymptotically as either flow element 

(opening) is allowed to be unlimited in size in which 

case the minimum size would be necessary in order to 

limit the flow for the given design conditions. These 

minimum limits are provided in the Pressure Loop 

Properties dialog. The solid line on the graph indicates 

the relationship when both stack and wind are driving 

the natural ventilation flows, and the dashed line 

provides the stack-only relationship. One can see that 

the stack-only relationship requires larger openings in 

order to meet the flow requirements.  

The dialog box indicates the minimum value for 

Aorfc3 is approximately 2 m
2
 (21.5 ft

2
) for the Stack & 

Wind condition and 4.2 m
2
 (45.2 ft

2
) for the Stack Only 

condition. The chart reveals that a value of 10 m
2
 

(107.6 ft
2
) should provide little resistance to airflow for 

either case. 

Close the chart and loop dialog box and edit path 

number 3 by double clicking on it. Set the Orifice Area 

to 10 m
2
, set it as Sized and click the OK button. Open 

the Loop 2 properties again and note that the minimum 

size for Aorfc2 (path 2) is given as 1.023 m
2
. Set the 

orifice area of the UpperWindow (path 2) to 1.023 m
2
 

(11.01 ft
2
) and set its Sized property. Repeat this 

process to set the orifice area of Clerestory (path 1) to 

1.71 m
2
 (18.41 ft

2
). Now that all of the openings have 

been sized, when you display the loop properties, the 

Total Pressure Drop (RHS) value for the case you are 

sizing (Wind & Stack) should be very close to zero. 

You can now analyze this design by running the 

simulation via the Calculations -> Run 

Simulation menu command. This command will 

perform a steady state airflow calculation using the 

CONTAM simulation engine. The SketchPad will now 

be in the Results Display mode as indicated by the 

scaled lines (red = pressure difference and green = 

airflow rate) emanating from the flow paths. You can 

hide the pressure loops and highlight the path icons to 

view the simulation results and compare them with the 

design values as shown in Figure 7. Note the fractional 

bias (FB) provides a means to compare the simulation 

results to the design values. The results presented in 

Figure 7 show that the flow rate based on the analysis 

calculation matches the design requirement (the 

“Required Airflow” shown in the dialog box in Figure 

3) very closely with a FB of 0.08 %. In this case an 

airflow rate of 1889.45 L/s offsets the thermal gains to 

maintain a zone temperature of 28.89 °C. This resultant 

temperature can be revealed via the SketchPad by 

clicking on the zone icon. 

You could then repeat these steps to size the openings 

for the Stack Only case and other weather conditions. 

You should save this project file under a new name to 

work with the next set of condition. You can unsize all 

the elements via the Calculations -> Unsize 

All Elements command to begin the process. 

DISCUSSION AND CONCLUSION 

This paper has described LoopDA 3.0 - a new software 

tool that assists in the design of natural ventilation 

systems. The software’s key technical innovation is the 

capability of solving the inverse form of the airflow-

pressure equation to present the user with a graphical 

presentation of the range of potential solutions for the 

sizing of natural ventilation components (e.g., inlet 

vents, ducts, etc.). Other new technical features include 

a built-in simple thermal design calculation to 

determine required natural cooling airflow rates, 

addition of self-regulating vents as an airflow 

component option (Axley 2001a), and calculation of 

fractional bias as a measure of the adequacy of 

simulated airflow results relative to design 

requirements. 
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Figure 4 - Simple Thermal Design Dialog box showing the result of Loop 1 after calculation has been performed 

 

Figure 5 - Pressure Loop Properties dialog box 
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Figure 6 - Plot showing relationship between sizes of two openings for both the Wind & Stack and Wind only design 

conditions 

 

Figure 7 - SketchPad display of analysis calculation (ContamX simulation) results 
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ABSTRACT 
This paper presents a Boundary-Layer Wind Tunnel 
(BLWT) and numerical study on wind-driven natural 
ventilation for a low-rise building with multi-room 
partitioning, variable porosity size openings (in doors, 
windows and soffits), and a uniformly-distributed 
background leakage at a model-testing scale of 1:20. 
For the size of the building and openings considered, 
the experimental analyses indicated that the internal 
pressure due to cross-ventilation was 1.5 to 2.5 times 
higher when the ratio Ainlet/Aoutlet >1 compared to 
Ainlet/Aoutlet <1 . Room partitioning significantly 
affected the distribution of internal pressures, and 
hence the pressure drop, in the particular case 
considered the room partitioning enhanced the 
ventilation by breaking the large circulation zones that 
would have been produced for a single zone. The inlet 
discharge coefficients obtained in this experiment 
ranged from 0.65 to 1.08, similar to the results of 
various early studies. The numerical study further 
clarified the characteristics of the cross-ventilation 
with and without room partitioning. 

INTRODUCTION 
Most households today use domestic equipment and 
appliances that operate with electric energy generated 
by non-renewable sources. Active (mechanical) 
ventilation systems are one of the most common 
residential-sector equipment used today for indoor air 
quality (IAQ) and human comfort, which have a high 
energy consumption cost. Many historical buildings 
have passive and natural ventilation systems that utilize 
thermal buoyancy and wind flow. With growing 
awareness of greenhouse-gas emissions and the rising 
cost of energy, wind-driven cross-ventilation can be 
considered as one of the alternatives to reduce the cost 
of energy consumption, and create indoor 
environmental quality (IEQ) in some regions. Wind-
driven air circulation inside a building depends on 
pressure differences and the design process of 
buildings. A thorough understanding and assessment of 
airflow mechanisms is required to effectively and 
optimally utilize wind-driven natural ventilation.  

Full-scale measurement and numerical simulations 
show that buildings with wind-driven cross-ventilation 
have their indoor environment more comfortable than 
those without cross-ventilation (Papadakis et al. 1996). 
Computational fluid dynamics (CFD) and field studies 
performed on 3 and 4-room houses have also shown 
that the houses with doors opened for an appropriate 
cross-ventilation achieve a more reasonable ventilation 
performance than those with closed doors (Papadakis 
et al. 1996; Wong and Loke 2001). Moreover, the 
geometry and location of the building exhibited 
significant effect on the level of effective ventilation. 
Previous researches have shown that the effective 
ventilation of buildings and airflow in the built 
environment is highly correlated to the arrangement 
and configuration of buildings, room partitioning, 
location and porosity of dominant openings (i.e., doors 
and windows), topography, and wind direction (Ayad 
1999; Karava et al. 2007; Karava and Stathopoulos 
2009). This reveals that the potential of cross-
ventilation for maximum IAQ and human comfort 
requires careful consideration regarding the size and 
location of inlet and outlet openings and vents, as well 
as room sizes (Heiselberg et al. 2001; Heiselberg et al. 
2002; Mochida et al. 2005).   
Several parameters are involved in the study of internal 
pressure, both for effective natural-ventilation and 
design wind-load (Liu 1990). These have included, but 
have not been limited to the shape of buildings, 
location and porosity of dominant openings, fluctuation 
of external pressure at the openings, relative upstream 
wind direction with respect to the dominant openings, 
internal volume and compartmentalization, natural 
ventilation openings, and background leakages due to 
construction cracks and outlet ducts (Holmes 1979; 
Stathopoulos et al. 1979;  Liu and Saathoff 1983; 
Vickery 1986; Ginger et al. 1997; Sharma and 
Richards 2005; Oh et al. 2007; Sharma 2007; Kopp et 
al. 2008;  Karava and Stathopoulos 2009). While 
effects of compartmentalization due to room 
partitioning on internal pressures were studied by Liu 
and Saathoff (1983), and ceiling partitioning effects by 
Kopp et al. (2008), Bloxham and Vickery (1989) also 
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showed that the effect of porosity was of little 
significance if the leakage area was less than 10% of 
the windward-dominant opening area. A full-scale 
boundary layer and separately-performed numerical 
studies showed the sensitivity of internal pressure 
characteristics to the size of the dominant openings, as 
well as the size of the internal volume (Ginger et al. 
2008; Holmes 2009; Sharma et al. 2010). Recently a 
review on natural ventilation is provided by Jiru and 
Bitsuamlak (2010). 
The main objective of this paper was to study the 
internal pressure dynamics for a low-rise building with 
a focus on cross ventilation for selected door and 
window porosities, along with soffit openings, a 
uniformly-distributed background leakage, and a 
realistic room partitioning arrangement.  

METHDOLOGY 
Boundary Layer Wind Tunnel setup: 

A typical low-cost, low-rise test-building model with a 
5:12 hip roof slope constructed at a model scale of 1:20 
was studied in RWDI USA Inc. BLWT in Miramar, 
Florida. The model was constructed from Plexiglas 
sheets. The test-building model had an equivalent full-
scale plan dimension of L= 15.44m (50.67ft.) by 
W=7.92m (26.00ft.) with a roof eave height of 
h1=2.49m (8.17ft.). The total effective height of the 
building level was 4.57m (15ft.) (i.e., the building had 
an attic room with height h2=2.08m (6.83ft.) (Refer to 
Fig. 1).  

Fig. 1 Test model setup inside the wind tunnel. 
The building had a number of dominant openings 
(doors and windows), soffit vents, and uniformly-
distributed background leakages. All the dominant 
openings and vents were a replica of a typical low-cost, 
full-scale low-rise building in South Florida, USA.  In 
addition, the external envelope of the building had a 
series of uniformly distributed circular holes (1.59mm 
(1/16in.) in diameter) simulating background leakage 
due to cracks and joints. In all the cases studied, the 
background leakage was set at 0.1% of the respective 
envelope surface area. Similarly, the ceiling partition 
was provided with a uniformly distributed background 
leakage. Cross-ventilation of the attic space was 

provided by implementing soffit openings based on the 
prevailing building codes. Details of the porosity 
arrangements are given in Table 1. The percentages 
represent the ratio of the openings area with respect to 
windward wall area. 
 Table 1. Summary of experimental plan 

 
In order to examine the overall envelope pressure 
distribution on the building (both external and internal 
pressures), 156 pressure taps were used.  A total of 132 
taps were placed to evaluate the pressure fluctuations 
at the entrance of the dominant openings. Since it was 
difficult to capture wind flow characteristics at a 
dominant opening without disrupting the flow field, 
only representative numbers of pressure taps were 
placed at the periphery of each opening. Only area 
averaged-pressure readings were considered, rather 
than measuring the external pressure on the sealed 
body, since the latter one causes major discrepancies 
for dominant openings with porosities greater than 
10% (Snykers 1970; Vickery and Karakatsanis 1987; 
Ernest et al. 1992). A total of 24 pressure taps were 
uniformly placed inside the living room (on both 
ceilings and floors) to capture the overall internal 
pressure fluctuations inside the building. For the test-
building model with room partitioning, additional 
pressure taps were installed at the center of each wall. 
Measurements were obtained for a total of 40o wind 
angle of attack (AoA) in 10o increments (i.e., all the 36 
wind directions in 10o increments), and an additional 
four 45o, 135o, 225o, and 315o

 AoAs to capture oblique 
wind effects in a high resolution. For symmetrical 
opening and geometric cases, however, reduced tests 
were carried out accordingly. A 0o or 360o AoA was 
normal to the south-facing wall, and 90o AoA was 
normal to the west-facing wall. The pressure time 
histories from all taps were sampled at a rate of 512 Hz 
for 90-second duration.  
For the present study only the lower 40m of the 
atmospheric boundary layer (ABL) was simulated in 
the Wind Tunnel (Fig. 2a) with a length scale of 1:20 
similar to the procedure used by Kopp et al. (2008) for 
their 1:50 scale model. The approach mean velocity 
and turbulence intensity profiles are shown in Figs. 
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2(b) and 2(c), respectively. Longitudinal turbulence 
spectrum of the developed open profile was also 
compared with von-Karman spectrum as shown in Fig. 
2(d). Reference wind-speed data was recorded in the 
absence of the test-building model for 90-second 
duration at a frequency of 512Hz. A mean reference 
wind-speed of 8.95 m/s (20.03 mph) was considered at 
mid-height of the building. Wind-driven cross-
ventilation test configurations with and without room 
partitioning on dominant openings on opposite side 
wall were considered as described in Table 1.  

 
Figure 2:   (a) Trapezoidal planks and triangular floor 
rough elements used to develop open exposure for the 
bottom 30 m, (b) mean wind speed profile, (c) 
turbulence intensity profile, and (d) longitudinal 
turbulence spectrum [at 3.81cm (1.5in) height in the 
model scale 1:20]. (BLWT) 
 
Pressure and Discharge Coefficients 

The non-dimensional internal pressure and external 
pressure coefficients at each pressure tap location were 
calculated by referencing measured pressures to the 
mean free-stream dynamic pressure as given in 
Equation 1. The mean and the root-mean square (RMS) 
values of coefficient of pressure for each tap was 
obtained by taking the average and the standard 
deviation of the 90-second recorded differential 
pressure, respectively. The observed peak pressure 
coefficients from the pressure time history were used.   

   

                                                         [1] 

where Pij  and Pej are the measured internal and 
external differential pressures, respectively at the j

th 
tap; Po is the mean static pressure at the reference 
height, ȡ is air density taken as 1.225Kg/m3; ܸ is the 
mean wind speed measured at roof mid height (i.e., 
between eave and ridge) of the building.  
Wind-driven natural ventilation flow computation is 
often carried out using the Bernoulli’s equation for 
steady and incompressible flow and conservation of 
mass. The discharge coefficient is introduced to 
account for the losses due to friction, turbulence and 
other related factors in the opening. For wind-driven 
cross-ventilation in low-rise buildings, the equivalent 
opening area is computed by taking the arithmetic sum 
of those openings in parallel and the sum of the 
reciprocal of the squares of those openings in series as 
shown in Fig. 3.   
Similarly, the total discharge coefficient was obtained 
by rearranging the inlet and outlet discharge 
coefficients as shown in Fig. 3. Cd_inlet and Cd_outlet are 
given in Equation 2.   

,  

ௗ_௧ܥ = ௗଵܥ =
ݑ

ܸ൫ܥ௪ െ ൯ܥ
.ହ 

ௗ_௨௧௧ܥ = ௗଶܥ =
௨

൫ି൯
బ.ఱ      

 [2] 
where Cpew  and Cpel are windward and leeward 
external pressures respectively;  u/V is local to mid-
height roof reference velocity.  

 

Fig. 3 Total discharge coefficient and equivalent area. 
 

Numerical model setup: 

The commercial software ANSYS FLUENT 13 was 
utilized for the three-dimensional numerical 
simulation. The governing equations were the 
Reynolds Averaged Navier-Stokes (RANS) equations, 
together with the SST k-Ȧ turbulence model. The 
computational domain (CD) was delineated using the 
Height (H) of the model building as a reference. The 
CD was extended vertically 6H above the ground level. 
In the flow direction, the CD was extended 10H from 
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front wall to the inflow boundary and 10H from the 
back wall to the outflow boundary. The latter allows 
the flow re-development behind the wake region. The 
CD consisted of 1.6 million cells for without 
partitioning wall simulation and 2.1 million for with 
partitioning wall simulation.  The first grid point was 
placed at a distance 1 cm from near walls (Fig. 4). In 
addition, the inlet velocity profile with power 
coefficient of 0.15 and constant turbulence intensity TI 
= 20% were applied to the whole upstream face of the 
computational domain. A SIMPLE solver was used. 

 
Fig. 4. Grid distribution for full-scale model building 

DISCUSSIONS AND RESULT ANALYSIS  
The Effects of Relative Opening Size: Porosity and 

inlet-outlet opening area ratio  

The impact of porosity sizes of dominant openings on 
the internal distribution was analyzed using Case 1 and 
Case 2 with small and large dominant openings, 
respectively and without room partitioning (Table 1).  
For opposite-side cross-ventilation, the relative 
difference in internal pressure between Case 1 and 
Case 2 depended on the wind direction (AoA), which 
were distinctively categorized in (1) Region 1 (270o to 
360o) and (2) Region 2 (360o/0o to 90o) as shown in 
Fig. 5. As a reference, the wind’s AoA between 0o and 
90o was represented as 360o to 450o on the figure. In 
Region 1, the internal pressure for Case 2 was higher 
than Case 1. At 270o AoA, the ratio of the porosity of 
the windward opening to the leeward opening was 1.58 
and 0.69 for Case 2 and Case 1, respectively. In Region 

2, the internal pressure for Case 1 was higher than that 
of Case 2. In Region 2, the ratio of the porosity of the 
windward opening to the leeward opening became 1.45 
and 0.63 for Case 1 and Case 2, respectively. In this 
region, the internal pressure for Case 1 was higher than 
Case 2, particularly at 90o/450o AoA. When the ratio 
Ainlet/Aoutlet>1, the internal pressure due to cross-
ventilation was found to be 1.5 to 2.5 times higher than  
Ainlet/Aoutlet<1.  

 
Fig 5. Internal pressure for different opening size 
(BLWT) 
Further, the sensitivity of wind-driven cross-ventilation 
to inlet-outlet ratio of the openings was investigated. 
For the building under consideration, the inlet opening 
was different from the outlet opening (i.e., Ainlet ��
Aoulet). An average of 12 pressure taps considered in 
computing the statistical characteristics of the internal 
pressure was found to be uniform for the cases under 
investigation. Figure 6 illustrates the internal pressure 
variation with respect to windward wall porosity, and 
inlet to outlet opening area ratio. As shown in Fig. 5, 
the mean and maximum Cpi increased as the inlet to 
outlet ratio Ainlet / Aoulet, and the windward porosity 
ratio increased. 
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Fig 6. Internal pressure vs. inlet to outlet ratio and 
windward porosity. (BLWT). 
This relationship was observed for the cross-ventilation 
through opposite walls. The max Cpi was between 
120% to 150% higher than the mean Cpi for a cross-
ventilation through opposite sides. 
Effect of room partitioning on cross-ventilation 

Additional test cases involving multi-room partitioning 
and cross-ventilation through opposite-side openings 
were investigated to demonstrate the overall 
characteristics of flow dynamics inside each room in a 
typical low rise building. Figures 7(a) and (b) show the 
comparison of pressure distribution for cross-
ventilation through opposite-side openings (10% 
porosity) with and without multi-room partitioning. 
These figures show that for a building with cross-
ventilation openings, the presence of room partitioning 
has a significant effect on the distribution of internal 
pressure, and hence, the pressure drop. For Case 1a, 
where there is no room partitioning, the internal 
pressure showed a minor change from a Cpi = 0.24 at 
the inlet to a Cpi = 0.3 towards the rear side. However, 
for the building with room-partitioning (i.e., Case 1b), 
the internal pressure at the inlet was 2 to 3 times higher 
than the outlet side. The inlet pressure coefficient for 
case with partitioning was almost twice the case 
without partitioning.  

 
 

 

 
Figure 7: An overall internal pressure distribution 
comparison: a&b) cross-ventilation for 10% porosity 
without (Case 1a) and with room partitioning (Case 
1b); c&d) cross-ventilation for 22% porosity without 
(Case 2a) and with room partitioning (case 2b) for 
AoA 2700. (BLWT) 
Although all the rooms were left open, there was a 
considerable variation in internal pressures around the 
rear side of the building (where the bedrooms were 
located) in contrast to that without partitioning at the 
same location. Similar results were obtained for cross-
ventilation with 22% porosity, as shown in Figures 7(c) 
and 7(d). In this case, because of the increase in 
porosity size, the mean internal pressures doubled for 
both buildings with and without multi-room 
partitioning (compare Figures 7(a) and 7(b) versus 
Figures 7(c) and 7(d)). In Case 2b, i.e. with 
partitioning, the reduction in internal volume due to 
room partitioning resulted in a gradual reduction in the 
internal pressure from a high value around the inlet to a 
low value around the outlet. However, in Case 2a i.e. 
without partitioning, the internal pressure increased 
steadily, showing only a 7% change between the inlet 
and the outlet region. This clearly showed that the high 
gradient (pressure drop), and hence the cross-
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ventilation inside the building which was considerably 
influenced by the multi-room partitioning, played an 
important role in increasing the flow rate and air 
exchange inside the building. This also can be clearly 
seen from the numerical simulations as shown in Figs 
8(a) and (b) for Case 2a and Figures 8(c) and (d) for 
Case 2b. The streamlines in figure 8(c) indicate faster 
airflow inside the rooms compared with the no 
partition case (Figure 8(a)). 

 

 

 

 
Figs 8: Flow streamlines and velocity vectors for Case 
2a (without partitions) (a&b) and Case 2b (with 
partitions) (c&d). (CFD) 
 
 Inlet and Total Discharge Coefficient 

The pressure drop between the inside and outside of 
the building envelope is the driving force for the 
volumetric airflow rate Q and effective ventilation 
between the inlet and outlet openings during wind-
induced natural ventilation of a building. Thus, the 
characteristic of the pressure drop determines the 
potential of the natural ventilation to provide comfort 
as well as IAQ. The theoretical volumetric flow rate 
was computed from mass and momentum conservation 
principles. The discharge coefficient Cd accounted for 
the frictional, turbulence and viscous-related losses, 
and depended on the geometry of the building, shape 
and geometry of the opening, AoA, porosity ratio of the 
inlet Ainlet / Awall, as well as the ratio of inlet to outlet 
opening Ainlet / Aoulet.   
Table 3: velocity ratio (u/Vr) comparisons 

   Study u/Vr Vr(m/s) 

Present study 0.55-0.78 8.954 

Karava et al. (2007)  0.5-0.63 7.2 

Hu et al. (2005)  0.45 7.0 

Etheridge (2004)  0.6 4.0 

Sawachi et al. (2004)  0.5 3.0 

Murakami et al. (1991)  0.64-1.0 N/A 
In the present study, a building with various ranges of 
porosity and local to mid-height roof reference velocity 
u/Vr was employed to examine the characteristics of 
discharge coefficient and its effect on the volumetric 
flow rate during cross-ventilation. The local velocity at 
the center of each dominant opening was obtained 
using a cobra-eye tube. The ratio u/Vr obtained in this 
experiment and from previous research works are 
shown in Table 3.  

(a) 

(b) 

(d) 

(c) 
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The range of values of local to mid-height roof velocity 
obtained in this experiment falls into the data range 
obtained in literature (Murakami et al. 1991; Etheridge 
2004; Sawachi et al. 2004; Hu et al. 2005; Karava et al. 
2007). In this experiment, the opening configurations 
that affected the local velocity and discharge 
coefficients were prepared in such a way that the 
openings represented the full-scale building openings’ 
characteristics (rectangular doors and windows with 
their respective practical jamb thickness). The wider 
spectrum of the ratio observed gives an idea on how it 
influenced the variation of discharge coefficient. 

CONCLUSION 
The paper presented evaluations of wind-driven natural 
ventilation in a low-rise building having variable 
configuration of dominant openings, background 
leakage and room compartmentalization using a 
Standard Boundary Layer Wind Tunnel and numerical 

study. The following conclusions are drawn: 
x With regard to effects of porosity on cross-

ventilation, it was obtained that the higher the ratio 
of the inlet to outlet opening, or windward 
porosity ratio, the higher would be the internal 
pressure. It was also obtained that the internal 
pressure due to cross ventilation was 1.5 to 2.5 
times higher when the ratio Ainlet/Aoutlet>1 
compared with Ainlet/Aoutlet<1. 

x The study also examined the characteristics of 
discharge coefficient with respect to porosity ratio 
for  opposite-side openings. It was shown that the 
total discharge coefficient Cd_total and the 
ventilation rate Q/(VrA) were highly dependent on 
the porosity ratio. The higher the porosity ratio, 
the higher was the Cd_total and Q/(VrA). For the 
same inlet-to-outlet opening ratio, the discharge 
coefficient obtained for the building with 10% 
porosity ratio was 40 to 45% higher than the 
building with 6% porosity. The numerical study 
was found very useful in explaining the cross-
ventilation characteristics. 
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ABSTRACT 

This paper focuses on the methodology developed 

utilizing the 2-D heat transfer program THERM to 

more accurately assess the 3-D heat flow from 

discontinuous bridging elements. Additionally, the 

research looks at a number of common connection, and 

compares the calculated U-values to simulation 

predictions and installed performance using thermal 

imaging. The paper will focus on both the methodology 

used, as well as the finding of the research to better 

comprehend the deviation in thermal performance 

between design intentions, simulation, and actual 

performance. 

INTRODUCTION 

Office towers dominate the skylines of cities all around 

the world.  However, most have been designed with 

little thought to the climate they are in and the 

environmental impact they might have.  According to a 

recent government survey, 70% of energy usage in 

office buildings is from the lighting and HVAC systems 

(U.S. Energy Information Administration 2008), both 

of which are directly related to the architectural 

decisions that have been made in the building form and 

materials.   

One area where architectural decisions have an impact 

on energy usage is in the envelope of the building.  

Over the last few years, increasingly stringent energy 

codes have increased the requirements for building 

insulation and glazing performance.  However, there is 

a limit to the cost effectiveness of increasing the 

amount of insulation required without looking at the 

wall assembly as a whole.  As insulation is added to a 

wall assembly, the thermal bridges typical in most 

commercial wall assemblies become more dominant as 

the source of energy loss through the building 

envelope.  Currently there is a push by policy and codes 

and within practice, such as with the 2030 Challenge 

and the Department of Energy Building Technologies 

Program energy saving goals, to develop market-viable 

net-zero buildings within the next 15-20 years.  Better 

performing building envelopes will be one of the 

components that will help realize these goals, but to 

achieve better performance we need to look holistically 

at the thermal performance of an assembly, rather than 

just the R-value of the insulation utilized.   

With the increasing improvement of insulation 

requirements in energy codes, thermal bridges represent 

a larger portion of the heat loss through the envelope.  

Figure 1 is a theoretical diagram showing the U-value 

of extruded polystyrene as it varies with thickness and 

the thermal bridging heat loss found by Lee and Pessiki 

(Lee and Pessiki 2008).   If the thermal short circuit 

through the insulation still exists as the insulation 

increases, the value of the heat loss through that thermal 

bridge does not change with the varied insulation.  

Currently the energy codes require approximately 8 cm 

of extruded polystyrene insulation in a cooling climate 

such as Chicago.  As Figure 1 illustrates, at a certain 

point continuing to increase insulation will provide only 

a marginal increase in the resistance of the assembly.  

As the insulation increases, the thermal bridges turn 

into the dominate source of the heat loss, and 

minimizing these short circuits of heat flow becomes a 

more effective strategy to increasing the thermal 

resistance of the envelope.  Given the current insulation 

requirements and push for higher performing buildings, 

a greater understanding of thermal bridging in 

envelopes and its impact on operational energy usage is 

needed. 
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CALCULATION METHODOLOGY  

Currently available energy modeling software does not 

accurately account for thermal bridges that may occur 

from penetrations through the thermal insulation or 

connections and interface conditions between building 

components.  Because thermal bridges are characterized 

by multi-dimensional heat flows, energy modeling 

software, which uses a one-dimensional heat transfer 

calculation methodology, is unable to assess these 

conditions.  To account for the more realistic thermal 

performance in an energy model, the clear wall R-value 

of the assembly can be adjusted to more accurately 

account for the actual heat transfer.  This adjusted 

value, often referred to as the effective R-value, can be 

challenging to determine. 

To accurately account for the three-dimensional heat 

transfer occurring in heterogeneous assemblies, a 

mock-up of the panel can be tested with the guarded hot 

box method (Evitherm 2011).  This test consists of a 

guard box, meter box, and cold box.  A representative 

sample is fit to the guarded box and temperature and 

conditions are adjusted on one side, and thermocouples 

read the surface and air temperature on the resultant 

side.  This method can accurately determine the multi-

dimensional heat transfer, but has severe limitations for 

widespread applications due to its extremely high cost 

and specialized equipment required.  Alternately, a 

computational simulation can be done using a three-

dimensional finite element model, which is a method 

that utilizes a numerical technique to approximate 

solutions to complex equations such as partial 

differential and integral equations.  The specialized 

technical skill and knowledge to create and run these 

models is beyond that of the typical architectural 

practitioner, and therefore is an unfeasible method for 

widespread application in the architecture, engineering 

and construction industry. 

The ASHRAE Handbook of Fundamentals (American 

Society of Heating, Refrigerating and Air-Conditioning 

Engineers 2009) outlines alternate, more simplified 

estimation methodologies for determining the effective 

R-value of an assembly.  The simplest method is the 

parallel path method, which calculates the heat flow 

through the clear wall section and the bridge section 

separately and takes a weighted area average to 

determine the effective R-value.  This method implies 

that heat flows in parallel paths and does not adjust its 

direction to find an easier route through the wall.  

ASHRAE recommends this method as being reasonably 

accurate for less conductive thermal bridges, such as 

wood studs in residential walls.  However, as the most 

common penetrations through commercial insulation 

are metal, this method is not applicable to most 

commercial wall assemblies.   

Building on the parallel path method, the zone method 

attempts to better account for smaller but more 

conductive bridges.  The zone method determines a 

zone of influence that is larger than just the width of the 

bridging member used in the parallel path method.  In 

the zone method, the zone of influence is a function of 

Current Code  

Requirement 

Figure 1: Diagram of Impact of Thermal Bridging on Assembly U-Value as Insulation Increases 
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the width and depth of the construction surface to the 

conductive element.  However, this method has been 

found to be inaccurate for many types of elements and 

therefore modifications have been proposed.  One 

adjusted method, also outlined in the ASHRAE 

Handbook of Fundamentals, is the modified zone 

method.  Based on data from steel stud wall assemblies, 

this method was developed to more accurately account 

for the thermal bridging in steel studs.  This method 

amends the formula for determining the zone of 

influence so that is dependent on a ratio between the 

thermal resistivity of finish material and cavity 

insulation, depth and width of stud, and thickness of 

finish material layers.  Likewise, in 2008 Lee and 

Pessiki proposed a revised zone method for the metal 

ties in precast concrete sandwich panels, which reforms 

the equation for determining the zone of influence 

based on the conductivity of the concrete, insulation 

and metal tie, as well as the diameter of the tie and the 

distance from the face of the wall.  These adaptations 

for the zone method illustrate the limitations when 

applying the zone method to a wide array of 

applications.  The estimation technique was derived for 

large steel members like beams, however it does not 

accurately account for discontinuous instances, such as 

the metal ties, or other unique conditions that may 

occur in commercial building wall details.  Because of 

this, it has limited application and is not suitable for 

widespread use with commercial wall systems. 

The isothermal plans method, or series-parallel method, 

divides the construction assemblies into a series of 

layers.  Layers where conductive and insulative 

elements coexist are handled with a parallel path 

calculation, but the layers are assumed to have a 

uniform surface temperature on either side.  This 

method is recommended for wood, concrete and 

masonry, but not metal, again making it difficult for 

commercial wall assemblies.  Additionally, Zarr et al. 

found that the isothermal planes method tended to 

under predict the R-value of wood-framed wall 

assemblies while the parallel path over predicted it 

(Zarr 1987). 

THERM is a two-dimensional heat transfer program 

developed by Lawrence Berkeley National Laboratory 

and is based on the finite-element method (Ernest 

Orlando Lawrence Berkeley National Laboratory 

2011).  THERM’s simple and easy to use interface is 

accessible for the average building professional.  The 

program is able to model complex geometries and 

provides the average U-values and surface temperature 

for elements.  However, the two-dimensional nature of 

the program was found to be accurate for only elements 

which are continuous perpendicularly to the section 

drawn in the program, such as a beam, but highly in 

accurate for elements that are of shorter depths, such as 

a bolt.   

Griffith et al. (Griffith 1997) describe a method which 

combines the parallel path method and isothermal 

planes method with the two-dimensional program 

THERM to predict the change in thermal resistance 

from bolts in curtain walls.  The parallel path method 

involves two THERM simulations.  The first simulates 

the wall without the bridging element, and the second 

simulates the wall with the bridging element.  The U-

values from the two simulations are then combined by a 

weighted area average for the areas perpendicular to the 

sections drawn on the screen:   

 

UP = FB * UB + FN * UN 

Whereas, UP = U-value parallel path 

FB = Fraction of bridging element 

UB = U-value from THERM with bridging element 

FN = Fraction of clear wall 

UN = U-value from THERM of clear wall 

 

The isothermal planes method requires only one 

simulation, but requires an effective conductivity to be 

calculated prior to the simulation.  The effective 

conductivity is calculated by a weighted area average of 

the conductivity of the bridging element and insulative 

element, and this value is then used for the bridging 

element during simulation: 

 

keff = FB * kB + FN * kN 

Whereas, UI = U-value from THERM using isothermal 

planes method 

keff = effective conductivity  

kB = conductivity of bridging element 

kN = conductivity of non-bridging element 

 

The study compared the temperature and U-value 

results to the measured temperature results from a 

guarded hot box test. Since the U-value is the overall 

heat transfer coefficient, the resultant surface 

temperature is directly proportional to the U-value.   As 

show in Table 1, the parallel method tended to 

underestimate the heat flow, while the isothermal 

planes method over-estimates the heat flow.  However, 

when the two results are averaged as shown in Table 1, 

the discrepancy from the measured experimental 

temperature is on average within 3.5%, and all values 

were well within 10 percent. 
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Table 1: Average Surface Temperature Results Comparision (Griffith 1997) 

 MEASURED PARALLEL PATH ISOTHERMAL PLANES AVERAGED 

 °C °C % 

DIFFERENT 

°C % 

DIFFERENT 

°C % 

DIFFERENT 

Nylon, 229mm 12.4 11.5 -7.3% 11.5 -7.3% 11.5 -7.3% 

Stainless,457mm 11.0 11.3 +2.7% 10.5 -4.5% 10.9 -0.9% 

Stainless,305mm 10.8 11.2 +3.7% 10.1 -6.5% 10.7 -0.9% 

Stainless,229mm 10.7 11.1 +3.7% 9.8 -8.4% 10.5 -1.9% 

Stainless,152mm 10.5 10.9 +3.8% 9.2 -12.4% 10.1 -3.8% 

Stainless, 76mm 9.4 10.3 +9.6% 7.9 -16.0% 9.1 -3.2% 

Steel, 229mm 8.8 11.1 +26.1% 7.7 -12.5% 9.4 +6.8% 

        

Average   ±8.1%  -9.7%  ± 3.5% 

Validation Example 

For this reason, the decision was made to use the 

averaged value from both the THERM parallel path and 

THERM isothermal planes methods described by 

Griffith (Griffith 1997).  To validate this methodology, 

a sample was calculated for an M-tie in a concrete 

sandwich panel with 51 mm of insulation between 

76mm of concrete and spaced 610 mm on center, 

shown in Figure 2, using the revised zone method (Lee 

and Pessiki 2008). 

 

 
Figure 2: Section of the M-Tie Metal Wythe and 

Simplified Equivalent Bar 

 

The conductivity, k, of the materials is assumed to be: 

kcon = 1.92 W/m°K for concrete 

kin = 0.029 W/m°K for insulation 

kct = 45.3 W/m°K for metal Wythe 

The two legs can be combined into one leg, and the 

diameter of the equivalent bar, m, is defined to be: 

 

Witdth identified as the distance from the panel surface 

to the connector, the width of the zone of influence is 

defined to be: 

Wn = (0.174kcon – kin + 0.0026kct + 2.24) m + 0.02kcon – 

0.6kin +0.0024kct +2.35 – 0.15d = 125mm 

The area of influence, Zone A, is the area of the circle 

which is circumscribed by the diameter Wn, and 

therefore is 12,300 mm.  Since the ties are spaced 610 

mm on center, a 610 mm by 610 mm section with the 

tie in the center can be evaluated to be representative of 

the whole wall, because at the center line between the 

two ties the heat flow is symmetrical. Therefore, the 

clear wall zone, Zone B, is the difference between the 

area of the section investigated and Zone A, which is 

359,300 mm
2
.  Zone A consequently represents 3.3% of 

the area and Zone B 96.7%.  The U-values are then 

calculated independently for each zone in Table 2 and 

Table 3.  Within Zone A, the equivalent bar represents 

0.5% of the area. 

Table 2: Zone B U-Value Calculation 

 K  

(W/M

°K) 

WIDTH  

(M) 

U = K/T  

(W/M2°

K) 

R 

VALUE 

(M2°K/

W) 

Outside 

Surface 

NA NA 33.40 0.03 

Concrete 1.92 0.076 25.23 0.04 

Insulation 0.029 0.051 0.57 1.76 

Concrete 1.92 0.076 25.2 0.04 

Inside Surface NA NA 8.35 0.12 

   UT = 1/ 

ΣR 

RT=ΣR 

Combined 

Assembly 

  0.50 1.99 

* NA – not applicable 

 

Using the revised zone method, the Zone A U-value is 

found to be 2.39 and the Zone B U-Value of 0.50, 

which when combined with a weighted area average 

and is equal to 0.56.  This was then compared to the 

THERM parallel path simulations and averaged with 

the THERM isothermal plane simulations using the 
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same conductivity as the ones used in the revised zone 

method calculations.  The effective conductivity, keff, 

was calculated to be: 

FB = Diameter of M-tie/Height of Section = 

6mm/610mm = 0.01 

FN = 1-FB = 0.99 

keff = FB * kct + FN * kin = (0.99) * (0.029) + (0.01) * 

(45.3) = 0.50 W/m°K 

Table 3: Zone A U-Value Calculation 

 AF,  

FRAC

TION 

K  

(W/

M°K

) 

WIDTH  

(M) 

U = AF 

· K/T  

(W/M2°

K) 

R=1/

ΣU 

(M2°

K/W) 

Outside 

Surface 

NA NA NA 33.40 0.03 

Concrete 1 1.92 0.025 75.71 0.01 

Concrete 0.995 1.92 0.051 37.65 
0.02 

M-Tie 0.005 45.3 0.051 4.46 

Insulation 0.995 0.029 0.051 0.56 
0.20 

M-Tie 0.005 45.3 0.051 4.46 

Concrete 0.995 1.92 0.051 37.65 
0.02 

M-Tie 0.005 45.3 0.051 4.46 

Concrete 1 1.92 0.025 75.71 0.01 

Inside 

Surface 

NA NA NA 8.35 0.12 

    UT = 1/ 

ΣR 

RT=Σ

R 

Combined 

Assembly 

   0.42 2.39 

* NA – not applicable 

 

The results from the three THERM simulations are 

shown in Figure 3.  The color bands represent 

temperature ranges within the assembly, with the white 

being the interior temperature and purple the exterior 

temperature.  When all of the color bands and grouped 

together in the insulation, little thermal bridging is 

occurring, however, when the range of color bands 

decreases between the interior and exterior surfaces a 

thermal short is occurring. 

The results from the three THERM simulations are 

shown in Table 4.  The color bands represent 

temperature ranges within the assembly, with the white 

being the interior temperature and purple the exterior 

temperature.  When all of the color bands and grouped 

together in the insulation, little thermal bridging is 

occurring, however, when the range of color bands 

decreases between the interior and exterior surfaces a 

thermal short is occurring. 

Table 4: Revised Zone Method Calculation and 

Proposed Simulation Method Comparison 

 WALL 

FRACTION 

U-

VALUE 

(W/M2°K) 

DIFFERENCE 

FROM 

CALCULATED 

Calculated 1 0.56 - 

    

Parallel 

Path, Clear 

Wall 

0.99 0.51 - 

Parallel 

Path, M-

Tie 

0.01 2.43 - 

Parallel 

Path, 

Combined 

1 0.53 -7.0% 

    

Isothermal 

Planes 

1 0.64 +12.5% 

    

Averaged 

U-Value 

1 0.58 +2.8% 

The results of the validation test showed that the 

averaged U-values more closely fit with the calculated 

U-value.  Both of the results were within 15% of the 

calculated value, but the averaged value was shown to 

be with 3%, which is consistent with the range seen in 

the study by Griffith et al. shown in Table 1.  Although 

the revised zone method is an estimation of the heat 

flow, it was derived from finite element models and 

guarded hot box tests, so it is considered to be 

reasonably accurate.  The ability to utilize the proposed 

methodology with THERM allows for quicker study of 

more complex details that otherwise may be impossible 

to calculate accurately with existing methods 

 

 

 

Figure 3: THERM Results for Parallel Path and 

Isothermal Methods Simulations 

Parallel Path Method, Clear Wall 

Parallel Path Method, Bridging Element 

Isothermal Planes Method 
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Figure 4: Axonometric of the Connection Details for the Cast-in-Place Concrete Wall with Interior Insulation, 

Exterior Insulation with a Masonry Façade, and Exterior Insulation with a Thermally Broken Rain Screen 

 

WALL SYSTEMS INVESTIGATED 

A series of representative concrete and stick built wall 

systems were choosen to investigate a range of thermal 

bridging impact.  Selected commercial building wall 

systems were varied to understand range of thermal 

bridges.  The study was not intended to be a 

comprehensive catalog of thermal bridges, nor are 

thermal bridges a condition unique to concrete or stick-

built wall systems, as they occur in nearly every 

commercial building envelope system.  Although many 

layers exist in wall assemblies, only those which 

influence conductive heat transfer were included and 

elements such as vapor barriers and paint were 

excluded.  The study is intended to represent a sample 

of façade systems inorder to estimate the heat loss to 

better understand how that may impact a building’s 

energy usage and carbon emissions. 

The clear wall U-value was first calculated for each 

assembly.  Wall assemblies which have multiple 

bridges occurring were evaluated in stages.  The 

smallest bridge was examined first, and the heat loss 

through that bridge was determined.  This was then 

used to adjust the insulation R-value to account for the 

additional heat loss from the first thermal bridge.  This 

adjusted value was then used as the starting point for 

the next thermal break evaluated, and the process was 

continued in a cumulative fashion. 

For areas where heat is lost through the slab and 

ceiling, as well as the wall, the U-value is taken from 

the exterior surface in THERM to account for all heat 

flow through all three surface of the a space. 

Concrete Wall Systems 

While historically many concrete walls did not install 

insulation, current energy codes now require all mass 

walls to have insulation in all climates except Climate 

Zone 1, which covers only the southern tip of Florida 

and Hawaii.  An easy and affordable way to attach the 

insulation and finishes is with Z-furring strips, because 

they can serve both as the attachment for the insulation 

as well as the furring strip for a drywall finish, as 

shown in Figure 4.  A sensitivity study was done both 

with and without the bolts in the furring, and the 

difference was found to be negligible. 

Due to the large amount of heat lost through the slab 

from having the insulation on the interior, a system was 

looked at that would allow for a more continuous 

insulation system on the exterior.  However as 

insulation needs an exterior finish for protection, such 

as a brick veneer shown in Figure 4, the structural ties 

for this system typically cause thermal bridges.  This 

requires connections back to the concrete wall system 

for structural support.  Additionally, fasteners, such as 

stick-clips, are needed to secure the insulation to the 

concrete wall.  These structural connections and fasters 

all cause thermal shorts in the insulation. 

Because continuous metal penetrations through the 

insulation are known to cause substantial thermal 

bridges, new systems have arisen which aim to break 

these thermal shorts.  One such system is thermally 

broken Z-clips, which are two angles with thermal 

spacers between the angles.  Although, the bolts still 

penetrate through, this connection minimizes the 

continuous metal heat flow path by separating the two 

angles with the thermal spacer.  Though the stick clip 

did not represent a significant thermal bridge, plastic 

stick clips are also available which have a greater 

resistance to heat flow.  The thermally brocken rain 

screen wall shown in Figure 4 was intended to represent 

a wall with more careful consideration given to the 
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detailing of the thermal envelope, and has a precast 

concrete panel rain screen system on the exterior. 

As can be seen in Table 5, there can be a significant 

range in the impact the detailing of connections can 

have on the assembly’s R-value.  While all the systems 

investigated did still have thermal bridges reducing the 

 

Table 5: Results of Simulation Runs for the Concrete 

Wall Systems 

 R-VALUE 

(M2°K/W) 

DIFFERENCE 

FROM 

CALCULATED 

Concrete Wall with Interior Insulation 

Calculated Center of 

Cavity 
3.00 - 

Z-Furring, THERM 1.76 - 41% 

Slab & Z-Furring, 

THERM 

1.03 - 66% 

 

Concrete Wall with Exterior Insulation and Masonry Façade 

Calculated Center of 

Cavity 
3.00 - 

Stick Clip, Parallel Path 3.00 0% 

Stick Clip, Isothermal 

Planes 

2.94 - 3% 

Stick Clip, Combined 2.97 - 2% 

Stick Clip & Anchor, 

Parallel Path 

2.55 - 15% 

Stick Clip & Anchor, 

Isothermal Planes 

2.24 - 25% 

Stick Clip & Anchor, 

Combined 

2.40 - 20% 

Stick Clip, Anchor, & 

Shelf Angle, THERM 

1.80 - 40% 

 

Concrete Wall with Exterior Insulation and Thermally 

Broken Rain Screen 

Calculated Center of 

Cavity 
3.00 - 

Plastic Stick Clip, 

Parallel Path 

3.00 0% 

Plastic Stick Clip, 

Isothermal Planes 

2.99 0% 

Plastic Stick Clip, 

Combined 

3.00 0% 

Stick Clip & Thermally 

Brocken Z-Clips, 

Parallel Path 

2.58 - 14% 

Stick Clip & Thermally 

Brocken Z-Clips, 

Isothermal Planes 

1.94 - 35% 

Stick Clip & Thermally 

Brocken Z-Clips, 

Combined 

2.26 - 25% 

assemblies R-values, the attention paid to how the wall 

is detailed in design can have a significant impact on 

the perfomance of the façade. 

Stick Built Wall Systems 

Stick built walls are a common backup wall system in 

commerical envelopes.  Historically, insulation was 

placed between the metal studs, however with the 

increasing emphasis on the thermal performance of the 

building envelope, exterior insulation has become the 

norm in the construction industry.  As with the concrete 

wall systems, three stud wall constructions were 

investigated to understand the range of the impact the 

thermal shorts might have on the assembly’s R-value.  

In addition the the thermal simulations, the R-values of 

the assemblies were also looked at with a thermal 

imaging camera to provide a better understanding 

between the design intented R-value, the simulated R-

value, and how the assebly performances when 

constructed.  The R-values from the thermal images 

were calculated using the method described in Madding 

(2008). 

The first system investigated was a fiber reinforced 

cemetious panel (FRCP) rain screen system.  This 

system was designed with continuous Z-furring to 

support the rain screen.  Additionally, the design 

contained gaps in insulation at intersections between 

building components such as the blocking at roof and 

wall connection detail shown in Figure 5.  Both the Z-

furring and blocking provide significant thermal 

bridges. 

 

 

Figure 5: Construction Detail of FRCP Rain Screen 

Panel at the Slab Edge 
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Table 6: Table of Calculated, Simulated and Measure R-value of Stick Built Wall Assemblies 

 CLEAR WALL 

R-VALUE 

(m2°K/W) 

SIMULATED 

R-VALUE 

(m2°K/W) 

DIFFERENCE 

FROM 

CALCULATED 

THERMAL 

IMAGE R-

VALUE 

(m2°K/W) 

DIFFERENCE 

FROM 

CALCULATED 

FRCP Rain Screen 2.49 0.86 - 65% 0.66 - 73% 

Terra-cotta Rain Screen 2.49 1.47 - 41% 1.12 - 55% 

Metal Panel 3.63 3.58 - 1% 3.41 - 6% 

 

The next next wall system that was looked at was a 

terra-cotta rain screen.  Similar to the FRCP wall 

system, Z-girts were used to support an exterior terra-

cotta rain screen. More careful attendtion was paid in 

the detailing of the wall system to minimize thermal 

bridging at connection points in the assembly, however 

as with the furring, the Z-girts still significantly reduce 

the thermal performance of the assembly. 

The last wall system was a metal panel system, which 

integrates the insulation within the exterior cladding.  

While the connectors between the panels provide the 

possibility of a thermal short to occur, attention was 

paid to the detailing of the assembly, as can be seen in 

Figure 6 which minimizes any breaks in the envelope’s 

thermal barrier so that the connector bolts in the panels 

are the only potential thermal bridges. 

As with the concrete wall systems, the thermal bridging 

stick built wall systems studied had a large range of 

impact, where some systems showed little difference 

between the calculated clear wall R-value and the R-

value determined thorugh the simulation and thermal 

imaging, whereas other wall designs showed dramatic 

decrease in performance from the thermal bridges. 

While the R-values from the thermal image and the R-

vlaues from the simulations did not always closely 

align, this is likely due to a number of factors like the 

differences between realworld and idealized 

simulations conditions, additional thermal bridges or 

other conditions that may not have been accounted for 

in the simulation, or difficiencies and changes that may 

occur during the construction process.  However, the 

results do correlate between the thermal images 

calculations and simulations, but further analysis and 

comparision is needed to better understand the 

discrepecies.     

CONCLUSION 

Thermal bridging occurs in almost all commercial wall 

systems, but only limited research has been conducted 

on it thus far.  Furthermore, methodologies to 

accurately assess heterogeneous wall assemblies have 

severe limitations.  From the evaluation conducted, a 

method has been proposed that is accessible to 

architects utilizing the two dimensional heat flow 

software THERM and the parallel path and isothermal 

plane estimation methodologies.  A sample of wall 

assemblies were evaluated representing a range from 

envelopes that were carefully thermally detailed to 

those where thermal concerns were not likely 

considered.  The consideration and attention given to 

connections and how the building envelope is 

constructed caused a large range in the resulting R-

values.   

This investigation of thermal bridging in building 

envelopes is by no means exhaustive, and many other 

thermal conditions exist.  Additionally, this study 

looked primarily at bridging within a wall assembly, 

neglecting areas where the wall interfaces with other 

systems such as parapet and roofs, foundations, 

windows and doors.  Thermally imaging has shown 

these conditions are likely to further increase the 

thermal shorts that may occur, and additional research 

is needed.  Though large thermal bridges were seen in 

some of the assemblies, these could be larger with poor 

detailing or construction of these interfaces.  Instead, 

this envelope investigation establishes an understanding 

of some of the range of thermal bridges that exist and 

propose a methodology for further investigation.  

It is important to focus on minimizing thermal breaks as 

small building improvements can coalesce into larger 

ones when strategies are combined to reduce energy 

Figure 6: Construction Detail of Metal Panel 

Connection 
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usage and carbon emissions.  A high performance 

building envelope should be a key strategy for any high 

performance building, and we have reached the point 

where minimizing thermal bridges can have more of an 

impact of envelope performance than just increasing the 

amount of insulation.  However, further study is needed 

of more wall systems to better understand thermal 

bridges in commercial wall systems and how they can 

be minimized. 
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ABSTRACT 

This research analyzes the thermal performance of 
several types of Double Skin Façades [DSF] to 
determine which are best suited for each climate zone. 
The purpose of the research is to help guide project 
owners and unspecialized architects during their 
decision making process, when they choose to design a 
DSF. Using Building Energy Modeling [BEM] 
software, various types of naturally ventilated DSFs are 
analyzed in all seventeen ASHRAE climate zones. The 
thermal performance of the DSF is determined by 
comparing the building energy use data of a generic 
office building. The different types of DSFs are created 
following a set of parameters such as stratification type, 
permissibility of airflow, and width of interstitial space. 

INTRODUCTION 
The commercial buildings industry, especially office 
buildings worldwide, persistently demand aesthetically 
pleasing all-glass structures that indicate and emphasize 
transparency (Hendriksen et al., 2000). In this context, 
DSF is a valuable solution to mitigate the undesired 
thermal properties of glass while achieving the aesthetic 
transparent look that the building owner desires. 

DSFs have a good reputation not only for their thermal 
performance, but also for allowing natural ventilation, 
increasing the natural daylight in the space, improving 
acoustic comfort in noisy sites and thus improving 
indoor environment (Poirazis, 2006). Some researchers 
and designers criticize the usage of DSFs, claiming the 
cost associated with them does not necessarily make up 
for their benefits (Roth et al, 2007). 

Moreover, the thermal performance of a DSF is not 
guaranteed because they must be uniquely configured 
for each building and they are not standardized. The 
complicated physics involved in the thermo-dynamics 
and heat transfer in a DSF make it vulnerable to error in 
calculation and design. Due to the possible 
complications, almost always, there is a specialist 
involved in the construction of a DSF. 

This research aims to demystify the thermal 
performance of different types of DSFs in varying 
climates. 

METHODOLOGY 

Baseline Building Model 

Since most of the DSFs are incorporated in large office 
buildings, the energy model is also modeled with office 
thermal templates and schedules. The size of the 
building is based on a typical office building in the city 
of Chicago, 120’ x 160’ and 10 storeys tall with no 
basement, total of 192,000 ft². Floor height is chosen to 
be 12 ft, and the building is north-south oriented. In 
order to mimic the prescriptive building, the baseline 
model has 40% window to wall ratio and the specified 
construction materials in table 5.5 of ASHRAE 90.1 for 
each climate. The floor plate of the building has a 
center core that usually houses vertical circulation and 
shafts. This zone is modeled to be 34’0” x 20’6”. The 
perimeter zones are offset 15’ as a rule of thumb. This 
is the approximate distance that solar radiation directly 
affects. Then the zones are divided according to 
orientation. In the end, the floor plate is divided into 9 
zones, as seen in Figure 1. The center core is modeled 
to be vertically continuous and there are no internal heat 
gains assigned to this single zone. Since, there are not 
many partitions in a typical open office plan; the 
diagonal inner walls separating the zones are modeled 
as 100% holes. 

 
Figure 1 Zoning of the Baseline Building 
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Building Energy Modeling Software 

IESVE 6.4 was chosen as the BEM software for 
parametric analysis of DSF configurations due to its 
capabilities in modeling airflow by natural convection. 
Although IESVE has a robust modeling component 
called ModelIT, using the Google SketchUp plug-in 
was preferred for flexibility in modeling. Additionally, 
default values were selected for HVAC equipment. 

Parameters 

Based on the categorization by Belgian Building 
Research Institute (Lancour et al., 2004), DSFs can be 
classified by three main criteria: 

• Ventilation type 

• Stratification 

• Airflow path 

Several parameters can be analyzed within each of these 
criteria. For instance, a DSF can be ventilated naturally, 
mechanically or using a hybrid system. This study 
focuses only on the naturally ventilated DSFs. 

Stratification parameters modeled in this study are: 

• Multi Storey [MS] 

• Corridor Façade [CF] 

• Juxtaposed Modules [JM] 

• Shaft Box [SB] 

MS is the configuration in which the DSF is an 
uninterrupted continuous cavity without any partitions. 
In BEM, the DSF is a single unconditioned zone.  

CF is the configuration in which the DSF is partitioned 
horizontally. In BEM, the DSF is comprised of ten 
unconditioned zones. 

JM is the configuration in which the DSF is partitioned 
both horizontally and vertically. In BEM, the DSF is 
comprised of 80 unconditioned zones which would 
prevent interaction from module to module. 

SB is the configuration in which the individual modules 
of DSF are connected by a vertical shaft. In BEM, the 
holes for airflow are 2’x2’ and the DSF is comprised of 
44 unconditioned zones. 

In terms of airflow path, a DSF can be either open or 
closed to environment. The closed configurations are: 

• Static Air Buffer [SAB] 

• External Air Curtain [EAC] 

• Internal Air Curtian [IAC] 

SAB is the configuration in which the DSF does not 
have any openings and is air sealed. This configuration 
is expected to trap air inside and allow it to reach very 
high temperatures with solar radiation, and also it is 
expected to act as a thermal buffer. 

EAC is the configuration in which the outside air 
penetrates into the cavity from the lower opening, 
sweeps the internal skin and exits the cavity from upper 
opening. This configuration is expected to ventilate the 
cavity fastest. 

IAC is the configuration in which the inside air 
penetrates into the cavity from the lower opening, 
sweeps the external skin and re-enters the building from 
upper opening. This configuration is expected to 
increase heat transfer through convection, and may 
reduce the overall U-value of the façade 

Open DSF configurations can be broken down into: 

• Supply Air [SA] 

• Exhaust Air [EA] 

SA is the configuration in which the outside air 
penetrates into the cavity from the lower opening, heats 
up and enters the building from the upper opening to 
allow heat transfer through mass flow and convection. 

EA is the configuration in which the inside air enters the 
cavity from the lower opening, heats up and leaves the 
building from the upper opening to allow heat transfer 
through mass flow and convection. 

The overall categorization of DSFs is shown in Figure 
2. 

 
Figure 2 Categorization of Double Skin Façades 
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Figure 3 Modeled Double Skin Façades 

 

In addition to the stratification and airflow parameters, 
width of the interstitial space is also taken into 
consideration by modeling the cavities: 

• 3ft 

• 2ft 

• 4ft 

The graphic representations of the modeled DSFs are 
shown in Figure 3. To compare the impact on the 
thermal performance of each of the three parameters, 
the remaining two parameters were fixed. For the 
stratification analysis a 3ft wide SAB, for the airflow 
path analysis a 3ft wide CF, and for the cavity width 
analysis a SAB CF was chosen to be the fixed 
parameters. 

Finally, annual energy simulations are run for the 
baseline models and the 10 DSF configurations located 
in selected cities (Briggs et al., 2002) representing 17 
ASHRAE climates, shown in Table 1.  

SIMULATION RESULTS 
The result files from the simulation of 187 models were 
bundled in three ways to extract analyses: 

• Results for each climate zone 

• Results for each DSF configuration 

• Overall ranking of DSF configurations 

• Performance of combined DSF configurations 

Table 1 Climate Classifications 
 

ZONE DESCRIPTION CITY 
1A Very Hot – Humid Miami, FL 
1B Very Hot – Dry Riyadh, Saudi Arabia 
2A Hot – Humid Houston, TX 
2B Hot – Dry Phoenix, AZ 
3A Warm – Humid Memphis, TN 
3B Warm – Dry El Paso, TX 
3C Warm – Marine San Francisco, CA 
4A Mixed – Humid Baltimore, MD 
4B Mixed – Dry Albuquerque, NM 
4C Mixed – Marine Salem, OR 
5A Cool – Humid Chicago, IL 
5B Cool – Dry Boise, ID 
5C Cool – Marine Vancouver, BC 
6A Cold – Humid Burlington, VT 
6B Cold – Dry Helena, MT 
7 Very Cold Duluth, MN 
8 Subarctic Fairbanks, AK 

 

Results for Each Climate Zone 

The data are grouped together to compare the impact of 
stratification, airflow path, and cavity width parameters 
individually for each climate zone. Due to length 
restrictions of this publication, only the results for 5C 
Cool-Marine climate Vancouver, BC, Canada are 
presented here. Also note that, the schedules for the 
equipment and lights do not vary with climates; 
therefore their annual energy consumption [AEC] is 
calculated to be the same throughout the simulations 
and thus not included after Table 2 to avoid repetition. 
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Table 2 Annual Energy Consumption of the Baseline Model in Climate 5C 
 

 HEATING 
[MBTU] 

COOLING 
[MBTU] 

FANS & PUMPS 
[MBTU] 

LIGHTS 
[MBTU] 

EQUIPMENT 
[MBTU] 

TOTAL 
[MBTU] 

Baseline 1675.6 1662.7 2678.6 2304.4 2304.4 10625.8 
 

Table 3 Stratification Analysis in Climate 5C 
 

3FT 
-

SAB 

HEATING 
[MBTU] 

COOLING 
[MBTU] 

FANS & 
PUMPS 
[MBTU] 

TOTAL 
[MBTU] 

MS 1681.4 1994.5 2815.5 11100.2 
0.34% 19.96% 5.11% 4.47% 

CF 1673.3 1990.0 2813.6 11085.7 
-0.14% 19.68% 5.04% 4.33% 

JM 1668.1 1944.7 2794.9 11015.6 
-0.45% 15.96% 4.34% 3.68% 

SB 1668.2 1981.2 2810.0 11068.2 
-0.44% 19.15% 4.90% 4.16% 

 

The results in Table 3 reveal that significant decrease in 
heating energy cannot be achieved by any configuration 
but they all increase the cooling energy. All of the 
configurations with SAB give us unpleasant results 
annually due to their high cooling penalties. However, 
the JM would be the preferred choice among them. 
 

Table 4 Airflow Path Analysis in Climate 5C 
 

3FT 
- 

CF 

HEATING 
[MBTU] 

COOLING 
[MBTU] 

FANS & 
PUMPS 
[MBTU] 

TOTAL 
[MBTU] 

SAB 
 

1673.3 1990.0 2813.6 11085.7 
-0.14% 19.68% 5.04% 4.33% 

EAC 
 

1914.7 1690.2 2689.9 10903.7 
14.27% 1.65% 0.42% 2.62% 

IAC 
 

1900.2 2153.0 2880.9 11542.8 
13.40% 29.49% 7.55% 8.63% 

SA 
 

3641.0 597.5 2239.2 11085.6 
117.29% -64.06% -15.40% 4.34% 

EA 
 

3089.6 1544.8 2630.0 11873.2 
84.38% -7.09% -1.82% 11.74% 

 

Table 4 indicates that only the SAB configuration is 
beneficial during the heating season, but it would have a 
severe penalty for cooling. On the other hand, SA 
provides immense energy savings in cooling; therefore 
two different operation modes of airflow are required in 
this climate. 

 

Table 5 Cavity Width Analysis in Climate 5C 
 

SAB 
- 

CF 

HEATING 
[MBTU] 

COOLING 
[MBTU] 

FANS & 
PUMPS 
[MBTU] 

TOTAL 
[MBTU] 

3 ft 
 

1673.3 1990.0 2813.6 11085.7 
-0.14% 19.68% 5.04% 4.33% 

2 ft 
 

1668.5 2031.3 2830.6 11139.2 
-0.43% 22.17% 5.68% 4.83% 

4 ft 
 

1675.9 1945.4 2795.6 11027.7 
0.07% 17.06% 4.37% 3.78% 

 

Looking at the width of interstitial spaces in Table 5, it 
can be determined that a 4 ft gap has the least annual 
penalty and would, therefore, be the preferred choice. 

The results suggest that if implemented, an overall 
correct DSF design choice in this climate would be a 
JM of 4 ft or wider gap, which has two airflow modes, 
SAB in winter and SA in summer. 
 

Table 6 Combined DSF Analysis in Climate 5C 
 

JM 
- 

SA 

HEATING 
[MBTU] 

COOLING 
[MBTU] 

FANS & 
PUMPS 
[MBTU] 

TOTAL 
[MBTU] 

  1668.1 597.5 2239.2 9113.7 
-0.45% -64.06% -15.40% -14.23% 

 

In an attempt to generate the best hypothetical 
performance of a naturally ventilated DSF in this cool 
and marine climate, the heating energy from the JM, 
and cooling + fans & pumps energy from the SA 
configuration are combined in Table 6. 

This table shows that in climate 5C, with the 
combination of the best values from previous tables, 
immense thermal energy savings can be achieved by a 
naturally ventilated DSF. These savings are mostly due 
to reduction in cooling energy. 

This analysis theoretically defines the thermal benefit 
limits of a non-mechanically ventilated DSF with no 
HVAC link. The hypothetical combined DSF is then 
compared to the baseline by its AEC, and hourly energy 
use during heating and cooling peak days in Figures 4 
and 5. This method of combining the best values of 
different configurations for heating, cooling, fans & 
pumps, lacks accuracy and does not necessarily show 
the performance of an optimum DSF in operation. This 
research refrains from designing optimum DSFs mostly 
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because of the fact that they are supposed to be 
uniquely crafted for different needs of each building. 
However, the percentage savings will still serve as a 
good guide for decision making based on the 
hypothetical performance of a natural ventilated DSF in 
each climate zone. 

 

The hourly sensible energy use, outside dry bulb 
temperature and inside air temperature of the south 
perimeter zone on peak energy days are plotted in 
Figures 4 and 5. Analyses of these peak day graphs 
reveal that the combined DSF provides zero savings in 
the heating peak day but considerable reduction in 
energy in the cooling peak day. 

 

 
Figure 4 Peak Heating Day Hourly Analysis in Climate 5C 

 

 
Figure 5 Peak Cooling Day Hourly Analysis in Climate 5C 
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Results for Each DSF Configuration 

In this section, the same data are bundled for each DSF 
configuration to focus in their performance at different 
climates. Due to length restrictions of this publication, 
only the results for 3ft-JM-SAB and 3ft-CF-SA are 
presented here, since they performed best in Vancouver. 
 

Table 7 Performance of 3ft-JM-SAB Configuration 
 

3FT 
JM 
SAB 

HEATING 
[%] 

COOLING 
[%] 

FANS & 
PUMPS 

[%] 

TOTAL 
[%] 

1A -2.40% 1.22% 0.49% 0.35% 
1B -7.63% -0.11% -0.05% -0.53% 
2A -2.30% 3.24% 1.13% 0.84% 
2B -2.48% 4.35% 1.60% 1.30% 
3A -2.18% 5.95% 1.87% 1.40% 
3B -2.38% 7.28% 2.32% 1.86% 
3C -2.13% 10.26% 2.27% 1.74% 
4A -2.18% 13.39% 4.53% 3.69% 
4B -3.59% 15.22% 5.69% 4.65% 
4C -1.18% 14.09% 4.10% 3.45% 
5A -2.97% 14.48% 4.39% 3.15% 
5B -2.12% 15.21% 5.08% 3.96% 
5C -0.45% 15.96% 4.34% 3.68% 
6A -2.78% 15.62% 4.27% 2.85% 
6B -2.87% 18.00% 4.96% 3.31% 
7 -3.77% 19.94% 4.78% 2.57% 
8 -1.11% 22.34% 4.27% 1.93% 

 

 

Table 8 Performance of 3ft-CF-SA Configuration 
 

3FT 
JM 
SAB 

HEATING 
[%] 

COOLING 
[%] 

FANS & 
PUMPS 

[%] 

TOTAL 
[%] 

1A -4.24% 8.21% 3.28% 2.95% 
1B 14.88% 13.73% 5.17% 5.83% 
2A 28.97% 3.32% 1.16% 3.72% 
2B 5.93% 5.89% 2.16% 2.59% 
3A 50.76% -2.61% -0.82% 5.62% 
3B 17.97% -4.59% -1.47% 0.59% 
3C 13.92% -33.35% -7.37% -4.74% 
4A 67.04% -8.79% -2.97% 5.56% 
4B 88.84% -45.57% -17.41% -4.66% 
4C 105.21% -55.00% -15.30% 0.29% 
5A 167.19% -43.51% -13.20% 19.12% 
5B 128.38% -51.79% -15.22% 7.85% 
5C 117.29% -64.06% -15.40% 4.34% 
6A 185.11% -52.36% -14.31% 27.97% 
6B 149.20% -55.73% -15.62% 20.71% 
7 142.16% -25.77% -5.18% 33.56% 
8 105.03% -17.99% -3.44% 45.04% 

 

Table 7 indicates that 3ft-JM-SAB configuration cannot 
deliver overall annual energy savings due to the cooling 
penalties. However, small savings in heating energy can 
be achieved in some climates. In the end, this 
configuration performs best in climate 1B, and worst in 
4B.  

Table 8 indicates that 3ft-CF-SA configuration shows 
erratic behavior across the different seasons. SA draws 
air inside and outside temperatures fully influence the 
inside temperature. In cold climates, SA dramatically 
reduces the cooling energy but is twice as detrimental to 
the heating energy. Therefore, this airflow configuration 
works great only in cooling the excess summer heat 
gains in the cold climates.  Also, it can be used to bring 
the heat in from outside during winters of climate 1A. In 
the end, this configuration performs best in climate 5C 
and worst in 1B. 

Overall Ranking of DSF Configurations 

In this section, the DSF configurations are ranked in a 
spectrum of all climates. A point based method is 
developed in which the configurations receive points for 
their performance in each climate. For example in 
climate 5C, among stratification types, JM is the best 
performing configuration and receives 4 points, while 
MS is the worst one and will receive 1 point. When two 
configurations are tied in scores for a climate, they 
share their average score. Tables 9 through 11 show 
overall ranking of configurations. 
 

Table 9 Stratification Type Scores and Overall Ranking 
 

 MS CF JM SB 
1A 3.5 (H) 1 3.5 (C) 2 
1B 1 2 4 3 
2A 1 2 3.5 (C) 3.5 (H) 
2B 1 2 4 3 
3A 1 2 3.5 (C) 3.5 (H) 
3B 2 1 3.5 (C) 3.5 (H) 
3C 1 2 3.5 (H) 3.5 (C) 
4A 1 2 3.5 (C) 3.5 (H) 
4B 1 2 4 3 
4C 1 2 4 3 
5A 1 2 3.5 (C) 3.5 (H) 
5B 1 2 4 3 
5C 1 2 4 3 
6A 3.5 (H) 1 3.5 (C) 2 
6B 1 2 3.5 (C) 3.5 (H) 
7 1 2 3.5 (C) 3.5 (H) 
8 1 2 3.5 (C) 3.5 (H) 
Total 23 31 62.5 53.5 
Rank 4 3 1 2 
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Table 10 Airflow Type Scores and Overall Ranking 
 

 SAB EAC IAC SA EA 
1A 3 4.5 (C) 2 4.5 (H) 1 
1B 4.5 (H) 4.5 (C) 3 2 1 
2A 4.5 (H) 4.5 (C) 3 2 1 
2B 4.5 (H) 4.5 (C) 2 3 1 
3A 4.5 (H) 3 2 4.5 (C) 1 
3B 4.5 (H) 3 1 4.5 (C) 2 
3C 4.5 (H) 1 2 4.5 (C) 3 
4A 4.5 (H) 2 1 4.5 (C) 3 
4B 4.5 (H) 3 1 4.5 (C) 2 
4C 4.5 (H) 2 1 4.5 (C) 3 
5A 4.5 (H) 2 1 4.5 (C) 3 
5B 4.5 (H) 2 1 4.5 (C) 3 
5C 4.5 (H) 2 1 4.5 (C) 3 
6A 4.5 (H) 2 1 4.5 (C) 3 
6B 4.5 (H) 2 1 4.5 (C) 3 
7 4.5 (H) 2 1 4.5 (C) 3 
8 4.5 (H) 2 1 4.5 (C) 3 
Total 75 46 25 70 39 
Rank 1 3 5 2 4 

 

 

Table 11 Cavity Width Scores and Overall Ranking 
 

 3FT 2FT 4FT 
1A 2 1 3 
1B 2 1 3 
2A 2 1 3 
2B 2 1 3 
3A 2 1 3 
3B 2 1 3 
3C 2 1 3 
4A 2 1 3 
4B 2 1 3 
4C 2 1 3 
5A 2 1 3 
5B 2 1 3 
5C 2 1 3 
6A 2 1 3 
6B 2 1 3 
7 2 1 3 
8 2 1 3 
Total 34 17 51 
Rank 2 3 1 

 

Performance of Combined DSF Configurations 

Figure 6 compares and the performance of combined 
DSFs using the hypothetical AEC data which are 
generated by combining benefits of the best heating and 
cooling configurations in each climate zone. 

 

CONCLUSION 
Based on the methodology utilized, the stratification, 
airflow path, and cavity width parameters were 
analyzed. Additionally, from the annual energy 
simulation data, a climatic analysis was also extracted. 

As a result of the stratification analysis, juxtaposed 
modules [JM] and shaft box [SB] appeared to be the 
best configurations overall. The analysis also concluded 
that this was mostly due to shading provided by the 
horizontal and vertical partitions. Therefore this study 
failed to determine a recommended stratification type, 
but affirmed the importance of shading in order to 
decrease the cooling loads.  

The analysis for the airflow types revealed that the 
preferred configurations varied by season. While in 
winter, static air buffer [SAB] decreased heating loads, 
supply air [SA] and external air curtain [EAC] helped 
cooling the building in summer. Additionally, the 
results of this analysis were found to be affected by the 
climate zones more than the stratification type or cavity 
width analyses. For cooling purposes, EAC performed 
best in very hot and hot climates, whereas SA was the 
preferred choice for every other climate. As an 
exception to SAB being the best passive heater in all 
climates, SA performed better in Miami. As a note, SA 
should be used carefully in cold climates because it can 
cause thermal discomfort in the perimeter zones, if the 
windows are opened before the air temperature in the 
cavity reaches acceptable levels. 

Cavity width analysis showed indications that 
overheating occurs in narrower cavities. This was not 
advantageous even in the coldest climate; therefore, as a 
result of this analysis, 4ft or wider cavities are 
recommended, when used without additional shading. 

Climatic analysis via combined DSFs showed that mild 
and cold climates are the most preferred locations to 
construct a natural ventilated DSF, followed by extreme 
cold climates and warm climates. In the very hot and 
hot climates, natural ventilation was proven to be 
inadequate for cooling. In case a DSF is desired at 
locations with such climates, mechanical ventilation of 
the cavity is highly recommended. Suggested way 
would be circulating the return air to cool the hotter air 
inside the cavity. 

FURTHER STUDY RECOMMENDATIONS 
There are a few limitations to the BEM used in this 
research. First of all, daylight dimmers were not 
included in the models to retain the limits of the 
analysis to thermal benefits only. If realized, daylight 
dimming systems would reduce the lighting energy cost 
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Figure 6 Performances of Combined DSF Configurations Compared to Baselines in Each Climate Zone 

 

significantly. Another short-coming of the model is not 
incorporating any shading elements, which would 
decrease the cooling loads and improve reliability of the 
stratification analysis results. Thirdly, there was no 
control over the openings of DSF; the system was either 
fully open or fully closed. In a better model, they need 
to be formulated to follow a schedule or a logic 
statement to ensure acceptable temperature range for the 
airflow. Finally, other possible combinations of 
stratification-airflow-width parameters could have been 
modeled in junction. For example in the current study, 
stratification analysis is done only for 3ft-SAB, but 
could possibly yield better results in other 
combinations. 

This study can be further developed by adding other 
analyses. Firstly, forced mechanical ventilation of the 
cavity could be incorporated to take this study to a next 
level. This may provide better results for very hot and 
hot climates, and possibly others. An additional analysis 
could be done to determine the optimum areas of 
opening in the DSF. Lastly, the glass surfaces of DSF 
can be analyzed in detail by introducing different 
coatings and reverse formation of double pane and 
single pane skins. 

As a last remark, utilizing computational fluid dynamics 
would be beneficial to aid the findings of this study 
and/or other similar BEMs. 
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ABSTRACT 
The Conduction Transfer Function (CTF) method is 
used by many building energy performance simulation 
programs to calculate 1-D transient heat conduction 
through multi-layer envelope components. TRNSYS is 
one of these programs, and several authors have 
reported problems with the current CTF 
implementation in its multizone building model, 
known as Type 56. Reported problems are related to 
heavy and highly insulated slabs and short time-step 
simulations (less than 15-minute time-step). This paper 
documents the current implementation of CTF in Type 
56. It then reports on our investigation of some issues 
with the current implementation and their causes. 
Workarounds and short-term solutions are assessed and 
longer-term improvements are discussed. 
 

INTRODUCTION 
Transient conduction heat transfer through building 
slabs is one of the key aspects of space heating and 
cooling loads calculation. Several Building 
Performance Simulation (BPS) tools were developed to 
perform these calculations and address the dynamics of 
heat transfer through the building envelope. With the 
current interest for net-zero energy buildings and 
demand-side response to smart grids, a need is showing 
for accurate transient simulation of thick, highly 
insulated (and sometimes heavy) slabs with short time-
steps (in the order of one minute). This sometimes 
represents a challenge for codes that were mainly 
developed with the objective of performing yearly 
energy load calculations, typically with a time-step of 
one hour. This is the case of TRNSYS building model, 
known as Type 56, which is known to have limitations 
with very thick, heavy, or highly insulated walls and 
with short time-steps (typically under 15 min). 
  
At the same time, encapsulation of Phase-Change 
Materials (PCMs) in the building structure is becoming 
a reality for the building industry. Modeling tools must 
cope with this reality, but the current implementation 

of CTF in TRNSYS Type 56 is not adapted to phase-
changing wall layers. This has generated interest for 
external solutions, i.e. dedicated components that 
simulate the behavior of one particular wall and 
communicate with Type 56 to interact with the rest of 
the building model [5, 10, 14]. These solutions must be 
carefully setup by users and quickly become tedious if 
several PCMs walls are to be simulated. 
 

OBJECTIVES 
The long-term goal of our project is to improve the 
transient conduction modeling in Type 56 to allow 
short time-step studies for demand-side management 
and to cope with encapsulated PCMs in the building 
structure. 
  
As a first step, this paper reports on our work to assess 
the current implementation of CTF in Type 56 and 
explore possible improvements. The theory behind the 
CTF method and the different options to obtain CTF 
coefficients is briefly described and the current 
implementation of CTF coefficients generation in 
TRNSYS Type 56 is documented.  
 
Some limitations of the current CTF modeling 
approach are investigated by comparing Type 56’s 
response with a reference solution for three wall 
assemblies representing well insulated modern walls 
with different levels of thermal mass: Insulated 
Concrete Form (ICF), Structural Insulated Panel (SIP), 
and Double-Stud Wall with brick veneer (DST). 
 
The tests performed to assess the current limitations of 
CTF in Type 56 are 1-min simulations of steps, 
periodic excitations, and an aggressive heating setback 
intended to represent demand-side management 
studies. 
 
After assessing and quantifying the limitations with the 
current CTF implementation, workarounds are 
explored and future directions are discussed. 
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CTF METHOD IN TRNSYS 
The method implemented in TRNSYS to calculate the 
transient heat conduction through slabs is the CTF 
method. This method was introduced by Mitalas and 
Stephenson [20] and consists in determining transfer 
functions for 1-D conduction heat transfer through 
slabs by solving the conduction equation with Laplace 
and Z-transform theory.  
 
The conduction transfer functions (CTF) are time 
series [21] allowing to calculate the inside and outside 
heat fluxes (푞  and 푞 ) from current and previous 
values of the surface temperatures (푇  and 푇 ) and the 
heat fluxes themselves: 
 
푞 = 	 ∑ 푏 푇 , − ∑ 푐	 푇 , −∑ 푑	 푞 , 	            (1)
  
푞 = ∑ 푎	 푇 , −∑ 푏 푇 , − ∑ 푑	 푞 ,             (2) 
 
Where: 
 
∑ 	

∑ 	 =
∑ 	

∑ 	 =
∑ 	

∑ 	 = 푈                             (3) 

 
a, b, c and d are the coefficients of the time series 
equations. There are several methods to obtain these 
coefficients for a particular wall type. The method used 
in TRNSYS Type 56 is the Direct Root Finding (DRF) 
method as performed by Mitalas and Arseneault [16].  
 
CTF are discrete time series and the selected time-step 
is referred to as the “timebase” in TRNSYS, to 
distinguish that CTF time-step from the main 
simulation time-step. TRNSYS simulations can run 
with a time-step that is smaller than or equal to the 
timebase, as long as the CTF timebase is a multiple of 
the simulation time-step. The lower the timebase, the 
more coefficients will be required to describe the 
dynamic response of a given wall. 
 
The DRF method implemented by Mitalas and 
Arseneault in TRNSYS to calculate the CTF 
coefficients needs a fixed input signal (an excitation) 
for which these coefficients will be generated. This 
excitation will be a simple linear ramp input.  This 
method was described previously by Giaconia and 
Orioli [8] and consists first in solving the heat 
transmission matrix for a slab, i.e. the matrix 
describing the thermal properties of the slab: 
 
푇 (푠)
푞 (푠) = 	 퐴(푠) 퐵(푠)

퐶(푠) 퐷(푠) 	× 	 푇 (푠)
푞 (푠)                             (4) 

 
Where:  
 

퐴(푠) 퐵(푠)
퐶(푠) 퐷(푠) = 1 −푅

0 1 × 퐴(푠) 퐵(푠)
퐶(푠) 퐷(푠) ×

퐴(푠) 퐵(푠)
퐶(푠) 퐷(푠) × … × 퐴(푠) 퐵(푠)

퐶(푠) 퐷(푠) × 1 −푅
0 1      (5) 

                       
Where: 
- s is the Laplace variable. 
- Tso and Tsi are the outside and inside surface 

temperature [°C]. 
- qso and qsi are the outside and inside surface heat 

flow [W]. 
- Ri and Ro are the inside and outside thermal 

resistance of the air film [m²K/W].  

- 퐴(푠) = 퐷(푠) = cosh 퐿  

- 퐵(푠) = −  

- 퐶(푠) = −  
- n is the layer number. 
- L is the layer thickness [m]. 
- R is the thermal resistance [m²K/W]. 
 
For a resistive layer, the transmission matrix becomes 
1 −푅
0 1 .   

 
After manipulation, the equation (4) becomes: 
 
푞 (푠)
푞 (푠) = 	

퐺 (푠) −퐺 (푠)
퐺 (푠) −퐺 (푠) 	× 	 푇 (푠)

푇 (푠)               (6) 

 
Where Gx(s), Gy(s) and Gz(s) are respectively the s-
transfer functions of external, cross and internal heat 
conduction of the slab and are formulated as: 
  
퐺 (푠) = ( )

( )  퐺 (푠) = ( )  퐺 (푠) = ( )
( ) 

                 
From these s-transfer functions (continuous-time 
system), z-transfer functions (discretized time system) 
can be evaluated: 
 
퐺 (푧) = ( )

( )
= [ ( ) ( )]

[ ( )] = ( )
( )                (7) 

 
퐺 (푧) = ( )

( )
=

( ) ( )
[ ( )] =

( )
( )                             (8) 

 
퐺 (푧) = ( )

( )
= [ ( ) ( )]

[ ( )] = ( )
( )                (9) 

 
Where: 
- z is the discrete Laplace variable. 
- Z is the z-transform operator. 
- I(z) is the linear ramp input and is formulated as: 

퐼(푧) = ∆
( )  with Δ being the sampling time. 
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- Nx(z), Ny(z), Nz(z) are the numerators of z-transfer 
functions. 

- D(z) is the denominator of z-transfer functions and 
is formulated as follows: 
퐷(푧) = ∏ 1− 푒 ∆푧 = 푑 + 푑 푧 + 푑 푧 +
⋯+ 푑 푧 	                                         (10) 

 
Where: 
o βn are the roots of B(s). 
o N is the number of roots. 
o dn is one type of CTF coefficients (among 4 

types). These coefficients can be calculated as 
follows: 
 d0 = 1 
 d1 = - (h1+h2+h3+…+hN) 
 d2 = h1 h2 + h1 h3 + … + h2 h3 + h2 h4 + … + 

hN-1 hN 
 … 
 dN = (-1)N (h1 h2 h3…hN)  

With ℎ = 푒 ∆ 
- Ox(z), Oy(z) and Oz(z) are the output signals of z-

transfer functions. O(z) is expressed as: 
 
푂(푧) = ∆

( ) + + ∑ ∆ = 표 + 표 푧 +
표 푧 + ⋯표 푧                           (11) 
 
Where C0 and C1 are coefficients and are different for 
Ox(z), Oy(z) and Oz(z), i.e: 

o For Ox(z): 퐶 = ( )
( )  and 

퐶 = ( ) ( ) ( ) ( )
( ) with 퐴 (푠) = ( )  

o For Oy(z): 퐶 = ( )   and 퐶 = ( )
( )   

o For Oz(z): 퐶 = ( )
( )  and 

퐶 = ( ) ( ) ( ) ( )
( )   

 
The coefficients on in equation (11) are computed as: 

o 표 = 퐶 + 	∑ 푑  
o 표 = 퐶 + 퐶 ∆+ ∑ 푑 푒 ∆ 
o 표 = 퐶 + 2	퐶 ∆+ ∑ 푑 푒 ∆ 
o … 
o 표 = 퐶 + 푛	퐶 ∆+∑ 푑 푒 	 ∆ 

 
After all these calculations, Nx(z), Ny(z) and Nz(z) can 
finally be computed to generate the three last CTF 
coefficients (a, b and c). Only the example for Nx(z) is 
developed. For the two others, the operations must be 
just repeated. 
 
푁 (푧) = ( )

∆
	(1 + 푑 푧 + 푑 푧 +⋯+

푑 푧 )	(표 + 표 푧 + 표 푧 +⋯+ 표 푧 ) = (푎푧+ 푎 +
푎 푧 + 푎 푧 + ⋯+ 푎 푧 ( )                        (12) 
 
Where: 

- 푎 = 푚표 = 0 
- 푎 = 푚 표 +푚표  
- 푎 = 푚 표 + 푚 표 +푚표  
- 푎 = 푚 표 +푚 표 +푚 표 + 푚표  
- … 
- 푎 = 푚 표 +푚 표 + ⋯+푚 표 +푚 표 +푚표  
- … 
- 푎 = 푚 표 +푚 표 +⋯+ 푚 표 +푚 표 +

푚표  
 
And: 
- 푚 =

∆
 

- 푚 =
∆

(푑 − 2	푑 ) 

- 푚 =
∆

(푑 − 2	푑 + 푑 ) 
- … 
- 푚 =

∆
(푑 − 2	푑 + 푑 ) 

- … 
- 푚 =

∆
(−2	푑 + 푑 ) 

- 푚 =
∆
	푑  

   
Once these coefficients are calculated, they can be used 
directly by TRNSYS with equations (1) and (2). 
 
The CTF implementation in TRNSYS is in line with 
the general convention in the program that all the 
variables exchanged between components (Types) are 
averaged over the simulation time-step. This means, 
for example, that q  is the average of the heat flux 
between (t = t  and  t = t ). 
 

TEST CASES TO ASSESS THE CURRENT 
CTF IMPLEMENTATION IN TYPE 56 
Selected wall types 
We selected three wall types to represent well insulated 
modern walls with different levels of thermal mass: 
Insulated Concrete Form (ICF), Structural Insulated 
Panel (SIP), and Double-Stud Wall with brick veneer 
(DST). The three walls have approximately the same 
R-value: RSI = 5.5 m²-K/W, or RIP = 31 h-ft²-°F/Btu 
(including standard inside and outside surface 
resistances). The following description of these walls is 
from inside to outside and the materials properties 
comes from ASHRAE Handbook [1]: 
 

Table 1: Slabs description. 

 

Slabs L [m] k [W/(m-K)] ρ [kg/m³] Cp [kJ/(kg-K)] R [m²-K/W]

ICF
Gypsum board 0.016 0.16 800 1.09 0.100

EPS (expanded 
polystyrene) board 0.076 0.03 43 1.21 2.533

Heavyweight 
concrete

0.203 1.95 2240 0.9 0.104

EPS board 0.076 0.03 43 1.21 2.533
Stucco 0.025 0.72 1856 0.84 0.035

Wall-only U-value: 0.188 W/(m²-K)
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Test cases 
Transient conduction through walls is tested by 
modeling a thermal zone with one wall type. The tested 
wall has a nominal area of 1000 m² (this area is 
actually split in two because Type 56 requires at least 
two walls per zone). Heating and cooling is 
implemented to keep the inside air temperature at the 
desired value (except during the setback phase of 
scenario 2, see below). Outside air temperature is 
imposed at a constant or periodic value. There are no 
internal gains or solar radiation. Outside long wave 
radiation is zeroed by defining the wall as a boundary 
wall and by setting the boundary temperature at the 
desired constant and periodic air temperature. The 
impact of inside long wave radiation is removed by 
using the simple long-wave radiation model with 
appropriate combined resistances. The detailed long-
wave radiation mode introduced in TRNSYS 17 with 
the TRNSYS-3D interface could also be used, since 
that detailed mode allows modifying the emissivity of 
each wall.  

Scenario 1 
For the first scenario, the time-step used is 1 minute 
and the following boundary conditions have been 
selected: 
o 34.5 and 8.3 W/(m² K) for the outside and inside 

convection coefficients respectively. 
o Outside air temperature is a sine wave (20 °C 

average value and 20 °C amplitude, 24-h period, no 
phase-lag). 

o The inside temperature is maintained by idealized 
heating and cooling at 20°C. 

Scenario 2 
Another scenario was developed to represent a typical 
use of short time-step simulations (1 min) to study 
peak-shaving control strategies. In this scenario, the 
simulated wall is in contact with an air node that 
represents the thermal zone. The air node has very little 
thermal mass (equivalent to 1 m³ of air per m² of wall) 
and the tested wall is the only contact between the air 

and the outside air which is kept constant at 0°C. No 
radiative flows are considered. The system is 
preconditioned by imposing a convective heating 
power adjusted to maintain exactly 20°C in the zone 
for a very long period. At time t=5 hours, the heating is 
stopped for 4 hours (simulating an aggressive setback 
strategy during peak period). After 4 hours in free-
floating mode, convective heating is restarted with a 
power equal to 1.5 times the initial value (simulating a 
recovery period after the setback). This scenario keeps 
the same values of convection coefficients as the 
scenario 1. 
 

REFERENCE SOLUTION 
Conduction heat transfer issue can be formulated with 
a state-space (SS) model by using finite-difference 
method [17] to spatially discretize building slabs. This 
method is presented e.g. by Jiang [12] and allows to 
link the inside and outside boundary temperatures Ti 
and To to the inside and outside surface heat flows qsi 
and qso for each node of a multilayered slab. It can be 
formulated as follows: 
 

… = 푎
푇
…
푇

+ 푏 푇
푇               (13) 

 
푞
푞 = 푐

푇
…
푇

+ 푑 푇
푇               (14) 

 
Where:  
- T1…Tn are the temperatures at each node. 
- a, b, c and d are matrices of coefficients that depend 

on material thermal properties and/or air film 
coefficients. 

 
Waters and Wright [22] investigated optimized node 
placement in order to obtain accurate transient 
responses with a limited number of state variables (or 
nodes). The reference solution used in our tests is a 
state-space representation using the node placement 
method recommended by Waters and Wright with a 
large number of nodes (>100 for all walls). That 
solution was implemented and simulated in Matlab. 
 

RESULTS 
CTF generation 
CTF coefficients are generated by TRNBuild, the 
dedicated user interface and pre-processing program 
for TRNSYS Type 56 with the user-selected timebase. 
The Mitalas and Arseneault method implemented in 
the current version of TRNBuild is known to have 
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problems with very thick or highly insulated walls, 
especially for shorter time-steps. With the selected 
walls, the minimum timebase for which coefficients 
could be generated is 1 hour (ICF wall), 15 min (DST 
wall) and 9 min (SIP wall). 

Initialization 
Type 56 walls are always initialized at a constant 
temperature, which is equal to the initial zone 
temperature specified by the user. A warm-up period is 
then necessary if the wall must be in a non-uniform 
condition at the beginning of a simulation. In our tests 
we always ran the model for a very long period (in the 
order of 1000 h) to suppress the impact of initial 
conditions. 
  
The impossibility of specifying non-uniform initial 
conditions is a common limitation in BPS programs, 
which is usually addressed by running the building for 
a warm-up period. A commonly adopted strategy in 
TRNSYS when initial conditions are important is to 
run an extra month at the end of the simulation and to 
discard the results of the first month.  

Results for scenario 1 
Figures 1, 2 and 3 below represent the evolution of the 
inside surface temperature calculated by the reference 
solution and TRNSYS for the 3 different walls 
described above. Each simulation was realized with a 
1-minute time-step. The wall timebase is the smaller 
one that was achievable for each wall type. 
 
The most obvious impact of the difference between the 
TRNSYS time-step (1 min) and the wall timebase (9 
min to 1 h) is a stair-step effect in the simulated 
response, which is visible in Figure 1. This effect is 
also observed in Figures 2 and 3, although it is less 
visible. The stair-step phenomenon becomes more 
noticeable when the ratio between the time-step and 
the timebase becomes lower. 
 
The results in Figures 1, 2 and 3 show that, even 
though the stair-step effect can be very visible and 
affect the 1-min simulation results, the behavior of the 
three wall types is simulated accurately, with no 
significant magnitude or phase error when the results at 
the end of each “stair step” are considered. This shows 
that the mechanism implemented in Type 56 to 
interpolate the results of CTF for time-steps that are 
shorter than the timebase is working correctly.  
   

 
Fig.1: Evolution of the inside surface temperature for an ICF 

wall (1-hour time base – scenario 1). 

 
Fig.2: Evolution of the inside surface temperature for a DST wall 

(15-minute time base – scenario 1). 

 
Fig.3: Evolution of the inside surface temperature for a SIPs wall 

(9-minute time base – scenario 1).  

Results for scenario 2 
This scenario focuses on the results for ICF wall (1-
hour timebase) because it is this wall that induces the 
greatest problem because of the stronger stair-step 
effect. The stair-step effect shown in Figure 1 is also 
noticeable in Figures 4 and 5, representing respectively 
the evolution of the inside surface temperature and the 
rate of heat storage into the wall for the scenario 2. The 
maximum temperature difference observed in Figure 4 
is about 0.45 °C and occurs at approximately the third 
of the timebase, i.e at every 1 hour and 20 minutes. 
Figure 5 shows the heat transfer rate to or from the 
wall. This is the sum of the surface heat fluxes at both 
sides of the wall – a positive value indicates that heat is 
stored into the wall and a negative value means that 
heat is removed from the wall. The difference in heat 
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transfer rate peaks at the end of each timebase period 
with values of around 1.5 W/m² (40% of the value 
when the heat is de-stored from the wall). 
 
Figure 4 shows that the temperature is very close to the 
reference solution at the end of each timebase. This is 
confirmed by Figure 5 which shows, in spite of the 
spikes caused by the stair-step effect, the average heat 
transfer rate to and from the wall is correct when the 
average over the timebase is considered. 
 

 
Fig.4: Evolution of the inside surface temperature for an ICF 

wall (1-hour time base – scenario 2).   

 
Fig.5: Evolution of the rate of heat storage into the wall for an 

ICF wall (1-hour time base – scenario 2). 

 

POSSIBLE IMPROVEMENTS 
Workarounds 
A workaround can be used to allow the TRNSYS users 
to choose a lower timebase value when TRNBuild 
cannot generate CTF coefficients with the default 
method. 
 
By changing the description of an insulation layer from 
“massive layer” to “massless layer”, the DRF 
algorithm is sometimes able to find the CTF 
coefficients for a shorter timebase. In the case of the 
ICF wall, replacing the two insulation layers by their 

equivalent resistance (massless layers in Type 56) 
allows CTF coefficients to be generated for a timebase 
of 0.5 h (instead of 1 h with the “full” wall 
description). This introduces an approximation in the 
wall description, which can lead to differences in the 
transient response of the model. In the particular case  
of our ICF wall, a noticeable phase lag was observed 
between the simplified model (with massless layer) and 
the reference model (insulation as a normal layer with 
thermal mass). Although this result would need to be 
confirmed for various wall types and excitations, it 
shows that users should be careful before applying that 
workaround.    
 
Another known workaround in Type 56 is to split the 
problematic wall into two or more walls that are 
connected through fictitious, infinitely thin, air zones 
with very high convection coefficients. Since the 
problems with CTF coefficient generation and 
numerical stability are always related to thick layers 
(insulation or thermal mass), the problem is alleviated 
when a slab is split into thinner parts. This solution is 
greatly facilitated since the introduction of “active 
layers” (thermally activated layers e.g. for floor 
heating). One side effect of adding an active layer into 
a wall is that the wall is effectively split into two walls 
on each side of the active layer. In that case Type 56 
handles the combination of the two wall parts for 
output purposes so this represents a user-friendly way 
of splitting a heavy wall. That method is also 
compatible with the TRNSYS-3D detailed geometrical 
mode. 
 
One last workaround is to use one of the dedicated 
components mentioned above to handle all heat 
transfer through a particular wall/slab in the building 
model [5, 10, 14]. This solution requires some 
intervention from the user to configure the dedicated 
component, as well as to define and connect the 
appropriate inputs/outputs of Type 56. It is however 
the most flexible of the workarounds mentioned here. 
In most cases it also allows to model special features in 
the walls that are extracted from Type 56, e.g. 
encapsulated PCMs. Its main downside is the amount 
of extra user interaction required if a large number of 
walls are at hand. 

Improvement to the CTF coefficients generation 
algorithm 
Several solutions have been proposed to improve the 
CTF coefficients generation process in the literature, 
e.g. the Hittle and Bishop method [9], time-domain 
method [4], Seem’s method [19], state-space models 
[12] or frequency-domain regression [2]. Recent 
research efforts seem to focus on the last two methods. 
They tend to be more accurate [15] and could represent 
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an interesting option to replace the current 
implementation of the DRF method in Type 56. 
 
In TRNSYS Type 56, CTF coefficients are generated 
by the building preprocessor interface known as 
TRNBuild. These coefficients are then stored in a 
dedicated text file, known as “TRN” file, which is used 
by Type 56 during the simulation. In order to 
investigate the potential of replacing or improving the 
algorithm which is used to generate the CTF 
coefficients, a set of simulations was run with modified 
TRN files. CTF coefficients were generated in Matlab 
by converting reference SS models into a transfer 
function representation and formatting the generated 
coefficients to be compatible with the TRN file format. 
Care was taken to use the corresponding functions in 
Matlab (c2d to convert the continuous-time state-space 
model and ss2tf to convert the model into a transfer 
function representation) with the correct settings to 
match the TRNSYS convention of calculating the 
average values over the time-step. 
 
The example developed below is for ICF wall with the 
scenario 2. The SS approach allowed generating CTF 
coefficients for a smaller timebase (0.2 instead of 1 
hour). The method can be used in Matlab to generate 
transfer functions with an even shorter timebase, down 
to 1-min if desired, but the generated coefficients lead 
to numerical errors in the current version of Type 56. 
With a timebase slightly under 0.2 h, a bias is 
introduced in the transient response, and for even 
shorter values the simulation crashes with infinite 
surface temperature values.  
 
Figure 6 shows a significant improvement of the stair-
step effect when the timebase value is decreased from 
1 to 0.2 hours. Figure 7 is a zoom on 3 hours of the 
simulation and shows that 1 previous stair-step is now 
divided in 5 smaller stair-steps, increasing in the same 
time the results accuracy.  
 

 
Fig.6: Evolution of the inside surface temperature for a ICF wall 

(1-hour and 12-minute time bases – scenario 2).   

 
Fig.7: Zoom on the evolution of the inside surface temperature 
for a ICF wall (1-hour and 12-minute time bases – scenario 2).   

The Root-Mean Square (RMS) of the error between the 
reference solution and the two sets of CTF coefficients 
values was calculated for both methods: 15.5 % and 
2.2 % respectively. This shows that improved 
coefficients using a timebase of 0.2 h instead of 1 h 
lead to a reduction of the error RMS by a factor of 7. 
 

DISCUSSION AND CONCLUSIONS 
The current implementation of the CTF method in 
TRNSYS Type 56 uses coefficients generated by the 
Direct Root Finding (DRF) method [16]. Our test have 
confirmed that this method must use relatively long 
discretization time-steps (known as “timebase” in 
TRNSYS Type 56) for very thick, or highly insulated 
walls. We were able to generate coefficients with an 
hourly timebase for the 3 tested walls in this paper, and 
reduce the timebase down to 15 and 9 minutes for the 
DST and SIP walls respectively. 
 
Our results show that simulations using a time-step that 
is significantly shorter than the timebase lead to a 
“stair-step” effect in the wall response. This effect is 
more apparent for very short time-steps (e.g. 1 min) 
and longer timebase (e.g. 1 hour). The internal 
interpolation mechanism in Type 56 seems accurate 
and that simulated response and energy balance are 
correct at the end of each timebase period. 
  
The stair-step effect can represent a problem for 
detailed control studies (e.g. demand-side setback 
strategies) that rely on detailed simulations with a short 
time-step in the order of 1 minute. Our results show 
that it is possible to generate improved CTF 
coefficients with the state-space method and use these 
coefficients in the current version of Type 56 to obtain 
a better dynamic response with short time-steps and 
alleviate the stair-step effect. However, numerical 
problems arise when the timebase is reduced even 
further. In the case of our ICF wall, the timebase can 
be reduced from 1 h to 12 min but not further. 
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Improving the Type 56 response further for heavy 
walls and short time steps would require to improve or 
replace not only the CTF coefficients generation 
algorithm but also the CTF implementation within 
Type 56. The state-space method, used e.g in ESP-r [3, 
7] and more recently implemented in EnergyPlus [6, 
18], is an interesting option that would also allow to 
represent Phase Change Materials (PCM) encapsulated 
within the building structure. 
  
Our future work aims at exploring the options to 
improve the capabilities of Type 56 for short time-
steps and modeling PCM within walls. Developed 
models will be validated against experimental data 
obtained at the Hydro-Québec facility in Shawinigan, 
where two identical cottages have been built and fully 
instrumented. 
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ABSTRACT 

Today’s residential construction industry is capable of 

producing exceptionally high performing houses that far 
exceed compliance with local building codes.  We feel 
that setting a target of Net-Zero Energy (NZE) is 
feasible in the US considering the design and 
construction technology available.    

This paper is part of an extensive project focusing on 
residential construction utilizing Passivhaus strategies 
with an emphasis on solar design and a target of Net-
Zero energy use.  The focus of this paper is on the role 
of simulation as a design aid in developing guidelines 
relating to building form, orientation, glazing, and roof 
area for solar electrical and thermal systems. 

INTRODUCTION 

The motivation behind the research is to develop 
prototype Net-Zero Energy (NZE) home designs that 
are constructible, desirable, and affordable.  Every 
location presents unique constraints in terms of heating 
and cooling demands and solar availability, so it has 
been clear from the onset that a one-design-fits-all 
approach will not achieve success.  The location and 
microclimate challenges associated with a NZE goal 
requires a simulation methodology that is not only 
integrated into the design process, but is the critical 
objective. 

This paper documents our design and simulation 
methodology, exposing both opportunities and 
limitations with several software tools which are 
developed specifically for performance focused design.  
The conclusions may reveal opportunities in the US to 
design NZE homes using simulation for a better 
understanding of climate, constraints, and opportunities.  

Initial House Layout 

We began with an objective that our house designs must 
be not only be affordable and performance focused, but 
also desirable.  In designing a house that is desirable or 
attractive to a large number of people, one takes a great 

risk once the hand of the designer is evident in arbitrary 
aesthetic decisions.  To avoid such pitfalls we decided 
to find, rather than produce, an acceptable design.  We 
reviewed hundreds of generic home plans intended for 
popular appeal, specifically looking for workable 
schemes that could achieve a high degree of energy 
efficiency.  We specifically looked for designs: 1) 
without excessive corners or roof-lines, 2) compact 
shapes which could flexibly adjust to any number of lot 
sizes, 3) a high volume to surface area ratio to minimize 
heat loss, 4) a large solar envelope relating to the south 
wall and south facing roof top, and 5) a large enough 
design to accommodate an average family (3-4 
bedrooms) with an efficient use of space.  Following 
these sets of requirements we settled on an initial design 
for our first round of simulations: a two story 
rectangular house with 3 bedrooms, 2.5 baths and an 
office, and without a basement or garage.  

 

Figure 1 Initial House Design (Floor Plan) 

We do not anticipate that the initial scheme will be the 
final scheme, but we simply needed a starting point for 
our simulation process from which an ultimate design 
could be easily derived. 

Net-Zero Energy strategy 

In Achieving NZE, it is important that we first reduce 
the energy demands, then, meet our reduced need with 
on-site energy production (Zaretsky, 2010). The 
definition of NZE buildings is dependent on many 
parameters. For example, what units of measurement do 
we use: primary energy, energy cost or CO2 emissions?  
As reported by International Energy Agency Annex 52 
Task 40 on ZEB definitions: “The Zero 
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Energy/Emission Building is a complex concept thus 
the development of one ZEB definition applicable for 
all case is not a simple task” (Tardif et al, 2011). 

While there may not be a unique definition of Net-Zero 
Energy, we must choose a specific definition for our 
project.  Torcellini et al. (2006) defines ZEB (Zero 
Energy Building) as “the idea that buildings can meet 

all their energy requirements from low-cost, locally 
available, nonpolluting, renewable sources. At the 
strictest level, a ZEB generates enough renewable 
energy on site to equal or exceed its annual energy use.”  

We use the strictest definition with a target for on-site 
energy generation that meets the annual usage. 

On-site energy generation commonly occurs in two 
forms: wind and solar.  We chose to focus on solar 
energy because it is relatively more predictable                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
and less affected by unique site constraints (even though 
solar availability remains unpredictable and remains 
affected by site constraints).  Solar energy production is 
expensive relative to residential construction costs, so 
reducing the energy demand and thus the required solar 
production equipment is much desired.   

Passivhaus as a path to Net-Zero Energy 

As mentioned above, our first goal is a reduction in 
energy demand, the balance of which must be produced 
through solar systems enabling the building to reach 
NZE use.  There are many international energy 
standards for residential construction, but we feel that 
the Passivhaus standard provides the most rigorous 
framework for energy efficiency that is both widely 
proven and fairly affordable (Passive House Institute 
2007).  Beginning with the Passivhaus standards 
enables us to design exceptionally energy efficient 
homes with the flexibility that the builder could stop at 
a Passivhaus, and then the owner could take the house 
to NZE down the road as solar production equipment 
becomes more affordable. 

Simulation and interoperability 

Architectural designers are, for the most part, lacking 
in-depth experience or knowledge about the proper use 
of simulation as an early design aid. An additional 
barrier is found in the segregation of software expertise 
by professional background—a mechanical engineer 
will often have the knowledge and experience to 
conduct energy simulations, yet their influence in the 
early stages of design is inconsistent (Gardzelewski, 
2010).   

However there are several energy analysis tools such as 
BEopt (Christensen, et al., 2005), we have chosen three 
tools which constitute a perfect package based on our 
requirements: Autodesk Vasari, Autodesk Ecotect, and 

Design Builder.    Vasari, along with recent versions of 
Revit, has seen great improvements in interoperability, 
enabling easy export for evaluation of energy use in 
Design Builder, and solar availability using Autodesk 
Ecotect.  The strength of this process is rooted in 
interoperability between these tools utilizing the .gbxml 
universal file exchange format.    

 

 
Figure 2 Design and Simulation Software. 

 
Figure 3 Building Model in Vasari, Revit, Ecotect and 

Design Builder. 
 

 

Simulation strategy overview 

Our simulation strategy can be summarized as a series 
of basic steps: 

1) Assign Passivhaus standard default data 
2) Determine south glazing wall-to-window ratio  
3) Check heating and cooling loads 
4) Determine solar availability by location 
5) Determine required roof area based on angle 

and orientation for solar energy production 

Having completed these steps, the designer is 
immediately aware of the best orientation, glazing, as 
well as an approximate square footage of roof area.  
These constraints can result in an infinite number of 
successful design solutions, however the instantaneous 
or near instantaneous simulation feedback is the crucial 
element missing from much of todays’ design process.  

In our presented methodology, design solutions can 
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easily stray from the simple Passivhaus box and solar 
roof, with near instantaneous performance feedback. 

METHODOLOGY 

Passivhaus methodology 

Passivhaus specifies both prescriptive and performance 
requirements.  The Passivhaus standard requires triple 
pane windows with a U value of 0.14 Btu/ (h°Fft²).  
There is a recommendation that the remaining envelope 
U values stay below 0.0264 Btu/ (h°Fft²), but this is not 
a prescriptive requirement.  Instead, Passivhaus has 
developed performance based standards for maximum 
annual energy usage including a maximum annual 
heating and cooling energy use allowance: the total 
annual energy usage must be no more than 38kBtu/ft2 

(120 kWh/m2) including a maximum usage of 4.8 
kBtu/ft2 (15 kWh/m2) for heating and cooling separately 
(based on floor area).  In addition, Passivhaus requires 
that air infiltration must be no more than 0.6ACH under 
50 Pascal of pressure, and the ventilation utilizes heat 
recovery.  
 

Table 1 Passivhaus Standard 
 

Glazing Type: Triple 
Pane 

U value of 0.14 Btu/ (h°Fft²) 

Maximum Annual Total 
Energy Use 

38kBtu/ft2 (120 kWh/m2) 

Maximum Annual 
Energy Use for Heating 

4.8 kBtu/ft2 (15 kWh/m2) 

Maximum Annual 
Energy Use for Cooling 

4.8 kBtu/ft2 (15 kWh/m2) 

Air Infiltration 0.6ACH under 50 Pascal  
 

Working with these standard enables us to keep the 
design simulations very schematic (we do not have to 
specify refrigerators, lights, etc), with the assumption 
that energy specific details can be manipulated later.  
Ultimately the annual energy-use must be as good as or 
better than the Passivhaus; a standard which has proven 
to be feasible and relatively affordable with current 
technologies (Passive House Institute 2007). Passivhaus 
limits are attainable, allowing us to direct our focus 
towards form specific schematic design issues, such as 
window design and solar production.  

The infiltration and ventilation components of our 
simulation are lumped together into a combined air 
changes per hour.  A combined infiltration/ ventilation 
rate of 0.12 ACH (0.05ACH based on N factor from 
LBL in addition to 0.7 ASHRAE residential accounting 
for heat recovery) is derived by adding the maximum 
Passivhaus infiltration requirement with the required 
residential ventilation rate for the US determined by 

AHSRAE (ASHRAE 62.2, 2003).  We accounted for 
heat recovery by reducing our ventilation heat losses by 
80%, which in theory represents the 80% heat recovery 
ratio for a Passivhaus ventilation system. 

The internal heat gains are determined by the default 
residential template values from Design Builder, where 
each space is defined and scheduled separately by 
residential space type.  The calculation guidelines in the 
Passive House Planning Package use 2.1W/m2 of 
lumped internal gains (all internal gains including 
occupancy, computers, office equipment, 
miscellaneous, catering process and lighting gains), a 
value that has been considered unrealistically low 
(Dokka and Andresen, 2006).  The average internal 
gain, in these simulations, is close to 3 W/m2.  In the 
end, internal gains will vary considerably due to user 
behavior as well as the heat output of the electrical 
equipment.  The internal gain values are not as 
conservative as they could be, however we feel that they 
will realistically anticipate user behavior. The inputs 
like temperature are set based on schedule in the 
simulation. 

Passivhaus to Net-Zero Energy methodology 

We are working with the Passivhaus standard yet our 
ultimate goal is NZE, so while there can be tradeoffs 
with Passivhaus in terms of heating, cooling, and energy 
use including hot water and electricity, our strategy 
assumes the strictest allowance for each category.  
Specifically, we start with the maximum allowable 
energy use, subtract the maximum heating allowance, 
subtract the maximum cooling allowance, and are then 
left with an energy allowance for hot water and 
lighting/appliance electricity that we know is still 
attainable.  Hot water can be heated more efficiently 
through solar thermal than solar electrical systems, so 
we subtract out the hot water demand and are left with 
an electricity allowance that, along with cooling, must 
be met by the solar PV roof system.  Hot water must be 
addressed with a solar thermal roof system. Space 
heating is first dealt with through superinsulation and 
direct solar gain, while the remaining loads are best met 
through additional solar PVs and electricity powered 
heat pumps (while PVs for electric space heating are 
less efficient than solar thermal, for the same roof area 
PVs produce more annual electricity).   

Etotal   =  Eheating  + Ecooling  + Esource    =  38 kBtu/ft2 

Esource  =  Etotal  - Eheating(allowed) - Ecooling   

  =  38 – 4.8 – 4.8 = 28.5 kBtu/ft2 
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These formulas, based on the Passivhaus standards, help 
us undertand production targets that can be addressed 
through solar roof systems designs.  In designing and 
sizing the systems, the basic formula is separated into 
solar thermal and solar electricity, where solar 
electricity is then separated into 1) an allowance for 
cooling and source, and 2) specific heating requirement 
for each climate.  Solar thermal for domestic hot water 
(DHW) is initially designed around peak winter 
conditions, while solar electricity assumes connection to 
a smart grid, and is designed for annual conditions.  

Ethermal  =  Edhw = 5.3 kBtu/ft2
 

Sized by worst case (winter) solar availability and sun 
angles (insolation) 

Eelectric1  =  Ecooling + (Esource – Ethermal)  = 28 kBtu/ft2 

Sized by annual solar availability and sun angles 
(insolation) 

Eelectric2  =  Eheating (actual)= (Annual Heating Load) x COP 

Sized by annual solar availability and sun angles 
(insolation) 

In sizing the PV area of the roof, we have to account for 
the efficiency of the solar energy conversion based on 
affordable technologies.  At this time we use a common 
efficiency of 15% even though more efficient 
technologies should be viable in the near future.  In 
sizing the additional PVs, Eelectric2, for climate specific 
heating needs we use a heat pump with an efficiency of 
COP 2.0 (Averaged efficiencies for PV and heat pump 
have be considered).   

In sizing our solar hot water systems we utilize a 
different approach.  Since we cannot easily store heat 
for more multiple days (Watson, 1977), we first focus 
on the worst case in terms of solar availability.  We 
calculated the solar radiation for the darkest month 
(December 8th through Jan 7th) and used this value to 
design a solar thermal system that accommodates a 
typical month’s hot water usage for three occupants 
(ASHRAE 2001).  Solar thermal efficiencies will vary 
over time due to fluctuations in solar availability, heat 
loss during storage, ambient outdoor temperature, and 
usage.  In choosing efficiency for the purpose of the 
solar hot water system, we used a conservative value of 
30% (ASHRAE 2010, RETscreen) efficiency which we 
feel accounts for the large temperature differences in the 
winter.  While this method of sizing the hot water 
system can provide all our needs, we risk oversizing for 
much of the year, particularly in climates with very low 
winter solar availability.  We sized the system again, 
matching the heating demand with the annual solar 
availability (Brown et al., 2011) to come up with a 
range of required solar thermal area.  Later with more 

detailed calculations we can find an optimal balance 
between full solar hot water and a hybrid solar/electric 
system, whereby reducing the size of the solar thermal 
system we could add more PVs to the roof which 
efficiently supplement the winter hot water heating 
shortage considering their annual energy generation. 

Simulation Step 1: assign Passivhaus standard 
default data 

In presenting the methodology we will first demonstrate 
using a single location, Laramie, WY.  As mentioned, 
the house should first meet Passivhaus standards; 
therefore we will use their requirements for building 
tightness and window U values.  Since Passivhaus 
standards do not specify U value for walls, roofs, or 
floors, we started with suggested super-insulation values 
for North Americ: Joe Lstiburek’s 10-20-40-60 rule for 
North American homes north of the Mason Dixon line 
which suggests R40 walls (U=0.025) and an R60 roofs 
(U=0.017).  In terms of wall to window ratio, we 
limited all walls to 10% glazing except for the south 
wall where we simulated a range from 30 – 50% glazing 
for solar heat gain purpose.  These constraints again 
gave us a range of heating loads in each climate. 
 
Passivhaus Values: 
 Window U Value 0.14 
 Infiltration  0.6ACH @ 50Pascals 
 
North American Rules of Thumb (IECC 2009): 
 Wall U Value  0.025 
 Roof U Value  0.017 
 Slab Insulation U Value 0.033 

 

Simulation Step 2: Determine south glazing wall-to-
window ratio 

The glazing strategy plays a very important role in the 
passive solar heating strategy, both due to the heating 
by direct solar radiation and through conductive heat 
losses. Based on the Design Builder model, table 1 
illustrates the results of solar gains and heating loads 
with different glazing to wall ration: 
 

Table 1 Solar Gains and Annual Heating Loads with 
different Window to Wall Ratios for Laramie in 

December, Winter (Nov-Feb), and Annual 
 

LOCATION/  
GLAZINGTO 
WALL RATIO 

DECEMBE
R SOLAR 

GAIN 
(KBTU) 

WINTER 
SOLAR GAIN 

(KBTU) 

ANNUAL 
HEATING 

LOAD 
(KBTU) 

Laramie 

30% 2788 8733 4946 

40% 6466 20288 2856 

50% 7958 24866 1642 
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When increasing window sizes the cooling load is 
increased.  Our goal down the road is to develop both 
fixed and operable shading strategies to admit only 
wanted solar gains.  At this design stage, an optimal 
shading strategy presents simulation challenges, so we 
are comparing only glazing in respect to heating.  

The heating load is significantly influenced by the 
radiation gained through south facing windows. Figure 
4 illustrates the change in fuel breakdown for heat 
generation (space heating) for Laramie with different 
window to wall ratios. 

 

   
(a)                                     (b) 

Figure 4 Fuel Breakdown for different window to wall 
ratios (a) 30%, (b) 50% – Laramie Model. 

 
Simulation Step 3: Check heating and cooling loads 

To find the building’s heating and cooling loads, we 

assume the building meets Passivhaus standards which 
reflect that the building must be designed to have the 
annual energy demand no more than 15 kWh/m2 (4.8 
kBtu/ft2 per year) for annual heating and for annual 
cooling, respectively.  For our case this gave us a 
maximum annual heating allowance of 9986 kBtu.  To 
check Passivhaus compliance we did not assume a solar 
heating system, but a furnace with a high efficiency of 
0.95 AFUE, giving us a maximum allowable load of 
9487 kBtu. 

Table 2 Heating Loads in Laramie  
LOCATION/  
GLAZINGTO 
WALL RATIO 

DECEMBER 
HEATING 

LOADS 
(KBTU) 

WINTER 
HEATING 

LOADS 
(KBTU) 

ANNUAL 
(KBTU) 

Laramie 

30% 1639 4431 4946 

40% 1192 2625 2856 

50% 873 1526 1642 
 

Simulation Step 4: Determine Solar Availability by 
location 

The solar envelope defines the maximum building 
volume for a given site that will not shade adjacent 
sites, thereby assuring the availability of solar energy to 
those sites (Brown et al., 2011).  Solar availability is 
location specific, and is determined based on TMY3 
weather data projected onto various roof shapes.  The 
simulations assumed a roof facing due south at a 35 
degree tilt, but in addition we found the maximum solar 

angles for both annual and the darkest winter month 
conditions. Table 3 shows the annual solar availability 
and Table 4 shows the solar availability in the worst-
case winter design period for Laramie. 

 

Table 3 Solar Availability in Laramie per year 
 

TILT ORIENTATION SOLAR 
AVAILABILITY 

(KBTU/FT2) 

Annual 35° 180° 579.5 

33° 162° 589 (max angle) 

Dec07 - 
Jan06 

35° 180° 30.8 

59° 170° 31.2 (max angle) 
 

 

        
(a)                                            (b)  

 
(c)                                            (d) 

Figure 5 (a) Sphere Analysis Dec 07 – Jan 06; (b) 
Annual Sphere Analysis (c) Solar Radiation Analysis 

Dec 07 – Jan 06; (d) Annual Solar Radiation Analysis 
in Laramie, by Autodesk Ecotect. 

 

Simulation Step 5: Determine required roof area 
based on angle and orientation 

Based on the simulation’s results in Autodesk Ecotect, 
the total required roof area is calculated as below: 

Total roof area = Electricity Demand area required for 
PV (with 15% efficiency) + Space Heating area 
required for additional PVs (15% efficiency * COP 3 
heat pump) + DHW area required for solar hot water 
panels (30% efficiency).  As mentioned earlier, in 
determining the area for solar hot water we have found 
a range where we size for the annual average solar 
gains, then size for the worst case winter condition.  The 
purpose again for this range is that some climates will 
find it impossible to meet the peak DHW demand with 
winter solar availability, while all climates will find that 
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a or hybrid solar/electric system will ultimately provide 
the lowest area footprint when taking into account 
overproduction (wasted heat) with increased summer 
radiation levels.     
 

 Table 5 Required Roof Area for Photovoltaic (Annual 
Calculation) - Laramie Model 

 

ROOF DESIGN 
(TILT, 

ORIENTATION) 

SOLAR 
GAIN 

(KBTU/
FT2) 

PV @ 
15% 
(FT2) 

HEATING  
PV @ 15% 

(FT2) 

DHW 
ANNUAL  

@ 30% 
(FT2) 

35°, 180° 579.5 677 6 63 

33°, 162° (max) 589 666 6 62 
 

Table 6 Required Roof Area for Solar Hot Water 
Panels (Peak Month Calculation) - Laramie Model 

 

ROOF DESIGN (TILT, 
ORIENTATION) 

SOLAR GAIN 
(KBTU/FT2) 

SHW @ 30% 
(FT2) 

35°, 180° 30.8 100 

69°, 170° (max) 31.2 98 
 

Table 7 Total Required Roof Area - Laramie Model 
with 35°, 180° Roof 

 

ROOF DESIGN 

(TILT, 

ORIENTATION) 

SOLAR 

GAIN 

(KBTU) 

PV 

@15% 

(FT2) 

HEATING 

PV @ 15% 

(FT2) 

SHW @ 

30% 

(FT2) 

SUM 

(FT2) 

35°, 180° 579.5 677 6 63 -100 750 - 

787 
 

Limitations 

It is important to recognize limitations of the workflow. 
Our design tool of choice, Autodesk Vasari, is capable 
of quickly creating an energy model out of a building 
form for early design simulation.  The modeling 
capabilities within the program do not easily facilitate 
detailed zoning of functional space types, nor do they 
enable a careful definition of envelope construction 
thermal resistance variables.  While we believe that an 
ideal design/simulation tool will include this 
functionality, for now we rely on an export to Design 
Builder software where this information is assigned. 

 

     
(a)                                         (b) 

Figure 7 Energy Simulation Models in (a) Vasari and 
(b) Design Builder. 

Another limitation with Autodesk Vasari includes the 
solar radiation calculation which accounts only for 
direct radiation.  Both direct and diffuse radiation can 
be converted into heat and energy, so the tool does not 
accurately describe the energy available.  This built-in 
solar analysis is helpful in comparing solar energy 
improvements of different roof shapes in different 
climates; however it is not adequate for sizing solar 
systems, requiring us to export to Ecotect Analysis 
where the same analysis provides complete results. 

As mentioned earlier, our simulation methodology 
focuses on heating and heating loads reduction in 
greater detail than cooling.  Specifically, our 
methodology includes the sizing of additional PV 
systems to meet the annual heating demands.  Cooling 
electricity-use is simply lumped into the total PV system 
sizing based on the Passivhaus cooling allowance.  The 
reason for this is that both cooling systems and passive 
cooling strategies are often more complex than heating 
strategies, where the efficiencies are often dependent 
upon on the site and micro-climate. 

RESULTS - ENERGY  

Passivhaus strategies will greatly reduce heating loads 
in cold climates, particularly where there is a high level 
of winter solar availability.  The energy simulations 
show heating loads are much lower than would typically 
be expected, making our target of NZE more easily 
attainable.  
 

Table 8 Heating Loads in Different Locations Based on 
Window to Wall Ratio for December, Winter (Nov-Feb), 

and Annual Conditions 
 

LOCATION/  
GLAZING TO 
WALL RATIO 

DECEMBER 
HEATING 

LOADS 
(KBTU) 

WINTER 
HEATING 

LOADS 
(KBTU) 

ANNUAL 
(KBTU)  

Denver 

30% 691 1789 2137 

40% 339 891 1029 

50% 122 406 462 

Laramie 

30% 1639 4431 4946 

40% 1192 2625 2856 

50% 873 1526 1642 

Billings 

30% 1885 7492 7896 

40% 1401 5865 5940 

50% 1001 4459 4470 

Madison 

30% 3958 13099 14016 

40% 3535 11288 11867 

50% 3133 9675 9987 

Berlin 

30% 3027 10269 11900 

40% 3016 9898 11132 

50% 2992 9530 10520 
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RESULTS - SOLAR  
Table 9 Solar Availability based on optimal tilt and 

orientation, annually and in worst winter month   

LOCATION TILT AND 
ORIENTATION 

SOLAR AVAILABILITY 
(KBTU/FT2) 

Denver 

35°, 180° 585, 35 (annual, winter) 

31°, 164°  (best) 594 (annual) 

61°, 178°  (best) 39 (winter) 

Laramie 

35°, 180° 580, 30.8 

33°, 162°  589 

69°, 170°   31.2 

Billings 

35°, 180° 528, 26 

31°, 168° 533 

67°, 174° 30 

Madison 

35°, 180° 478 ,24 

25°, 170° 486 

59°, 174° 26 

Berlin 

35°, 180° 326, 4 

23°, 168° 332 

31°, 176° 4 

NET-ZERO ENERGY DESIGN  

Consistent Roof Angle, Modified Location  

Through research and simulation we have developed 
guidelines for sizing the roof solar equipment and the 
required roof area based on both solar availability and 
required energy production.  Starting with a roof that 
faces due south with a tilt of 35degress above the 
horizon, we evaluated each of the 5 locations to 
determine the required roof area to take the project to 
NZE.  We accounted for an extra two feet in each 
direction (1 foot at edge) to give us flexibility of space 
along each roof edge and between the equipment.  As 
stated in the methodology, we will later optimize the 
size of our solar hot water equipment by supplementing 
the winter peak condition with electrical heat, generated 
by the additional PV produced electricity which is 
collected year-round.  Our range of solar hot water area 
includes sizing for the annual average, then sizing for 
the lowest production month (Dec 7 – Jan 6), giving us 
a range to work with at this time. 

Table 10 Total Required Roof Area 

LOCATION PV @ 

15% 

(FT2) 

HEAT 

PUMP  

PV @ 

12% 

(FT2) 

SHW @ 

30% 

(FT2) 

ROOF 

AREA 

(FT2) 

ROOF 

HEIGTH 

(FT)    

      

Denver 671 1.6 63 - 88 734 - 759 20.4 - 21 

Laramie 677 4.8 63 - 100 745 - 781 20.7 - 21.6 

Billings 744 15 70 - 117 829 - 876 22.8 - 24 

Madison 821 36 77 - 126 934 - 983 25.6 - 26.8 

Berlin 1204 57 97 - 819 1358 - 2081 36.3 - 54.4 

 

The resulting sizes were incorporated into similar 
shaped buildings where the south roof would lower to 
achieve more south facing area without increasing the 
peak height.  As soon as the design started losing 
adequate head height along the upper level south wall, 
the depth of the building increased to keep our square 
footage the same (Madison and Berlin).   
 

 

   

 
Figure 9 Roof and Corresponding House Shapes 

Needed to Achieve Net-Zero by Location, by Autodesk 
Vasari 

 

    
(a)                                            (b) 

Figure 10 NZE homes by location showing (a) annual 
solar radiation, (b) energy model with optimal south 

glazing ratios, by Autodesk Vasari 
 
In preserving the necessary wall-to-window ratio, 
glazing area had to remain consistent with the optimal 
values, even though the south wall decreased in overall 
area. 

These basic shapes immediately reveal opportunities in 
the Rocky Mountain region of the US, where increased 
solar levels enable NZE design without, or with only 
slight modifications to the traditional house form.  
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Madison required considerable reconfiguration, while 
the Berlin example would need at least its entire roof to 
meet the energy and heating demands with solar energy.  
The gives us a perspective on why Passivhaus rather 
than NZE houses is a target for Northern Europe. 

Consistent Location, Modified Roof Angle and 
Shape  

The ease in which design modifications can be re-
simulated to validate their effeteness is presented in a 
series of quick schemes for Madison.  As Madison 
house departs significantly from the traditional form, 
questions are raised about other house shapes where the 
NZE objective could be met.  By altering the roof shape 
it becomes possible to add multiple roof angles, 
addresses both the optimal annual and winter solar 
conditions for PV and solar hot water.  Considering 
acceptable solutions at this stage, one needs to 
investigate both aesthetics and structural concerns, 
which can be ignored other models, particularly in 
Denver and Laramie. 
 

 
(a)                                  

 
                                         (b) 
Figure 11 NZE homes for Madison showing, (a) winter 

radiation, (b) annual radiation, by Vasari 
 

CONCLUSIONS 

Passivhaus and NZE in cold climates both require the 
same energy conservation strategies and technologies.  
Once energy-use has been reduced to levels acceptable 
by the Passivhaus standard, taking a house to NZE can 
be achieved with Solar PV and Solar Thermal systems 
added to the roof.  Every location has different heating 
requirements, as well as different solar insolation levels 
based on solar availability and sun angles.  In addition, 

south glazing for direct solar heating is effective at 
reducing the heating loads in certain climates (Laramie, 
Denver, Billings, Madison), while in other climates 
(Berlin) the addition of south glazing adds a greater 
conduction heat loss than solar heat gain. 

Starting with Passivhaus standards and strategies, we 
have developed quick guidelines for south glazing as 
well as the required roof area needed to produce all of 
required electricity and heating, assuming the house is 
grid tied and balanced annually.  Two of the locations, 
Laramie and Denver, are able to meet the annual energy 
needs with a simple, traditional building form.  In 
Billings we were able to meet the needs with only a 
slight modification to the roof form.  In Madison, a 
much larger redesign is required including a 
reconfiguration of the internal layout and roof structure.  
For the last location, Berlin, we discovered why NZE is 
not a common goal in Northern Europe: the house went 
from a traditional form to one that is entirely solar 
oriented, unusual in appearance, and likely very 
expensive to build. 

Through the simulation workflow we discovered some 
drawbacks in solar thermal heating: once Passivhaus 
standards have been incorporated, the resulting heating 
loads are relatively low, and meeting these demands 
through solar thermal systems will produce much waste 
heat in the summer.  Assuming a grid-tied condition, the 
addition of PV panels coupled with electricity powered 
heat pump at COP of 2 or better is an economical 
method for meeting the annual heating demands.  When 
sizing the DWH system, sizing for the annual condition 
wastes less heat, and can be augmented during the 
winter months by additional PV generated electricity 
power, which is recharged to the grid over the entire 
year. When sizing the solar DHW thermal system based 
on the lowest solar availability in the winter, it is 
noticeable that the system provides more hot water than 
the need in the summer.   

For a methodolgy like ours to be successful it has to be 
easily understood by designers, and the simulation tools 
need to very easily integrate with preferred design 
software tools.  We have experienced great success with 
new BIM developments in the form of Autodesk Vasari, 
however, when working with hard numbers in a results 
driven process, oversimplification can stand in the way 
of meaningnful results.  Ease of use, a sortware trait 
demanded by designers, is currently very good in 
Vasari, but as Autodesk continues to develop this tool it 
will be of great benefit to their users if they work 
towards increased functionality and cotumization, with 
more results driven simulation capabilties. 
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ACRONYMS 

AFUE Annual Fuel Utilization Efficiency 

BTU British Thermal Units 

COP Coefficient of Performance 

DHW Domestic Hot Water 

NEB Zero Energy Building 

NZE Net Zero Energy 

PV Photovoltaics 

SHW Solar Hot Water 
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PREDICTION OF THE URBAN HEAT ISLAND EFFECT TO BE USED IN BUILDING
ENERGY ANALYSES

Bruno Bueno1, Leslie Norford1, Julia Hidalgo2, and Grégoire Pigeon2

1Massachusetts Institute of Technology, Cambridge, USA
2CNRM-GAME, Météo France and CNRS, Toulouse, France

ABSTRACT
The increase in air temperature produced by urban-

ization, a phenomenon known as the Urban Heat Island
(UHI) effect, is often neglected in current building
energy simulation practices. The UHI effect can have
an impact on the energy consumption of buildings,
especially those with low internal heat gains or with an
inherent close interaction with the outdoor environment
(e.g. naturally-ventilated buildings). This paper presents
an Urban Weather Generator (UWG) to calculate air
temperatures inside urban canyons from measurements
at an operational weather station located in an open area
outside a city. The model is evaluated against field data
from Basel (Switzerland) and Toulouse (France). The
expected error of UWG predictions is about 1 K, which
stays within the range of air temperature variability
observed in different locations of the same urban area.

INTRODUCTION
Urban areas are geometrically complex. Due to inter-

reflections between urban surfaces, shortwave radiation
is more efficiently absorbed relative to rural terrain. Fur-
thermore, urban surface roughness decreases the mean
wind velocity and reduces the convective heat removal.
Added to this is the heat gain due to anthropogenic
sources (Sailor 2011) and the lower evaporation due to
the reduction of vegetated areas. In consequence, the
mean temperature tends to be higher in urban than in
rural areas (Oke 1987). This phenomenon is known as the
Urban Heat Island (UHI) effect and has been measured
in different cities around the world (Roth 2007; Hicks,
Callahan, and Hoekzema 2010).

Building simulation programs use standard mete-
orological databases compiled from measurements at
operational weather stations for annual energy calcula-
tions. Operational weather stations are usually located in

open areas, without nearby obstructions, and outside the
city, typically at the airport. Therefore, air temperature
measurements might not include the UHI effect.

Bueno et al. (2012a) show that the energy consumption
of residential buildings can be modified by 20% for a
typical 4 K daily-maximum UHI effect. Commercial
buildings are less affected by this phenomenon unless
they include building systems based on direct air ex-
change with the outdoor environment, such as natural
ventilation systems or economizers. At the same time,
the energy performance of buildings can have an impact
on outdoor air temperatures, mainly through the waste
heat emissions from outdoor air-conditioning equipment.
We therefore realize that there are reciprocal interactions
between buildings and the urban climate that are often
neglected in current building simulation practices.

This paper presents an Urban Weather Generator
(UWG) to calculate urban air temperatures using meteo-
rological information measured at an operational weather
station. Other studies that calculate urban weather infor-
mation through meteorological modeling can be found in
the literature. Erell and Williamson (2006) presented a
rural-to-urban weather transformation (the CAT model),
which requires the calibration of empirical parameters
at the location of analysis and does not account for
the reciprocal interactions between buildings and the
urban climate. Oxizidis, Dudek, and Papadopoulos
(2008) proposed a method of generating urban weather
files by coupling EnergyPlus with CFD and mesoscale
atmospheric simulations. In our opinion, the application
of computationally expensive fluid dynamics models
is not appropriate for annual energy analyses. The
UWG is a computationally efficient model based on
energy conservation principles. Its computational cost
is intentionally kept at the same order of magnitude as
annual building energy simulations. The UWG can be
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incorporated into existing simulation programs in order
to calculate site-specific urban weather files.

This paper first describes the physics behind the UWG.
Then, the model is evaluated against field data from
two boundary-layer experiments, one carried out in
Basel, Switzerland (Rotach et al. 2005); and another one
carried out in Toulouse, France (Masson et al. 2008). A
discussion of the limitations and prospects of the UWG is
presented at the end.

MODEL DESCRIPTION
The UWG calculates hourly values of urban air tem-

perature and humidity given the weather data measured
at an operational weather station located outside a city.
The model is composed of four coupled modules (Fig.
1): the Rural Station Model (RSM), which calculates
sensible heat fluxes at the weather station; the Vertical
Diffusion Model (VDM), which calculates vertical
profiles of air temperature above the rural site; the Urban
Boundary-Layer (UBL) model, which calculates air
temperatures above the urban canopy layer (above urban
canyons); and the Urban Canopy and Building Energy
Model (UC-BEM), which calculates urban sensible heat
fluxes and urban canyon air temperature and humidity.

Rural Station Model
The RSM is a rural canopy model that reads hourly

values of meteorological fields measured at the rural
site and calculates sensible heat fluxes, which are then
provided to the VDM and the UBL model.

The model is based on an energy balance at the soil
surface. A transient heat diffusion equation represents the
storage and release of heat from the ground. Dividing the
soil in discrete layers, the RSM solves the following sys-
tem of equations:

d1(ρcp)1
∂T1

∂t
=C1,2(T2−T1)+Qsur f (1)

for the first layer,

di(ρcp)i
∂Ti

∂t
=Ci,i+1(Ti+1−Ti)+Ci,i−1(Ti−1−Ti) (2)

for each intermediate layer, and

dn−1(ρcp)n−1
∂Tn−1

∂t
=Cn−i,n(Tdeep−Tn−1) (3)

for the deepest layer. In Eqs. [1-3], di, (ρcp)i, and
Ti represent the depth, the volumetric heat capacity [J

Tsky

Tsky

Tsky

Tsky

Turb

Trur

Hrur

Hurb

Tsky

Tsky

BUILDING
ENERGY
MODEL
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URBAN
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LAYER
MODEL

VERTICAL
DIFFUSION
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TskyTsky
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Figure 1: Diagram of the Urban Weather Generator
(UWG) scheme, which is composed of four modules: the
Rural Station Model (RSM), the Vertical Diffusion Model
(VDM), the Urban Boundary Layer (UBL) model and the
Urban Canopy and Building Energy Model (UC-BEM).
Thermal networks indicate the main heat transfer pro-
cesses included in the RSM and UC-BEM. Trur, Tubl
and Turb represent the air temperature measured at the
weather station, calculated at the urban boundary layer,
and calculated at the urban site. The RSM provides ru-
ral sensible heat fluxes (Hrur) to the VDM and the UBL
model. The UC-BEM provides urban sensible heat fluxes
(Hurb) to the UBL model.

m−3 K−1] and the average temperature of the layer i,
respectively; Ci, j is the mean thermal conductance over
the distance between two layers [W m−2 K−1]; Qsur f is
the sum of net-radiation, sensible and latent heat fluxes at
the surface; and Tdeep is the annual-average air tempera-
ture of the site, used as boundary condition deep into the
ground. The latent heat flux due to the evapotranspiration
of vegetation (if present) is calculated as a fraction of the
absorbed shortwave radiation (Shashua-Bar and Hoffman
2002).

Vertical Diffusion Model

The VDM reads air temperatures and velocities mea-
sured at the weather station, as well as sensible heat
fluxes calculated by the RSM, and calculates vertical
profiles of air temperature above the weather station (Fig.
2), which are then provided to the UBL model.

The VDM solves the following heat diffusion equation:
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∂θ(z)
∂t

=− 1
ρ(z)

∂

∂z

(
ρ(z)Kd(z)

∂θ(z)
∂z

)
, (4)

where θ is the potential temperature of the air, which is
a variable commonly used in meteorology and represents
the temperature that a parcel of fluid at a certain pressure
would acquire if is brought adiabatically to a standard
reference pressure. In Eq. 4, z is the vertical space
component, ρ is the air density, and Kd is a diffusion
coefficient. The lower boundary condition of Eq. 4 is
the temperature measured at the weather station, θrur(zr)
(zr = 2 m). The upper boundary condition accounts
for the fact that at a certain height (zre f ∼ 200 m), the
profile of potential temperature is uniform and ∂θ

∂z |zre f = 0.

The difficulty of calculating vertical temperature pro-
files through a diffusion equation lies in the calculation of
the diffusion coefficient Kd . In some atmospheric mod-
els, this coefficient is related to the turbulent kinetic en-
ergy (TKE) at each vertical level (Bougeault and Lacar-
rere 1989):

Kd =CklkE1/2, (5)

where E is the TKE, Ck is a model parameter set
equal to 0.4, and lk is a length scale. In these models,
a prognostic equation for the TKE is then solved as a
function of the temperature and velocity fields (Martilli,
Clappier, and Rotach 2002), so coupled equations for the
air velocity components must also be computed. This
approach adds excessive complexity and computational
cost to this particular application, in which the uncertain-
ties associated with urban climate prediction limit the
reachable accuracy level. A simpler approach, proposed
by Hong, Noh, and Dudhia (2006), calculates Kd based
on correlations as a function of a mixed-layer velocity
scale and the planetary boundary layer height, which has
to be calculated iteratively.

The VDM proposes an alternative and robust solution,
which combines the two approaches mentioned above.
The diffusion coefficient is calculated by Eq. 5 and the
TKE at each vertical level is approximated by:

E = max
(
w2

s ,Emin
)
, (6)

where ws is the mixed-layer velocity scale (Hong,
Noh, and Dudhia 2006) and Emin is set equal to 0.01
m2 s−2. Atmospheric models usually establish of a
minimum TKE given the difficulties of predicting very
stable boundary layers (Bravo et al. 2008).

θrur

Weather 
station zr

zi
VDM

UBLM

UC-BEM

RSM

Figure 2: Representation of a city and the physical do-
main of the different UWG modules. The diagram corre-
sponds to nighttime conditions (not at scale). The RSM
calculates sensible heat fluxes based on a energy bal-
ance at the rural soil. The VDM calculates vertical pro-
files of potential temperature (θrur) at the rural site. The
UBL model solves an energy balance at the urban bound-
ary layer between the the blending height (zr) and the
boundary-layer height (zi) to calculate air temperatures
above the urban canopy layer. The UC-BEM calculates
air temperature and humidity inside urban canyons.

Urban Boundary-Layer Model
The UBL model calculates air temperatures above the

urban canopy layer from the temperatures at different
heights provided by the VDM and the sensible heat fluxes
provided by the RSM and the UC-BEM.

The model is based on an energy balance for a selected
control volume inside the urban boundary layer delimited
by the blending height (zr) and the boundary-layer
height (zi) (Fig. 2). It differentiates between nighttime
and daytime urban boundary layers, and between the
advection effect driven by a geostrophic wind (forced
problem) and by the urban breeze circulation (convective
problem) (Hidalgo, Pigeon, and Masson 2008).

The energy balance of the UBL model is expressed as:

VCV ρcp
dθurb

dt
= Hurb +

∫
ure f ρcp(θre f −θurb)dA f , (7)

where VCV is the control volume, ρ is the air density,
cp is the air specific heat, θurb is the average potential
temperature of the control volume, Hurb is the sensible
heat flux at the surface of the control volume [W], θre f
is a reference potential temperature outside the control
volume, ure f is a reference air velocity, and A f is the
lateral area of heat exchange between the control volume
and its surroundings. In Eq. 7, the term on the LHS
represents the thermal inertia of the control volume and
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the second term on the RHS represents the advection
effect. The model assumes that the potential temperature
is uniform inside the control volume and that there is no
significant heat exchange at the top of it.

At daytime, a control volume of the size of the city
and height [zi]day is selected. The lateral area of heat
exchange, A f , includes the width of the city orthogonal
to the wind direction. The reference temperature of Eq. 7
is taken as the potential temperature outside the city at a
height at which the vertical profile is considered uniform,
θrur(zre f ). This temperature is provided by the VDM.

In presence of geostrophic wind, the reference velocity
is taken as the air velocity measured at the weather station,
uwind(zm) (zm = 10 m). Under urban-breeze circulation at
daytime, Hidalgo, Masson, and Gimeno (2009) proposed
the following expression for the characteristic circulation
velocity (ucirc):

ucirc = kw

(
βzi

Hurb−Hrur

ρcp

)1/3

, (8)

where kw is a constant (kw ∼ 1), β is the buoyancy
coefficient (β =gθ−1), and Hurb and Hrur are the sensible
heat fluxes [W m−2] from the urban and the rural sites,
respectively. The problem is assumed to be convective
if the circulation velocity is greater than the air velocity
measured at the weather station. For this situation, the
circulation velocity (Eq. 8) is used in the energy balance
and the lateral area of heat exchange includes its entire
perimeter, Pcity.

At night, in presence of geostrophic wind, the urban
boundary layer is horizontally divided in various control
volumes. For the first control volume, the one upstream
of the city, the reference potential temperature and wind
velocity are assumed to have the following linear vertical
profiles:

θrur(z) = (θrur(zi)−θrur(zr))
z
zi
+θrur(zr), (9)

and
uwind(z) = uwind(zm)

z
zm

, (10)

where θrur(zr) is the air temperature measured at the
weather station. θrur(zi) is provided by the VDM, where
the boundary-layer height (zi) is an input of the model.
For simplicity, Eq. 10 assumes that the air velocity is zero
at zr. For the control volumes downstream of the first
one, the reference temperature is assumed to be uniform
and given by the temperature of the control volume
immediately upstream.

Under urban-breeze circulation at nighttime, the
circulation velocity obtained by Eq. 8 is also used for
the reference air velocity of Eq. 7, although this velocity
scale was initially developed for daytime conditions. The
reference air temperature is assumed to have also a linear
vertical profile (Eq. 9).

The numerical method used to solve Eq. 7 is implicit

Euler, in which dθurb
dt =

θurb−θ
−
urb

δ
, where δ is the simulation

timestep. Then, Eq. 7 can be expressed as:

θurb−θ
−
urb =Csur f +Cadvθeq−Cadvθurb, (11)

where Csur f , Cadv and θeq are calculated for each sce-
nario according to Table 1.

Table 1: Surface coefficient (Csur f ), advection coefficient
(Cadv), and equivalent temperature (θeq) used in Eq. 11
for each scenario. θrur is the potential temperature out-
side the city at different heights {zr, zi, and zre f }. θn−1
is the average potential temperature of the control volume
upstream of the one considered. Hurb is the urban sensible
heat flux [W m−2].

Night Csur f Cadv θeq

Forced (first) Hurbδ

ziρcp

uwind(zm)ziδ
2zmdx

2
3 θrur(zi)+

1
3 θrur(zr)

Forced (rest) θn−1

Convective Hurbδ

ziρcp

Pcityucircδ

Acity
1
2 θrur(zi)+

1
2 θrur(zr)

Day
Forced Hurbδ

ziρcp

Wuwind(zm)δ
Acity

θrur(zre f )

Convective Hurbδ

ziρcp

Pcityucircδ

Acity
θrur(zre f )

Urban Canopy and Building Energy Model
The UC-BEM calculates urban canyon air temperature

and humidity from radiation and precipitation data, air
velocity and humidity measured at the weather station,
and from the air temperature above the urban canopy
layer calculated by the UBL model.

The model is based on the Town Energy Balance
(TEB) scheme (Masson 2000), including its building
energy model (Bueno et al. 2012b). The UC-BEM
assumes that the air inside the urban canopy layer is well
mixed. Window surfaces are not specifically solved in
the outdoor energy balance and their effect on the indoor
and outdoor environments is represented by a thermal
resistance characterized by the window U-factor (Fig. 1).

Urban canyon air temperatures are obtained by the heat
balance method, taking into account the heat capacity of
the urban canyon air. The urban canyon energy balance
accounts for the heat fluxes from walls, windows and the
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road, the sensible heat exchange between the canyon air
and the atmosphere, the heat fluxes due to exfiltration,
the waste heat from HVAC equipment and other anthro-
pogenic heat sources, and the radiant heat exchange be-
tween the canyon air and the sky. Thus, the urban canyon
energy balance is given by:

Vcanρcp
dTurb

dt
= Awhw(Tw−Turb)+

Arhr(Tr−Turb)+Arhrd,sky(Tsky−Turb) (12)
AwinUwin(Tin−Turb)+V̇in f/ventρcp(Tin−Turb)+

uexρcp(Tubl−Turb)+Hwaste +Htra f f ic,

where Turb, Tin and Tubl are the air temperature of
the urban canyon, the indoor air temperature, and the
air temperature of the urban boundary layer above the
urban canyon, respectively; Tsky is the effective sky
temperature; Vcan is the volume of the urban canyon
air; Uwin is the U-factor of windows including heat
exchange coefficients at both sides; V̇in f/vent is the
exfiltration airflow rate; Hwaste is the sensible component
of waste heat flux released by heating, ventilation and
air-conditioning systems into the urban canyon; Htra f f ic
represents other anthropogenic sources of heat; and uex
is the exchange velocity between the in-canopy and
above-canopy flows. An analogous latent heat balance
is solved to calculate the humidity content of the urban
canyon air by computing the latent heat fluxes from the
atmosphere, buildings and road. The UWG assumes
that the air humidity above urban canyons is the same as
the one measured at the weather station for each time step.

The exchange velocity (uex) is obtained from an expres-
sion extracted from Bentham and Britter (2003):

uex =
u∗

uatm
u∗
−
(

8
V Hurb

)1/2 , (13)

where u∗ is the friction velocity (Louis 1979) and
uatm is a reference air velocity above the urban canopy
assumed equal to the air velocity measured at the weather
station.

In large spaces such as urban canyons, the water
vapor present in the air participates in the radiant heat
exchange. The air emissivity is calculated as a function
of the humidity content and the size of the space (Siegel
and Howell 1981). In Eq. 12, hw and hr are the heat
transfer coefficients of walls and road, respectively, which
combine convective and radiative effects (h = hcv + hrd);
and hrd,sky is the radiant heat transfer coefficient between
the urban canyon air and the sky.

External surface temperatures of walls, road and roof
are calculated by solving a similar surface energy balance
to the one described for the rural soil (Eqs. [1-3]). The
boundary conditions of the road are the same as the rural
soil. In the case of walls and roof, the indoor boundary
condition is a heat flux calculated by the building energy
model.

The outdoor surface heat flux is composed of short-
wave radiation, longwave radiation, sensible and latent
heat components. The solar radiation received by walls
and road is calculated by assuming an average urban
canyon orientation (Masson 2000). The longwave radi-
ation among walls, road, urban canyon air and the sky
is computed by linearization of the Stefan-Boltzmann
equation accounting for the transmittance of the urban
canyon air and assuming only one bounce of radiative
heat fluxes between surfaces. In terms of longwave
radiation, window surfaces are assumed to have the
same temperature as wall surfaces. Surface sensible heat
fluxes are computed by using convective heat transfer
coefficients, which are calculated as a function of the air
velocity above the urban canopy layer (uatm) by using a
correlation extracted from Palyvos (2008).

Urban sensible heat fluxes (required by the UBL
model) are calculated as the sum of the heat exchange
between the canyon air and the atmosphere and the
convective heat flux from building roofs, including
the fraction of waste heat emissions from the outdoor
air-conditioning equipment located there.

The vegetation model of the UC-BEM follows the
shade-convection approach (Shashua-Bar and Hoffman
2002). The solar radiation that reaches urban canyons
is partially blocked by the tree canopy according to
the horizontal vegetation density of the site. The solar
radiation absorbed by the trees is split into sensible and
latent heat fluxes. These fluxes then participate in the
energy balance of the urban canyon.

The building energy model is based on the one devel-
oped by Bueno et al. (2012b). The physical and geometric
definition of buildings is kept as simple as possible, while
maintaining the required features of a comprehensive
building energy model. The model considers a single ther-
mal zone, where the thermal inertia of building materials
associated with multiple levels is represented by a generic
thermal mass. The model accounts for heat gains due
to transmitted solar radiation, heat conduction through
the enclosure, infiltration, ventilation, and internal heat
gains, as well as for the dynamical evolution of indoor
air temperature (between thermal setpoints) and humidity.
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To calculate cooling energy consumption, the model
solves the dehumidification of the air passing through the
cooling system by assuming that the air leaves the cooling
coil at 90% relative humidity. The model includes the
mixture of recirculated air and outdoor air according to
the ventilation air flowrate.

Waste heat fluxes are calculated as a function of the
building energy consumption (Qcons) and building energy
demand (Qdem). For example, for a cooling system the
waste heat flux is given by:

Qwaste = Qcons +Qdem. (14)

MODEL EVALUATION
The UWG scheme is compared with field data from

two boundary-layer experiments: the intensive obser-
vational period (IOP) of the BUBBLE experimental
campaign, carried out in Basel (Switzerland) between
June 10 and July 10, 2002 (Rotach et al. 2005); and
the CAPITOUL experimental campaign carried out in
Toulouse (France) from February 2004 to March 2005
(Masson et al. 2008).

In both experiments, weather data is measured simulta-
neously at rural and urban stations. The evaluation of the
UWG consists of introducing rural weather data as inputs
in the model and comparing the calculated and observed
urban air temperatures.

The system parameters of the UWG used in this com-
parison are summarized in Table 2. The parameters of the
VDM-UBL scheme are the daytime and nighttime bound-
ary layer heights (zi), the reference height (zre f ), and the
urban-breeze scaling coefficient (kw). In addition, the
sensible-latent heat split is assumed to be 0.5 in the veg-
etation model and the vegetation albedo is taken as 0.25,
which is the average value reported in the experiments.
Finally, the model accounts for the effect of vegetation
from May to November (deciduous vegetation).

Comparison with field data from Basel, Switzerland
The main urban experimental site in BUBBLE is

Basel-Sperrstrasse. The site represents a heavily built-up
part of the city center of Basel, mainly composed of
residential buildings. A detailed characterization of this
urban site can be found in previous studies that use the
field data from BUBBLE (Hamdi and Masson 2008). The
input parameters used in this analysis are the same as in
these studies (Table 3). For those magnitudes for which
detailed information is not available (e.g. building use),

Table 2: System parameters of the UWG used in the model
comparison with field data from Basel, Switzerland, and
Toulouse, France.

Parameter Setting
Daytime mixing height 1000 m
Nighttime boundary-layer height 50 m
Reference height at which the vertical profile
of potential temperature is assumed uniform 200 m
Urban-breeze scaling coefficient 1.2
Latent fraction of vegetation 0.5
Albedo of vegetation 0.25
Begin month for vegetation participation May
End month for vegetation participation November

reasonable assumptions based also in previous studies
have been made. A city diameter of 5 km is estimated
based on the areal view of the city. A sensitivity analysis
of the model varying the city diameter between 3 km
and 7 km produced small changes in the results. The
Grenzach weather station, inside the valley of the Rhine
River, is used as the reference rural station.

Figure 3 compares hourly values of urban air temper-
atures calculated by the UWG with the air temperatures
measured at the urban and rural sites for a week in June.
The monthly-average diurnal cycle for the IOP of the
BUBBLE campaign is represented in Fig. 4. As can be
seen, the UWG is able to capture both the UHI effect
observed at night and the Urban Cool Island (UCI) effect
observed during the day, although it overpredicts the
later partly due to the simplifying assumptions of the
vegetation model.

Statistical results of this comparison are presented in
Table 4. The root-mean-square-error (RMSE) between
the model and observations is 1.1 K, where the average
daily-maximum UHI effect is 5.2 K. Errors of around
1 K are acceptable given the important uncertainties
associated with urban climate predictions (see next
section). The mean-bias-error (MBE) is -0.5 K, which
reproduces the overprediction of the UCI effect observed
in Fig. 4.

Comparison with field data from Toulouse, France

The CAPITOUL campaign is an extensive boundary-
layer experiment, which includes (among other types of
measurements) a network of weather stations inside and
at the periphery of Toulouse (Fig. 5). In this analysis, the
station located at the central location of the city, next to
the Monoprix building (MNP), is selected as representa-
tive of urban conditions. Five of the surrounding urban
stations are also included in the analysis (MIC, CIT, MIN,
ILE, and CYP) to show the variability of air temperatures
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Table 3: Inputs of the UWG used in the model compari-
son with field data from Basel, Switzerland, and Toulouse,
France. Both parameterizations represent densely popu-
lated residential areas and rural areas covered by grass.

Parameter BUBBLE CAPITOUL
Urban parameters
Location Basel Toulouse
Latitude 47.33◦ 43.48◦

Longitude 7.35◦ 1.3◦

City diameter 5000 m 7500 m
Average building height 14.6 m 20 m
Horizontal building density 0.54 0.68
Vertical-to-horizontal urban
area ratio 0.48 1.1
Horizontal vegetation density
(trees) 0.16 0.08
Wall construction Concrete - 20 cm Brick - 20 cm

Insulation - 3 cm Insulation - 3 cm
Wall albedo 0.15 0.25
Roof construction Tiles - 6 cm Tiles - 6 cm

Concrete - 20 cm Wood - 20 cm
Insulation - 3 cm Insulation - 3 cm

Roof albedo 0.15 0.25
Building floor construction Concrete – 20 cm Concrete – 20 cm
Road construction Asphalt - 5 cm Asphalt - 5 cm

Stones - 20 cm Stones - 20 cm
Gravel and soil Gravel and soil

Road albedo 0.08 0.08
Building parameters
Glazing ratio 0.3 0.3
Window construction Double-pane Double-pane

clear glass clear glass
Internal heat gains Residential Residential
Infiltration/ventilation 0.5 ACH 0.5 ACH
Cooling system None None
Heating system Furnace Furnace
Weather station parameters
Construction Soil Soil
Albedo of the surface
without vegetation 0.15 0.15
Vegetation fraction 0.8 0.8

within the same urban area. The characterization of the
site is presented in previous studies that use field data
from CAPITOUL (Bueno et al. 2011). The same input
parameters are used here (Table 3). In this case, the
city diameter is taken as 7.5 km. The reference weather
station is located at Mondouzil (MON), an agricultural
rural area at the North-East periphery of the city.

Figure 6 compares hourly values of urban air temper-
atures calculated by the UWG with the air temperatures
measured at the urban and rural sites for a week in July.
The monthly-average diurnal cycles for July and October,
2004, and January, 2005, are represented in Fig. 7. The
error bar represents the root-mean-square-difference
between the air temperatures observed in the five urban
stations surrounding the MNP station and the air temper-
ature measured at the MNP station (Fig. 5). The results

21Jun 23Jun 25Jun 27Jun

10

15

20

25

30

35

A
ir
te
m
p
er
a
tu
re

(
C
)

 

 

uwg

obs

rur

Figure 3: Hourly values of urban canyon air temperature
calculated by the UWG and observed during the BUBBLE
experiment between June 21 and June 28, 2002. Hourly
values of measured rural air temperature (rur) for the
same period are also represented.
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Figure 4: Monthly-average diurnal cycle of urban canyon
air temperature calculated by the UWG and observed dur-
ing the BUBBLE experiment between June 10 and July 10,
2002. Monthly-average diurnal cycle of measured rural
air temperature (rur) for the same period is also repre-
sented.

show the capacity of the UWG to reproduce the UHI
effect for different seasons. The observed variability of
air temperature around the MNP weather station is about
1 K. This justifies the statement that the error associated
with UWG’s predictions is acceptable and within the air
temperature range observed in different locations of the
same urban area.

Statistical results of this comparison are presented in
Table 4 for the three months. The RMSE between the
model and observations ranges between 0.8 K and 1.2
K, where the average daily-maximum UHI effect ranges
between 2.4 K and 3.6 K. The MBE is generally low,
which indicates that there are no systematic errors in the
model.
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Observations show that the UHI effect at mesoscale
level (due to the aggregate effects of the whole city)
cannot be neglected. From the daily-maximum UHI
effect observed inside urban canyons (e.g. 3.6 K in
summer, Table 4), more than half (2.5 K for the previous
example) is due to the mesoscale effect.

Figure 5: Map of the weather station network during the
CAPITOUL experiment carried out in Toulouse, France,
from February 2004 to March 2005.
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Figure 6: Hourly values of urban canyon air temperature
calculated by the UWG and observed during the CAPI-
TOUL experiment between July 21 and July 28, 2004.
Hourly values of measured rural air temperature (rur) for
the same period are also represented.

CONCLUSION
This paper presents a physically based and computa-

tionally fast model to predict the UHI effect in a city given
meteorological information measured in an operational
weather station outside the city. The UWG is a compact
model that can be incorporated into existing programs for
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Figure 7: Monthly-average diurnal cycles of urban
canyon air temperature calculated by the UWG and ob-
served during the CAPITOUL experiment in July (top)
and October (middle), 2004, and in January (bottom),
2005. Monthly-average diurnal cycles of measured rural
air temperature (rur) for the same periods are also rep-
resented. The error bar represents the root-mean-square-
difference between the air temperature observed in the five
urban stations surrounding the MNP station and the air
temperature measured at the MNP station.

the design and analysis of buildings and urban areas.

The UWG has been satisfactorily evaluated against
field data from two cities: Basel, Switzerland, and
Toulouse, France. The expected error associated with
UWG predictions is around 1 K, which stays within the
range of air temperature variability observed in different
locations of the same urban area. The comparison
with field data highlights that the UHI effect cannot be
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Table 4: Root-Mean-Square-Error (RMSE) and Mean-
Bias-Error (MBE) between the urban air temperatures
calculated by the UWG and observed during BUBBLE ex-
periment between June 10 and July 10, 2002; and between
the urban air temperatures calculated by the UWG and
observed during CAPITOUL experiment in July and Oc-
tober, 2004, and January, 2005. Errors are compared to
the average daily-maximum UHI effect observed during
each period.

Month RMSE (K) MBE (K) UHImax (K)
BUBBLE
Summer 1.1 -0.5 5.2
CAPITOUL
Summer 0.8 0.3 3.6

Fall 0.9 -0.1 2.5
Winter 1.2 -0.1 2.4

computed only from the urban canyon effect (vertical
component), but must also include the aggregate effect
of the whole city (horizontal component). As a conse-
quence, urban climate prediction tools cannot be limited
to an urban canopy model, but must also consider the
effect of the urban boundary layer. This can be achieved
by using mesoscale atmospheric simulations or by using
the simplified approach of the VDM-UBL scheme.

The reference weather station for the UWG can be
situated in any location in the periphery of the city as long
as is not surrounded by urbanization and is not affected
by site-specific micro-climate conditions produced by the
orography or by the presence of large bodies of water.
For example, a weather station nearby the sea would
not be appropriate for applying the UWG. The current
version of the UWG has performed well in European-type
of cities in which the urban morphology is relatively
homogeneous and the urban vegetation is scarce. Further
developments of the model will address the heterogeneity
of urban areas and the spatial distribution of the UHI
effect within a city. They will also include a better
treatment of latent heat fluxes, while maintaining the
approach of keeping the model as simple as possible (but
not simpler).
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NOMENCLATURE
Acity City horizontal area, m2

A f Lateral heat exchange area, m2

cp Specific heat, J kg−1 K−1

C Coefficients/ Thermal conductance, /W
m−2 K−1

d Layer thickness, m
E Turbulent kinetic energy, m2 s−2

g Gravity acceleration, m s−2

h Heat transfer coefficient, W m−2 K−1

H Sensible heat flux, W, W m−2

kw Urban-breeze circulation scale constant
Kd Diffusion coefficient, m2 s−1

lk Length scale, m
Pcity City perimeter, m
Q Heat flux, W m−2

t Time, s
T Temperature, C, K
u Mean air velocity, m s−1

ucirc Urban-breeze circulation velocity, m
s−1

uex Exchange velocity, m s−1

u∗ Friction velocity, m s−1

Uwin Window U-factor, W m−2 K−1

V Volume, m3

V̇ Air volume flowrate, m3 s−1

V Hurb Vertical-to-horizontal urban area ratio
ws Mixed-layer velocity scale, m s−1

z Vertical space component, m
zi Boundary-layer height, m
zr Blending height , m
zre f Reference height, m
β Buoyancy coefficient, m s−1 K−1

δ Timestep, s
θ Potential temperature, K
ρ Density, kg m−3

Subscripts
atm Atmosphere
can Urban canyon
cons HVAC consumption
cv Convection
dem Building demand
inf/vent Exfiltration
r Road
rd Radiation
ref Reference
rur Rural
urb Urban
ubl Urban boundary layer
w Walls
waste Waste heat from HVAC systems
win Windows
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ABSTRACT 

The mean radiant temperature (Tmrt) is among 

the most important factors affecting thermal 

comfort. Its assessment in dense cities has 

been complicated due to the presence of 

buildings, pavings, and infrastructure. This 

paper introduced the RAMUM model, a GIS 

based software method developed to simulate 

outdoor mean radiant temperature at micro-

scale. The advantages of this method lie in its 

efficiency and resolution that supports the 

design of buildings, streets, and public open 

spaces. The model is evaluated using field 

measurements under cold and warm weather 

in Boston. This study is sponsored by the 

EFRI-1038264 award from the National 

Science Foundation (NSF), Division of 

Emerging Frontiers in Research and 

Innovation (EFRI). 

 

 

INTRODUCTION 

The mean radiant temperature (Tmrt) is among the most 

important meteorological factors in relation to human 

body energy balance. It is by definition the uniform 

temperature of an imaginary enclosure in which radiant 

heat transfer from the human body is equal to the 

radiant heat transfer in the actual non-uniform 

enclosure (ISO, 1998). It is a key variable to thermal 

comfort and pedestrian activities (Nikolopoulou and 

Lykoudis, 2006), which are essential to the design of 

walkable and livable cities that promotes health and 

sustainability. There is a practical need for 

environmental assessment tools that are both efficient 

and supportive of design decisions at micro-scale.   

 

The objective of this paper is to present a software 

method to simulate Tmrt in urban environments. The 

model is named the Rapid Assessment Method for 

Urban Microclimate (RAMUM).  It is based on 

ArcGIS, the widely used data platform among 

researchers and design practitioners. The model 

requires minimum input of dry bulb temperature, 

relative humidity, 3D buildings and topography 

information. It is capable of computing Tmrt for two-

dimensional surfaces at a grid resolution of one meter 

by one meter, and the results can be graphically 

interpreted on hourly basis. The model is evaluated 

using field measurements conducted in Boston, 

Massachusetts.  

LITERATURE 

The assessment of Tmrt has been complex in dense 

urban areas, since both shortwave and longwave 

radiations are highly varied due to the presence of 

buildings, infrastructure, and paving. Several tools 

emerged in recent years in an attempt to simulate 

radiation influx at the urban scale. Rayman Pro is a 

software tool designed for outdoor environmental 

analysis. The software is based on a stationery heat 

balance model, and it takes into account both short-

wave and long-wave radiation fluxes (Matzarakis, 

2007).  It requires separate morphological input, and it 

can neither process complex building geometries nor 

calculate Tmrt on a continuous surface. Similarly, 

ENVI-met is a software package capable of simulating 

the surface-plant-air interactions in urban 

environments. The software applies computational fluid 

dynamics (CFD) models and energy balance models 

(Bruse, 2006).  Like Rayman Pro, ENVI-met is limited 

in data input and complex geometries. Others include 

the Simulation Platform of Thermal Environment 

(SPOTE) (Lin, et al., 2006), the Townscope II (Teller 

and Azar, 2001), and the Integrated Environmental 

Solutions – Virtue Environment (IES, 2012).  

 

Despite the rising importance in sustainable design and 

occupant comfort, environmental assessment tools are 

rarely used in planning and urban design practices. 

Barriers persist between researcher and practitioners, 
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and existing tools are often limited in model input, data 

exchange, and visualization capacities. To better serve 

the needs of urban designers and planners, the 

simulation model should be computationally efficient, 

transparent, and graphically intuitive. It should support 

information exchange with other simulation packages 

as well as database platform such as the Geographic 

Information System (ESRI, 2012), a widely used 

software among design practitioners. 

 

Figure 1. The mean radiant temperature at 1.5 meters 

height above ground 

 

METHOD 

By definition, the calculation of Tmrt can be expressed 

with the following formula (Fanger, 1970) 

4
n-p

4

nn2-p

4

221-p

4

11mrt )·F·T + … + ·F·T + ·F·T(  = T εεε

     (1) 

εn  =  Emittance for surface materials (ratio) 

Tn = Temperature of isothermal surfaces 

Tn =  View factor of isothermal surfaces 

 

In real urban context, it is impractical to estimate 

temperature for every isothermal surface. A simplified 

approach separates radiation into three components: 

shortwave radiation; longwave radiation from the sky; 

and longwave radiation from solid surfaces, in this case 

the ground and the buildings. The alternative formula 
is presented below and the calculation for each of the 

three components will be explained in detail. 

4
ggpaapsmrt )·FE + ·FE + ·FE(

1
  = T ⋅⋅⋅ εε

σ
ska  

     (2) 

σ =  Stephan-Bolzmann Constant   

(5.67·10
−8

 W/m
2
K

4
) 

ak =  Absorption coefficient of shortwave radiation 

for the target object (standard value 0.7) 

εp =  Emission coefficient for the target object  

(standard value 0.97) 

Ea =  Longwave radiation intensity of the open sky 

(W/m
2
) 

En =  longwave radiation intensity of solid surfaces 

(W/m
2
) 

Fs,a,g  =  angle factors of the sky, solar radiation, and 

solid surfaces (ratio) 

 

The target object for this study is a 40mm grey ball 

thermometer placed at 1.5 meter above the ground, an 

approximate of human body. The model also uses 

weather data from the nearest station, in this case the 

portable weather station present on site is brought into 

use. The workflow is automated using the programming 

language of Python. The results are presented in 

ArcScene at a grid resolution of one meter by one 

meter. (Figure 1) 

 

Shortwave Radiation 

Shortwave radiation can be simulated using DIVA-for-

Rhino 2.0 (Jakubiec and Reinhart, 2011), an advanced 

daylight simulation tool based on Radiance, Daysim 

(Reinhart and Walkenhorst, 2001) and Rhinoceros 10 

interface (McNeel, 2012). The hourly radiation data is 

downloaded from the Central Square weather station 

located in Cambridge, MA (Wview, 2012) Three-

dimensional urban models of the study area are 

acquired from Boston Redevelopment Authority (BRA, 

2011).  

 

DIVA-for-Rhino calculates hourly the global horizontal 

irradiance for sensor grids of one meter by one meter. 

The results are imported to raster layers in ArcGIS. 

The base map information, including building 

footprint, road, are acquired from the Office of 

Geographic Information (MassGIS, 2011). 
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Figure 2, Shortwave radiance Es of 1m grid resolution, 

reflectance = 0.35. Hourly calculation conducted 

using DIVA-for-Rhino Plug-in, based on 3D urban 

model acquired from the Boston Redevelopment 

Authority and Massachusetts Office of Geographic 

Information. 

 

Notice that DIVA-for-Rhino calculates global 

horizontal radiance received from a planar surface 

facing upwards. For a spherical surface, the results can 

be approximated with homogeneous radiation with the 

angle factor Fs= 0.5. The percentage of error is 

expected to increase when the solar angle is low. Yet 

the absolute error will become negligible compared 

with intrinsic errors imbedded in solar radiation 

simulation models at low-solar angles (Ibarra and 

Reinhart, 2011) 

 

Longwave Radiation from the Sky 

The radiation from the sky can by estimated using the 

Angstrom formula: (Falkenberg and Bolz 

1949;Monteith 1990; Oke 1987; VDI 1994): 

))
8

(21.01()1025.082.0()15.273( 5.20945.04 N
TE pV

aa ⋅+⋅⋅−⋅+⋅=
⋅−

σ

     (3) 

Ea =  Longwave radiation from the sky (W/m
2
) 

Ta =  Dry bulb temperature (°C) 

N =  Degree of cloudiness (octas) 

Vp =  Vapor pressure (hPa) 

 

The vapor pressure Vp is computed using Arden Buck 

equation (Buck,1981)  

))
14.257

()
4.234

678.18exp((1121.6
a

aa

hump
T

TT
RV

+

⋅−⋅=

     (4) 

Vp =  The saturation vapor pressure in hPa 

Rhum =  Relative humidity (%) 

Ta =  Dry bulb temperature (°C) 

 

For spherical surface, the angle factor of longwave 

radiation from sky can be conveniently determined 

from sky view factor 

 

Fa =  SVF / 2 

SVF =  Sky view factor from the center of the grid cell 

 

The sky view factor can be calculated from DIVA-for-

Rhino plug-in based on Radiance. Ambient bounces 

were set equal to one (ab = 1) and run a daylight factor 

simulation for grid sensors under the uniform sky. The 

result is imported to ArcGIS using Python 

programming language. (Figure 3)  

 

    
Figure 3. Sky View Factor, calculated using DIVA-for-

Rhino Plug-in, plotted from ArcGIS 

 

Longwave Radiation from Solid Surfaces 

The longwave radiation from the ground and buildings 

is determined by aggregate longwave radiation from 

each isothermal surface as well as those reflected from 

the sky: 
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Ei =  longwave radiation from surface (W/m
2
) 

εi =  Emittance of surface material 

Ea =  Longwave radiation from the sky (W/m
2
) 

Fi =  Angle factor of solid surface (ratio) 

 

The longwave radiation emitted by individual surfaces 

can be expressed by Stephan-Bolztmann’s law:  
4

sii TE ⋅⋅= σε      

σ = Stephan-Bolzmann Constant  (5.67·10
−8

 W/m
2
K

4
) 

εi = Emittance of surface material,  

Ts = Temperature of solid surface 

 

The temperature of solid surfaces, in this case building 

facades and ground paving, is jointly determined by air 

temperature, ambient radiation, indoor temperature, 

and the insulation value of surface materials. The 

building façades on site consist mostly of stone and 

concrete surfaces, which reduces uncertainties 

associated with longwave radiation through glazing.  

 

Infrared photographs were taken at each hour to record 

solid surface temperatures of the ground and building 

façade. data suggests that the temperature of individual 

surfaces could vary up to 20 degrees from the air 

temperature. However, the mean temperature of all 

solid surfaces matches closely with the air temperature 

with small margins of error (Figure 4). For 

simplification purposes, it is therefore reasonable to 

assume isothermal conditions for all solid surfaces in 
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the model with temperature equal to those of the 

ambient air. Given Ts = Ta, and for most building 

materials ε ≈ 1, a simplified formula can be expressed 

below 

4

ag TE ⋅= σ     (6)  

σ  =  Stephan-Bolzmann Constant   

(5.67·10
−8

 W/m
2
K

4
) 

Ta =  Dry bulb temperature (°C) 

 
Mean Temperature of the Air and Solid Surfaces
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Figure 4, the air temperature of the dry bulb matches 

closely with the average temperature of solid surfaces. 

Façade/ground temperature estimated using hourly 

infrared photography (Figure 10). 

MEASUREMENT 

The above simulation results are evaluated using field 

measurement conducted on January 15 and March 21, 

2012 respectively. These experiment dates are chosen 

to maximize temperature range. The former, Jan.15 is a 

cold day with low air temperature recorded from -18 to 

-8 degrees centigrade. In contrast, March 21 is an 

exceptionally warm day with recorded air temperature 

betwen 15 and 25 degrees centigrade during the day. 

Both days are mostly clear except for a few hours of 

cloudiness in the afternoon of Jan.15. 

 

 

 
Figure 5. Measurement Site, Countway Library 

Courtyard, Harvard University, Boston, MA 

Equipment in use includes three Onset Temperature 

Sensor (TMC6-HA), one Wind Speed & Direction 

Sensor (S-WCA-M003), Silicon Pyranometer 

Sensor(S-LIB-M003), Barometric Pressure Sensor (S-

BPB-CM50), Temp/RH Sensor (S-THB-M002), Hobo 

data logger (U12-006)  

 

 
Figure 6, Measurement Devices in use including 38mm 

Greyball Thermometer, portable weather station, and 

infrared camera. 

Environmental measurements were obtained at four 

different points of the courtyard in order to assess the 

possible thermal comfort distribution of occupants in 

an open space. In Position 1, a micro-weather station 

(Onset Computer Corporation) equipped with sensors 

for air temperature, relative humidity, wind speed and 

direction and solar radiation was used. The readings 

were recorded at 5-minute intervals to smooth the 

sudden variations mostly in wind speed and solar 

radiation due to wind gusts and sunshine/shade 

variations, respectively. In the other three locations, 40 

mm flat grey globe thermometers were used to measure 

globe temperature. These consist of 40 mm flat grey 

painted copper balls attached to 4-channel temperature 

U-12 data loggers (Onset Computer Corporation) 

recording data also every 5 minutes. Initially used to 

represent the convective and radiative heat transfer of a 

human with its surroundings, the use of the smaller 

diameter globe thermometers has been validated for 

both indoor and outdoor thermal comfort 

measurements. The use of a smaller diameter globe 

with a lower thermal inertia allows the temperature 

measurements to respond quickly to changes in wind 

velocities and solar radiation levels usually 

encountered in outdoor settings. Its use to calculate the 

mean radiant temperature (Tmrt) in open spaces has 

proved satisfactorily when compared with the Tmrt 

values derived from three-dimensional short-wave and 

long-wave radiation patterns measured with an 

expensive arrangement of radiometers and complex 

view factor calculations. After adjusting for a proper 

mean convective coefficient, the Tmrt obtained values 

seem to improve the fit with more complex models 

even further (Thorston, 2007).  
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To compensate for the convective and conductive heat 

losses from 40 mm grey ball thermalmeter to the air, 

the following formula is used to adjust for globe 

thermometer reading. (Kuehn, 1970) 

15.273)(
101.1

)15.273(4
4.0

6.08
4

−−⋅

⋅

⋅⋅
++= ag

a
gmrt TT

D

V
TT

ε

     (7) 

Tg= Globe Temperature (°C) 

Va= Wind speed (m/s) 

Ta= Air Temperature 

D = Globe diameter (40mm) 

ε =  Globe Emittance, 0.97 

 

This inexpensive solution of using globe temperature 

measurements has also proven to be a good predictor of 

outdoor thermal comfort. A multinational study 

performed in several European cities (Nikolopoulou 

and Lykoudis, 2006) found the correlation between the 

globe temperature and the Actual Sensation Vote 

(ASV) responses of study participants to be the highest 

among all environmental measurements recorded 

(R=0.53), when compared to air temperature (R=0.43), 

solar radiation (R=0.23) and wind speed (R=0.26). 

These studies confirm the usefulness of the globe 

thermometers to approximate the heat transfer of 

individuals with the built environment in open spaces.  

 

UNCERTAINTIES 

The simulated and measured Tmrt during the experiment 

are plotted in figure 7. The 157 pairs of data entries 

feature a correlation coefficient of 0.964, while the 

differences are normally distributed (Figure 8). A 

further breakdown shows the simulation tends to 

overestimate the Tmrt by 1~2°C during warm weather 

and underestimate the Tmrt by 1~2°C during cold 

weather. The sources of uncertainties stem from 

building geometries, surface temperature variations, 

and measurement errors.  

A major source of uncertainties is from the 3D building 

database. Different from the simplifed building 

geometries in the GIS database, architectural details 

such as exterior wall profile, windows extrution, 

androof top structures can change the shape of 

shadows, resulting in a shift of  peak value as it is 

observed in figure 12 and 13. Many of the outlyers in 

figure 7 with up to 20°C differences between 

measurement and prediction can be explained by this 

cause. 

 

-40

-20

0

20

40

60

80

100

-40 -20 0 20 40 60 80 100

Simulation MRT C

M
e

a
s

u
re

d
 M

R
T

 C

East_Jan East_Mar South_Jan South_Mar West_Mar North_Jan North_Mar

Figure 7. Scatter Plot of Measured Tmrt against 

Predicated Tmrt. on both Jan. 15 and Mar.21, 2012. 
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Figure 8, the distribution of differences between 

measured and predicted Tmrt on Jan.15 and Mar.21  

 

A second source of uncertainties comes from 

temperature variation of solid surfaces, mostly due to 

solar exposure, thermal bridges, or glazing. Figure 9 

presented an estimation of the Tmrt in square-shaped 

courtyard resembling the countway library site. 

Calculation using Fanger’s formula above yeilded a 

Tmrt difference of 1.2°C, a noticable but minor error 

compared with other sources of uncertainties. Assume 

global horizontal shortwave radiation to be 600 W/m
2
 

and the longwave radiation from the sky to be 200 

W/m
2
. The surface temperature of the two solid wall  

(highlighted in red) are allowed to vary by 10°C higher 

than those of the others. 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

250



 

Figure 9, the heated wall surfaces can raise the Tmrt by 

1.2 °C. The calculation is based on a courtyard space 

enclosed by walls and floor with a sky view factor of 

0.33 from the center. The left scenario assume an 

equal temperature to all solid surfaces, while the right 

scenario allows the surface temperature of two solid 

wall surfaces to rise by 10 °C, the typical differences 

observed during the experiment. 

 

Aside from simulation uncertaities, measurement are 

also vulnerable to errors from equipment such as the 

greyball thermometers. These errors may be further 

amplified by Kuehn’s formula when adjusting for 

convective heat losses. Further field measurement work 

are scheduled in order to test the model’s applicability 

in hot climate and under complex weather conditions. 

 

CONCLUSION 

The simulation-based method is a useful tool for  

estimate radiation fluxes at a spatial resolution that 

informs design deicisions. It is capable of performing 

rapid analysis in two dimensional. The method requires 

minimum input of GIS geospatial information as well 

as meteological data. Since the Tmrt is a key estimator 

of thermal comfort in outdoor space, this simulation 

method will become a useful tool for design and 

planning practices. It allows early-phase diagnosis of 

undesirable radiant fluxes, which will later inform 

choices on building envelope, shading devices, and 

vegetation. It can also inform the seleciton of building 

and paving materials based on thermal properties, the 

reflectance, emittance, and heat capacity. The model 

will also support decisions on whether radiant heating 

or cooling are needed during extreme weather events. 

 

A following application of the model is to calculate 

outdoor thermal comfort in dense urban spaces. The 

Tmrt, along with wind speed, air temperature, and 

humidity, constitutes the key meteological inputs for 

thermal comfort metrics. 
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APPENDIX A 

 
 

Figure 10, Hourly temperature of solid surfaces based 

on infrared photograph, January 15, 2012
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APPENDIX B 

 
Figure 11. Simulation of Mean Radiant Temperature on Countway Library Courtyard, January 15, 2012. Grid 

dimension, 1m by 1m. For concrete façade and pavings materials, albedo = 0.35, emissivity = 1 
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Figure 12. Predicted and Measured Tmrt on Jan.15. Isolated points are extracted from simulation results, while 

continuous curves are from measurement data using  a 40 mm grey globe thermometer. 
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Figure 13. Predicted and Measured Tmrt on Mar.21. Isolated points are extracted from simulation results, while 

continuous curves are from measurement data using  a 40 mm grey globe thermometer. 
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ABSTRACT 

This paper presents an urban analysis work flow using a 
Rhinoceros/Grasshopper massing tool. The tool utilizes 
terrain elevation models as part of the design process to 
subdivide sites and generate urban form to be explored 
parametrically. It can then be linked to various 
performance assessment methods. As a proof of 
concept, the study uses a walkability calculator for three 
urban form alternatives, and applies genetic algorithms 
to optimize generated designs through allocation of 
land-use. Results show a great diversity that converges 
to near optimal solutions. A discussion is drawn about 
the effort and time spent to model such iterations versus 
it’s automation using this work flow, and conclusions 
show the potentials, limitations and directions for future 
research work. 

INTRODUCTION 
Cities are growing exponentially across the globe. 
Studies report that the cumulative change in urban 
expansion for the period of 1970 to 2000 was 58,000 
km2, which is approximately in the order of 2% of the 
global urban land area in 2000 (Seto et al., 2011).  The 
United Nations’ latest figures demonstrate that by the 
year 2100, the world population is projected to reach 
10.1 billion (United Nations, 2011). Accordingly, new 
neighborhoods are being built every day; pushing the 
definition and boundaries of cities, which significantly 
decreases urban densities (Angel et al., 2010) and 
contributes considerably to carbon emissions (Hutyra et 
al., 2011). This expansion tends to take place at the 
outskirts, where the terrain morphology is often less 
benign to urban developments due to irregularities in 
the landscape. This expansion process necessarily 
involves the planning of road networks that will, with 
certain reasoning, adapt to that terrain. Interestingly, a 
road network, once in place, tends to be remarkably 
resistant to change as exemplified by a visual 
comparison of part of Egypt’s capital, Greater Cairo’s 
downtown core (Zamalek, Tahrir and Garden City) in 
1933 and today (Figure 1).   

Expanding urban grids and massing is a process that is 
oftentimes unplanned in informal settlements. Local 
government and planning authorities routinely face this 
challenge with very limited, if any, budget. Hence, there 
is a pressing need to develop urban design workflows 
that support a smarter approach towards street grid 
subdivision and generation of urban massing that 
consider environmental performance. The purpose of 
such workflows is to enable the evaluation of multiple 
design iterations and optimize for certain performance 
criteria, such as resource efficiency and resident’s 
health and comfort. In this day and age, design 
computation has become ubiquitous throughout the 
design world, from small scale offices to multinational 
firms. Given the ever growing power of personal 
computers and the increasing use of cloud computing, 
workflows based on such technologies can thus help 
design teams throughout the world to develop low-tech 
urban solutions using high-tech design tools. While 
building energy simulations have by now become well 
established in practice, partially due to the proliferation 
of green building rating systems (such as LEED and 
IGCC), there is now an emerging trend among 
researchers and leading consulting firms to model the 
performance of groups of buildings such as 
neighborhoods and campuses. As one departs from one 
to several buildings, transportation and its associated 
energy uses necessarily become dimensions to consider 
in conjunction with operational building energy. This 
paper therefore explores the suitability of an 
arrangement of buildings for residents to walk, therefore 
avoiding the need to use fossil fueled modes of 
transportation. 

Although generative tools for urban form were 
previously investigated computationally (Beirão et al., 
2011; Luca, 2007) and in terms of certain 
environmental performance criteria (Oliveira Panão et 
al., 2008; Keirstead, et al., 2011), site design and its 
relationship to terrain in the third dimension has thus far 
been disregarded. Given the likeliness that new 
developments increasingly take place in non-flat 
terrains, this paper presents a new urban analysis 
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workflow that develops street and massing layouts for 
new neighborhoods in such environments. A parametric 
urban massing tool was developed in the 
Rhinoceros/Grasshopper environment that allows urban 
environmental master planning to take place within a 
three-dimensional terrain elevation model. The tool can 
be linked to a number of existing environmental 
performance analysis tools in Rhinoceros/Grasshopper 
that include operational building energy use, access to 
solar radiation and daylighting. In this particular study, 
the urban massing component has been linked with a 
new walkability calculator. Walkability was consciously 
chosen as an initial sustainability performance indicator, 
since planning of urban density is a necessary step to 
contain urban growth. It constitutes a key challenge to 
sustainable urban developments worldwide as explained 
above. The paper describes details of the urban massing 
tool, walkability calculations and optimization 
procedures along with an example case study.  

URBAN FORM GENERATION 
METHODOLOGY 
The proposed workflow for the conception of urban 
form is twofold: Firstly, an exploration of parametric 

massing is performed using a generative street division 
and urban massing tool. In a second step, a walkability 
calculation is applied to the resulting street grid to 
evaluate the potential walkability of the design. 

Generative Urban Form Workflow 

Generation of urban form in its primary stages typically, 
but not necessarily, involves the subdivision of a 
development plot area using a certain design rationale. 
From this subdivision, street networks are planned and 
land lots are assigned setbacks and massing height 
limitations. This is coupled with land-use zoning 
assignment to accommodate various programmatic 
needs (housing, commercial, green areas, etc.). The 
proposed tool utilizes this form generation process 
computationally through the following steps: 

1. Load terrain elevation map (Figure 2). 

2. Iteratively subdivide terrain following design logic. 

3. Manipulate the terrain for build-ablity (Terraform). 

4. Set street widths offsets and building lots. 

5. Zone parametrically controlled building forms.   

Figure 1 A comparison between minimally changed street structures in downtown Cairo, Egypt. 
(Left) Author adapted map of Cairo in 1933 (Nicohosoff, A., 1933). 

(Right) An online contemporary map of the same area (Bing Maps, 2011). 
 

Figure 2 Arbitrary elevation map converted from pixels to a terrain model. Subdivisions (Div) are parametric  
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In this paper, terrain subdivision logic is based on 
utilizing an orthogonal brute-force search for minimum 
slopes with control on minimum lot size in pixel values 
(Min_Lot). The code determines whether the given 
terrain is in the orthogonal horizontal or vertical sense, 
and slopes are calculated in the opposing sense by 
subtracting the lowest elevation height from the highest 
one in each pixel row. This determines build up 
“blocks” that interface with the design of walkable 
streets, which is a performance metric to be optimized 
later in the assessment process. Figure 2 shows 
subdivision slider-controlled iterations (Div) in the 
Grasshopper definition, limited by conditional 
minimum lot sizes and the divided blocks’ orientation. 

 
Figure 3 Terraform Processes 

 

Building lots are then terraformed through two options: 
flat areas that maintain an average elevation between 
the four corners of each lot in the terrain, or a bilinear 
interpolation of the elevation of those same corners 
(Figure 3).  Street offsets are directly proportional to lot 
size, and are slider-controlled as well.  Building forms 
are parametric in depth and height, and follow three 
massing options that emulate typical urban typologies 
(Figure 4). By defining 2D geometry in Rhino, the user 

can link these geometrical “zones” to massing options 
to act as a land-use allocation tool. The tool is therefore 
used to explore massing parametrically in the early 
urban design and planning stages. An example 
generated neighborhood is presented in Figure 4. The 
generated urban form that is adapted for the terrain 
condition can now be tested and optimized for various 
performance metrics. In this study, the evaluation of 
how “walkable” a neighborhood can be is undertaken, 
and the appraisal methodology is presented next. 

 
Figure 4 Example neighborhood and massing options 

 

Walkability Assessment 

The evaluation of neighborhood walkability and its 
relationship to human health and carbon emissions has 
been the subject of numerous publications (Hoehner et 
al., 2011; Frank et al., 2010). Any chosen scheme to 
assess the walkability of generated neighborhoods will 
be supported by the workflow’s current design 
rationale. Since the subdivisions are based on minimum 
slope, the produced streets will have the lowest slopes 
that insure less effort in walking activities. 

In this paper, the “Street Smart” walk score algorithm 
was utilized to assess the walkability of generated urban 
form  (Carr et al. 2011). Street grids generated from the 
tool are linked to a Grasshopper walk score definition. 
It is assumed that each block will host a multi-
functional building with housing. Different amenities 
are randomly placed on the grid, and the definition 
utilizes a shortest path script that is based on the A* 
algorithm to compute distance to surrounding amenities. 
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A score between 0 and 100 is then given to each 
housing point based on the walking distances to the 
following land-use categories: 

amenity_weights = { 

"grocery": [3], 

"restaurants": [.75, .45, .25, .25, .225, .225, .225, .225, 
.2, .2], 

"shopping": [.5, .45, .4, .35, .3], 

"coffee": [1.25, .75], 

"banks": [1], 

"parks": [1], 

"schools": [1], 

"books": [1], 

"entertainment": [1], 

} 

Assigned weights for amenities are the numbers placed 
after each category. Multiple numbers denote the score 
other amenities of the same type get after the first count. 
A polynomial distance decay function is used. It gives a 
full score for amenities that are within quarter mile of 
housing egress. Walk scores beyond this decrease with 
distance. At a distance of one mile, amenities receive 
about 12% of the score as a penalty. After one mile, 
scores slowly decrease with greater distance.  Other 
penalties for low street intersection densities and 
average block length are also factored into the score 
(Walk Score, 2011). The total sum of the weights listed 
above is 15. However, the walk scores are linearly 
expanded to range from 0 to 100. Table 1 demonstrates 
the meaning of the computed walk scores. 
 

Table 1 Definition of Walk Scores 
 

WALK 
SCORE 

DESCRIPTION 

90–100 Walker's Paradise 
Daily errands do not require a car. 

70–89 Very Walkable 
Most errands can be accomplished on foot. 

50–69 Somewhat Walkable 
Some amenities within walking distance. 

25–49 Car-Dependent 
A few amenities within walking distance. 

0–24 Car-Dependent 
Almost all errands require a car. 

 

The walkability of an overall neighborhood and 
individual locations within it depend on where the 
above mentioned amenities are located. In order to find 

the potential for walkability within a neighborhood the 
amenities should therefore be distributed so that the 
majority of housing units receive maximized walk 
score. Given that there are an enormous number of 
combinations possible, an exhaustive search is not 
practical. The optimization problem is suited for the 
utilization of evolutionary algorithms. This step is 
described next. 

Optimization 

The method used for land-use allocation optimization in 
this research was a Genetic Algorithm (GA). It is a 
scheme that imitates evolutionary processes through 
simulating procedures of population, crossover and 
mutation of competing solutions.  A GA is commenced 
with randomly chosen locations for amenities (genes), 
creating parent solutions of zoning (chromosomes) from 
a controlled search space to create an initial population. 
Within each chromosome, housing egress has a walk 
score (W) generated based on the location of genes. 
Those walk scores are tested for the following 
conditions: 

- If W<minW 

Then N=0 

- Else if minW<W<aW 

Then N=N+((W-minW))/aW 

- Else if W>maxW 

Then N=N+1 

Where (minW) is the minimum W that would be 
considered acceptable, (aW) is the threshold of an 
acceptable walkscore, and (maxW) is the maximum 
satisfactory walk score. In this study, minW = 50, aW = 
69 and maxW = 70 according to corresponding values 
in table 1. N is a placeholder of performance initiated as 
a zero value number. The population evolves towards 
better chromosomes by applying the following fitness 
function: 

- f(x)=N/n      (1) 

Where (n) is the number of housing egress points tested 
during the population. The function evaluates the 
performance of each chromosome, to be chosen as 
parents later to generate a new population. “Survival of 
the fittest” is applied through random selection that is 
weighted towards chromosomes of better performance. 
As a process of evolutionary search-and-find, two 
chromosomes are chosen for either operation of 
crossover or mutation. This populates new generations 
to be tested and reselected, and through many 
generations, the chromosomes within the final 
populations are near optimal.  
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URBAN PERFORMANCE APPLICATION 
As an example application of the method, an imaginary 
hilly site with an area about 1.45 km2 with maximum 
elevation difference of 360m was chosen Three street 
divisions were then generated for the site as shown in 
figure 5 for different lot sizes and number of housing 
divisions. 

 
Figure 5 The three generated street subdivisions 

 

The aim of the design exercise is to simulate equal 
population densities (21600 people) in different urban 
form configurations. The “light” setting refers to 
minimizing site subdivisions, giving higher emphasis on 
massing height and grouping functionality (27 
buildings, with 800 people / building). The “dense” 
configuration suggests smaller lots with a compact 
massing (150 buildings, with 144 people / building). 
The “moderate” is a contrast between both settings (82 
buildings with 144 people / building and 14 buildings 
with 700 people / building). For the example, amenities 

were chosen to be of great challenge to the site area, 
and were as follows: 2 Grocery, 3 Restaurants, 3 
Shopping, 1 Bank, 1 School, 1 Books, 2 Entertainment 
and 2 Coffee. The park areas were pre-selected for each 
scheme. Figure 6 demonstrates an example walk score 
analysis for arbitrarily placed amenities in the light 
configuration.  

 
Figure 6 Example generated Walk Scores 

 

Optimization was implemented through a tool in 
Grasshopper named Galapagos, an evolutionary solver 
that utilized a GA to optimize the walkability of the 
three explored urban massing options. The GA evolved 
zoning for the cases through 50 iterations, controlled by 
producing 50 populations/iteration. Figure 7 shows the 
land-use placement results on the generated grids of the 
near-optimal solutions, and the resultant walk score for 
pre-generated housing egress. 

The results explored by the GA showed a great diversity 
in the imitation of each run. This eventually converged 
to reveal near-optimal zoning in the different 
configurations.  Tested fitness reached minimum 
bounds between 0.1 and 0.4, which shows how a 
neighborhood could have poor walk scores if not 
carefully planned. However, the maximum fitness 

Figure 7 Optimized land-use allocations and consequent walk scores for generated housing egress 
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reached in the light setting was 0.842, and in the 
moderate 0.719 and 0.828 in the dense. This satisfied an 
overall neighborhood evaluation, but if examined 
closer, may not be a pleasant setting for all individual 
lots.  The full tabulated optimization results are shown 
in Figure 8. The optimization process ran approximately 
for 15, 60, 240 minutes for the light, moderate and 
dense configurations respectively on a laptop equipped 
with an Intel® Core™ i7 2.8GHz CPU and 8 GB RAM. 

Although optimized solutions varied in the three cases 
in terms of land-use placement, they all shared a 
common feature: the calculated centroid of the three 
solutions was almost central to the arbitrary terrain 
model. While it may be intuitive to create diversity by 
spreading functionality across a development site, this 
consistent result shows that having a neighborhood 
center that assembles varying zones improves 
walkability significantly. 

Important amenities that give higher scores, such as 
“Grocery”, spread out in all sites to give equality across 
the housing egress points. In all cases, some points on 
the outskirts do not receive the minimum acceptable 
walk score. However, in such cases, if entrances to 
buildings change, it will achieve a better score that may 
be acceptable. Optimization shows performance 
directions, yet it should be used with flexibility. 

Figure 9 shows population percentage plotted against 
walk scores. It demonstrates that 65-70% of the people 
living in all scenarios receive a walk score higher than 
70; making them living in a neighborhood that is “very 
walkable”. The remaining population lives in situations 
that are mostly “car dependent”. The visualization of 
ensuing massing options is shown in figure 10. Massing 
models were generated based on the optimized walk 
scores. The light design scenario adapted Le 
Corbusier’s approach to urbanism: “towers in the park”, 
with the heart as bigger towers to accommodate all 
amenities. The dense configuration was generated as a 
compact neighborhood with central “down-town” area 
that is proportionally larger, and the intermediate was a 

set as a gradient between both. The variation in 
performance between the three configurations is slight, 
but favoring the “light” scenario. Reasons for that are 
discussed next. 

 

 

 
Figure 8 Iterations against fitness function in 

walkability optimization 

Figure 9 Population percentages against Walk Score 
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Figure 10 Light, moderate and dense massing options 

as generated by the work flow 
 

DISCUSSION  
The utilization of automation procedures to generate 
form gives unlimited degrees of freedom to design 
exploration. When applied to urban design, inquiries 
into performance become more delicate. The 
investigation of urban form is taken from a 
morphological approach to a performative one; a 
question the designer must ask is: what are the urban 
qualities we seek through the act of design? 

The employment of the current minimum slope design 
rationale combined with the utilization of a numeric 

evaluation of walkability, such as walk score, makes the 
quantitative optimization of the problem successful. 
However, disregarding terrain when calculating the 
walk scores is a weakness, and the development of 
numeric penalties for reaching amenities that are higher 
in elevation, and where the shortest route may be “hilly” 
should be taken into consideration. In addition, the 
scoring system is street dependent, meaning that 
walking distances from the housing unit to the street are 
ignored. This makes the “light” configuration perform 
better, although in reality a distance from the building to 
the street should be taken into account and would 
influence walk score dramatically. Again, this limitation 
could be easily considered in the future. 

The utilization of this tool diminishes effort and time 
spent to model hundreds of street divisions that are 
adapted to complicated terrains and thus helps designers 
and urban planners to quickly evaluate muliple ideas; 
gaining an intuition of the strengths and weaknesses of 
different massing solutions. The use of cloud computing 
and parallel processing will effectively decrease 
computing time mentioned earlier, and multi-criteria 
optimization can then be pursued. The focus can then 
shift to gaining insight into urban morphology and its 
effect on performance through iterative explorations 
and optimization procedures. As we go forward, it will 
require further development to become a true urban 
massing design tool. For example, design parameters 
such as building orientation, program and window to 
wall ratios should be implemented. 

Cultural adaptation of the underlying performance 
metrics, namely walkscore, should also be considered, 
as the current default choice of amenities clearly 
exhibits North American lifestyle bias. In other settings, 
destination points, such as location of water, could 
replace certain amenities when the value of such 
locations is considered vital. Acceptable distances could 
be modified in tandem.  

CONCLUSION 
The foregoing discussion highlighted some of the 
limitations and potential benefits of a new urban 
massing design workflow that has been developed in 
this paper. While the presented case study has a strong 
North American bias, concepts of dealing with non-flat 
terrains, as well as the walkability of different 
neighborhood massing solutions, make the workflow a 
promising tool for a large variety of projects. Such 
ventures could range from new highend green 
developments to disaster relief projects.  The tool 
successfully explored urban form in hilly situations 
using Grasshopper, which is an accessible, user friendly 
platform for parametric investigations. This makes 
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investigations into massing particular to non-flat terrain 
scenarios achievable and flexible. 

This work flow highly complements current parallel 
developments in urban modeling environments. The 
presented application utilizes performance placeholders 
for the ability of the tool to question urban metrics. For 
further development, it is suggested to investigate the 
utilization of optimization schemes to be urban form 
finders. A number of competing fitness attributes could 
be studied, such as neighborhood operational energy 
use, urban daylight availability, fluid dynamics of wind 
and consequent ventilation, or walkability and 
bikeability schemes, to name a few. Therefore, the 
exploration of virtual, parametric urban space through 
the design of weighted fitness functions controlled by 
designers will prove vital. The fact that different 
performance metrics are competing is a driver for urban 
form that explores unlimited possibilities only 
conceivable due to building performance simulation. 

In an ever-growing world, and as more populations 
migrate to cities, the significance of this work flow, 
which supports the generation of sustainable urban 
form, is indisputable. It currently subdivides terrain 
models based on minimum slopes, and parametrically 
controls the number of divisions, street widths, massing 
types and its properties. This initiates the means to 
evade haphazard and unaware urban forms, and paves 
the way to discovering possibilities of performance that 
is optimal for the design of sustainable cities.  
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ABSTRACT 

Inclusion of site data, such as the surrounding 

structures, terrain, and vegetation, all of which 

modulate the amount of indirect radiation exchange 

between a building and its environment is necessary 

for accurate building energy simulation.  While the 

impact of indirect radiant energy is potentially large, it 

is also very time consuming to calculate.  Thus 

building energy simulations tend to incorporate 

simplified environment models or to omit the indirect 

radiation calculation altogether. 

This paper describes how a computer graphics 

algorithm, environment mapping, can be used to 

accurately calculate the indirect reflected radiant 

energy from the environment.  We encode the 

complete panoramic environment surrounding a 

surface as an image texture that serves as a look-up 

table parameterized by direction.  Different pieces of 

information such as sky, clouds, and buildings or 

obstructions are stored in separate textures that can be 

quickly overlaid.  The method is fast, accurate, robust, 

and scalable. 

INTRODUCTION 

How much solar radiant energy (shortwave, near 

infrared) does an element on an external building 

surface actually receive?  Although almost all energy 

simulations compute the direct radiation components 

from both the sun and the sky, in practice few 

simulations include the effects of the surrounding built 

environment or terrain.  Even though the impact of this 

indirect radiant energy component may be significant 

(Figure 1), the increased environment model 

complexity makes these effects very time-consuming 

to compute.  Thus typical building energy simulations 

tend to incorporate simplified environment models or 

ignore the indirect radiation calculations completely. 

We present a new algorithm to simulate the 

environmental effects based on environment mapping, 

an early computer graphics technique used to 

approximate the visual impact of the surrounding 

environment, without a significant increase in 

computation time.  We encode the complete panoramic 

environment surrounding a surface as an image texture.  

In computer graphics, a texture map is a two-

dimensional array (usually of pixel color values) which 

can be mapped to a surface.  In our case, we use the 

two polar coordinates (θ, φ) of the hemisphere to look 

up stored floating point values.  The advantage of 

using texture maps is that modern CPU’s and graphics 

boards include texture mapping hardware, providing 

both fast access and the ability to composite textures. 

 

       
a b c d 

Figure 1 Examples of environment sky dome occlusion and indirect specular radiation: Visible sky dome with 

clouds and visible building obstructions (a).  Mountainous terrain also reduces sky dome visibility (b).  Indirect 

specular reflections from built environment (c) and lake (d). 
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Different pieces of information such as the visible sky 

dome, clouds, terrain, building obstructions, or 

secondary specular or diffuse reflections are stored as 

separate textures that can be quickly overlaid.  Since 

the method stores the resulting data as texture maps, 

the calculations can be accelerated with common 

graphics hardware for both the access and combination 

of texture maps. 

Typically, the greatest computational effort is spent on 

sampling the environment which requires determining 

millions of ray intersections for all energy transport 

paths in complex polygonal scenes.   This computation 

must be repeated for each exterior building surface 

location and for every sample direction.  Since the 

results are cumulative, it is important to establish the 

appropriate order of the computations to further 

accelerate the simulations.  In addition to computing 

the effects of direct solar and sky radiation, at present 

we limit the indirect effects to the first-bounce specular 

reflections from the sun and the indirect diffuse 

reflections from both the sun and the sky dome, 

although the procedures are extensible to multiple 

bounces.  The algorithm has proven to be fast, 

accurate, robust and scalable. 

In the following sections we illustrate the different 

radiant energy components and introduce a 

nomenclature from computer graphics to describe their 

distinct transport paths.  The concepts of environment 

mapping and texture maps are next introduced.  We 

then describe our ray-casting strategies, including 

sections on accuracy and the preferred computational 

order.   The final section demonstrates the algorithm by 

pre-calculating the incident indirect radiant energy for 

each external surface of a building in an urban 

environment and feeding the data to EnergyPlus. 

SOURCE – TRANSPORT PATH 

NOMENCLATURE 

At any given time, the total radiant energy received at 

any point on a building’s external surface is the sum of 

the direct radiant energy received from the sun and the 

sky, and the indirect reflected energy from the 

environment, including neighboring buildings and 

terrain.  We use the following energy notation:      
       

               
           

   
           

    (1) 

Note that the first term,        
    needs to be computed 

from one vector direction (the solar angle) and the 

second term,        
   

 requires the integral over all 

visible sky directions.  The third term,          
    may 

reach the building surfaces from all directions and 

through many different transport paths.  The equation 

(1) can be rewritten with two integral terms (where   

is the solid angle): 

               
    ∫        

   

 

  ∫          
   

 

 (2) 

We model these integral portions by sampling a 

hemisphere placed at all specific receiving points on all 

external surfaces of the building being simulated 

(Figure 2).  Note that only one receiving point is shown 

in the figure, but in actual practice we place many 

hemispheres on each external building surface.  

Finding all possible transport paths from the sun and 

the sky is NP-hard.  Thus for the indirect reflections 

from the environment we reduce the complexity by 

assuming that the transport paths are either diffuse or 

specular. The assumption that a surface is either 

entirely diffuse or entirely specular is a simplification, 

because real surfaces have both characteristics. 

Because the impact of transport paths diminishes with 

the number of bounces (which are extremely 

computational expensive); we currently limit our 

algorithm to a single bounce of reflection of energy 

from both the sun and the sky.  Thus equation (2) is 

modified to: 

               
           

   
           

             
   

 (3) 

 

              
    ∫        

   

 

  ∫         
   

 

 ∫          
   

 

 ∫         
   

 

 ∫          
   

 

 

(4) 

Figure 2 illustrates many different types of energy 

transport paths, both direct and indirect, for both the 

sun and the sky.  We use a nomenclature from 

computer graphics (Heckbert 1990) to represent the 

diffuse (D) and specular (S) transport paths.  Within 

this paper we do not consider the diminishing effect of 

multiple bounce reflections nor do we present the 

specular sky reflections.  To approximate the integral 

equations we use a hemispherical sampling strategy as 

described in the next section.  

ENVIRONMENT MAPPING 

The caching technique which we use is based on an 

early computer graphics rendering algorithm first 

published by Blinn and Newell (1976).   Their method 

approximates the results of tracing rays by storing the 

visible effects of global reflections from an 

environment as a texture map.  By assuming that all 

objects and light sources in the environment are 

sufficiently distant from the object, these effects can 

then be modeled as a two-dimensional projection 

surrounding the rendered object.  The view of the 

environment depends on the object’s surface normal 
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vector and varies for each portion of the object being 

rendered. 

The analogy is that the object is positioned in the 

center of a hemisphere of infinite radius, and the 

resulting texture, indexed by polar coordinate angles, is 

“painted” in the object’s surface (Figure 3c).  Several 

types of texture maps can be utilized such as spherical 

maps, cube or hemicube maps (Cohen and Greenberg 

1985) or hemispherical maps.  All act as a pre-process 

to establishing the texture map.  Our implementation is 

based on the hemisphere map.  Thus, the texture map is 

a projection of 3D space onto a 2D parametric (u, v) 

texture space (Figure 3b) which can be indexed by its 

latitude and longitude. 

Although the early graphics algorithms were solely 

dedicated to creating images and could index the 

texture map using the object’s surface normal, our goal 

is to determine the reflected energy from the 

environment at any point on a building’s exterior 

surface.  Thus we invert the process and cast rays from 

any given surface point on a building’s exterior and 

query the pre-computed texture map for each location.   

The accuracy of this approach is dependent on several 

basic assumptions: 

1. The hemispherical patches are either small enough 

or sufficiently homogeneous so that each segment 

can be accurately represented by a single value in 

the texture map. 

2. The impact of second bounce indirect reflections 

(Figure 2) is negligible. 

RAY CASTING STRATEGY AND 

ACCURACY 

Rays can be sent out to sample the environment in 

many different ways, ranging from Monte Carlo 

techniques to regularly based intervals.  Since we build 

our texture map from our hemispherical analogy, we 

investigated three regular subdivision schemes.  While 

longitude/latitude mapping is very common, it 

oversamples the surface normal direction (the zenith of 

the hemisphere) (Figure 4a).  Improved results can be 

attained with a uniform solid angle multiplied by the 

cosine of the angle of incidence distribution, because 

every ray has the same energy contribution (Figure 4c).  

Unfortunately this method undersamples the region 

near the horizon of the hemisphere and does not work 

 
 a Sun b Sky 

Figure 2 Direct and indirect energy transport paths. (a) Possible energy transport paths from the sun to a 

building’s surface.  We evaluate all indirect paths shown in red, but do not evaluate the multiple bounce paths. (b) 

Evaluated indirect energy transport paths (red) from the sky are shown.  For this paper we are not evaluating the 

first bounce specular sky reflections shown in black. 

         
a b c 

Figure 3 Environment Mapping.  The visible effects of the environment computed on a hemisphere (a) and 

converted to a texture map (b).  These effects are then “painted” on the object’s surface to approximate the global 

illumination (c). 
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well with many architectural geometric models.  We 

obtained good results with a uniform solid angle 

distribution (Figure 4b), which best captures the 

characteristics of typical built environments.  All rays 

must still be weighted by the cosine of the angle of 

incidence, which means that zenith rays have the 

highest contribution and the horizon rays the lowest 

contribution to the total energy received.  We use a 

method described by Shirley and Chiu (1997) to 

subdivide a sphere into equal solid angle segments. 

Figure 5a depicts a simple example to illustrate the 

accuracy of our approach.  A 10m × 10m wall is 

moved perpendicularly to the exterior surface of the 

building containing several hemispherical sample 

points.  The exact analytical form-factor used for 

determining the radiant interchange for a diffusely 

reflecting surface (the wall) is calculated using a 

method described in Baum et al. (1989).  The form-

factor values for uniform solid angle hemispheres at 

three different sampling resolutions are also shown.  

Since a single ray is cast for each hemispherical 

segment, the accuracy depends on the size and number 

of discretized uniform solid angle segments in the 

hemisphere.  Figure 5b shows how the accuracy is 

improved as the patch size decreases and the number of 

samples increases.  It also shows the expected 

diminishing absolute value of the form factor as the 

wall of constant size is moved away from the building. 

Results for an analytical solution for this simple 

example are plotted against three different resolutions 

using the uniform solid angle hemisphere.  Note that 

all three resolutions indicate high accuracy, although 

the computational time is roughly proportional to the 

number of hemispherical samples.  

ORDER OF CALCULATIONS 

The computational order is very important and can 

significantly improve the calculation speed.  First the 

direct solar component,        
    is calculated in a 

separate step as described in Jones et al. (2011).  We 

then create the occlusion map which indicates the sky 

visibility.  To determine the direct sky component 

    

 
a Longitude/Latitude (θ, φ) b Uniform solid angle c Uniform solid angle × cosine 

Figure 4 Ray casting schemes for hemispherical maps.  Note that the Longitude/Latitude mapping (a) oversamples 

at its crown and the Uniform solid angle × cosine mapping (c) undersamples at its base. 

        
 a b 

Figure 5 Form-factor comparisons. Analytical vs. uniform solid angle hemispheres 
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 hemispherical samples need to be calculated 

only for the non-obscured sample points. 

We then construct the remaining three indirect texture 

maps:         
   ,         

   
, and          

   .  Because the 

ray intersection calculations dominate the 

computational expense but are identical for all three 

indirect transport paths, we take advantage of this 

redundancy.  Note that this computational order is 

different from standard approaches.  Furthermore we 

again use the occlusion map as any indirect reflected 

energy can only come from these occluded directions. 

For each occluded ray, we place a secondary 

environment map to calculate the energy that this ray 

contributes in the first bounce and repeat the previous 

process.  Potentially, we could call the function 

recursively to generate multiple bounces easily, but 

this was not implemented. 

Note that unlike the environment mapping for creating 

images, we store the radiant contributions at each pixel 

in the texture map.  Once all five texture maps are 

completed, we can then combine them as a single 

texture map whose values can easily be accessed with 

graphics hardware routines.  

EXAMPLE 

This algorithm is independent of the operating system 

and the simulation environment.  We implemented our 

prototype in Java and use a modified version of 

EnergyPlus version 7 that allows us to inject data into 

the simulation. 

To get fast raycasting results, we triangulate the 

geometry and create a k-d tree at the beginning of the 

simulation.  The user can specify how many receiving 

points will be calculated for each polygon, what kind 

of raycasting strategy will be used, and how many rays 

 
 a b c d e 

Figure 6 Hypothetical World Trade Center, New York City, environment.  (a) Occlusion Map, (b) Sky Direct, (c) 

Sun Diffuse Indirect Reflection, (d) Sun Specular Indirect Reflection, (e) Sky Diffuse Indirect Reflection 

Note that for the Sky Direct (b) only the white areas of the Occlusion Map (a) need to be sampled.  For the 

remaining indirect reflections (c, d, e) only the black areas of the Occlusion Map (a) need to be sampled. 
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will be used for the environment map and for each first 

bounce. 

The current implementation calculates five different 

reflection factors that EnergyPlus is using internally 

(EnergyPlus Development Team 2011) and injects 

them into the simulation: 

 ReflFacBmToDiffSolObs 

 ReflFacBmToDiffSolGnd 

 ReflFacSkySolObs 

 ReflFacSkySolGnd 

 ReflFacBmToBmSolObs 

We used a test architectural model of a real building 

with terrain containing 14 thermal zones and 2189 

polygons (4430 triangles) (Figure 7a).  We first ran a 

simulation in EnergyPlus version 7 with the simulation 

parameter “full interior and exterior with reflections” 

enabled, which took 2 hours 35 minutes.  Afterwards, 

we calculated the sun direct with a method described in 

Jones et al. (2011) requiring less than 10 seconds, and 

the reflection factors with our method, requiring 18 

minutes for 256 rays or 26 minutes for 1024 rays (note 

that EnergyPlus uses only 90 rays internally).  We 

injected our pre-computed reflection factors and reran 

the EnergyPlus simulation in only 4 minutes.  The 

results are very similar (Figure 7b).  Table 1 shows in 

summation, for a model of this complexity, the 

simulation was more accurate and the computation 

time was reduced by a factor of five or seven 

(depending on the accuracy). 
 

Table 1 Comparison of the total simulation time 

between EnergyPlus and the Java implementation of 

our environment map 
 

RAYS ENERGYPLUS ENVIRONMENT MAP 

90 2h 35m — 

256 — 0h 22m 

1024 — 0h 30m 

All simulations ran on a 3.4 GHz Intel
®

 Core™ i7-

2600 workstation with 16GB RAM. 

EnergyPlus also uses a ray casting algorithm, but it is 

not fair to make absolute comparisons of the execution 

times.  Our software takes advantage of large memory 

storage (caching of a lot of information) and modern 

computer architectures. 

CONCLUSION 

Inclusion of the indirect effects is necessary for 

accurate building simulations, but is frequently omitted 

due to its large computational expense.  We have 

presented a novel method to calculate the indirect 

reflected radiant energy from a surrounding 

environment.  The method uses an environment 

mapping technique from computer graphics.  Our 

approach is fast, accurate, robust, and scalable and can 

take advantage of modern computer architectures with 

large local memory. 

We bypassed EnergyPlus’ direct and indirect radiation 

calculations by injecting the results from our method, 

proving that we can evaluate the impact of the 

surrounding structures and terrain.  For extreme cases, 

such as specular facade reflections in urban areas or 

diffuse terrain reflections in mountainous regions, the 

effect can be quite significant.  The procedures can 

also be used to optimize the orientation and positioning 

of solar panels. 

We partially optimized our prototype software, but we 

have not fully explored the order of computation.  The 

algorithm was designed to run in parallel and thus, 

providing there is sufficient memory, parallelization 

can vastly reduce computation time. We plan on 

investigating how we can automatically achieve 

appropriate sampling resolutions for a given 

environment.  We also wish to eliminate computational 

redundancy when environment maps are in close 

proximity to each other. 

   
a  b 

Figure 7 Architectural test model.  (a) Shows the geometry of the building and the environment.  (b) Shows the total 

solar incident on one surface (EnergyPlus in blue and our method in red). 
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We also do not take full advantage of all modern 

computer architectures, like hardware texture mapping.  

Currently, we store separate textures for different data, 

all of which can be combined to a single energy texture 

for each sample point.  For given weather conditions, 

further accelerations can be obtained by not calculating 

computationally expensive energy components that add 

little value. 

To date, we have limited our investigations to solar 

shortwave radiation (wavelength < 4µm).  In the future 

similar procedures could be partially utilized with the 

calculation of longwave radiation interchange if 

appropriate spectral source distributions (for the sun, 

sky, and environment), scattering models, and 

reflectance functions are available. 
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AUTOTUNE E+ BUILDING ENERGY MODELS

Joshua New, Jibonananda Sanyal, Mahabir Bhandari, and Som Shrestha
Oak Ridge National Laboratory, Oak Ridge, TN

ABSTRACT
This paper introduces a novel “Autotune” methodol-

ogy under development for calibrating building energy
models (BEM). It is aimed at developing an automated
BEM tuning methodology that enables models to repro-
duce measured data such as utility bills, sub-meter, and/or
sensor data accurately and robustly by selecting best-
match E+ input parameters in a systematic, automated,
and repeatable fashion. The approach is applicable to a
building retrofit scenario and aims to quantify the trade-
offs between tuning accuracy and the minimal amount of
“ground truth” data required to calibrate the model. Au-
totune will use a suite of machine-learning algorithms de-
veloped and run on supercomputers to generate calibra-
tion functions. Specifically, the project will begin with
a de-tuned model and then perform Monte Carlo simula-
tions on the model by perturbing the “uncertain” parame-
ters within permitted ranges. Machine learning algorithms
will then extract minimal perturbation combinations that
result in modeled results that most closely track sensor
data. A large database of parametric EnergyPlus (E+)
simulations has been made publicly available. Autotune is
currently being applied to a heavily instrumented residen-
tial building as well as three light commercial buildings in
which a “de-tuned” model is autotuned using faux sensor
data from the corresponding target E+ model.

INTRODUCTION
In 2006, the US consumed $220 billion in annual en-

ergy costs with 39% of primary energy (73% of total elec-
trical energy) being consumed by buildings; with less than
2% of this energy demand being met by renewable re-
sources, the US constituted 21% of worldwide CO2 emis-
sions in 2005 with an annual growth rate of 1.2% from
1990-2005 (U.S. Dept. of Energy, 2010) (Figure 1). For
reasons financial, environmental, and social, the United
States Department of Energy (DOE) has set aggressive
goals for energy efficiency, which constitutes the low-
hanging fruit for slight to moderate energy savings in the
US buildings sector.

A central challenge in the domain of energy efficiency
is being able to realistically model specific building types
and scaling those to the entire US building stock (Deru

Figure 1: Summary of US Primary Energy Consumption
(U.S. Dept. of Energy, 2010) and Production (U.S. EIA,
2009).

et al., 2011) across ASHRAE climate zones (IECC 2009
and ASHRAE 90.1-2007; Briggs et al., 2003a,b), then
projecting how specific policies or retrofit packages would
maximize return-on-investment with subsidies through
federal, state, local, and utility tax incentives, rebates, and
loan programs. Nearly all energy efficiency projections
are reliant upon accurate models as the central primitive
by which to integrate the national impact with meaning-
ful measures of uncertainty, error, variance, and risk. This
challenge is compounded by the fact that retrofits and con-
struction of buildings happen one at a time and an individ-
ual building is unlikely to closely resemble its prototypi-
cal building. Unlike vehicles and aircraft, buildings are
generally manufactured in the field based on one-off de-
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signs and have operational lifetimes of 50-100 years; each
building would need to be modeled uniquely and more
precisely to determine optimal energy efficiency practices.

This challenge has been partially addressed through
the many software packages developed for energy mod-
eling and software tools which leverage them. There
are over 20 major software tools with various strengths
and weaknesses in their capability of realistically model-
ing the whole-building physics involved in building en-
ergy usage (Crawley et al., 2008). The major software
supported by DOE is EnergyPlus (E+), constituting ap-
proximately 600,000 lines of FORTRAN code. There are
many tools which use similar simulation engines, such
as the National Renewable Energy Laboratory’s (NREL)
BEopt (Christensen et al., 2006) and Lawrence Berke-
ley National Laboratory’s (LBNL) Home Energy Saver
(HES) (Mills, 2008), in order to determine a set of opti-
mal retrofit measures. There are many other use cases for
energy simulation engines and tools, some of which are
becoming required by law such as the progressive Cal-
ifornia Legislature Assembly Bills AB1103 (California
Energy Commission, 2010a) and AB758 (California En-
ergy Commission, 2010b) which require energy modeling
anytime commercial property changes owners. The in-
creasing application of energy software and the accuracy
of projected performance is entirely contingent upon the
validity of input data a sufficiently accurate input model
of an individual building and its use is required.

One of the major barriers to DOE’s Building Tech-
nology Program (BTP) goals and the adoption of build-
ing energy modeling software is the user expertise, time,
and associated costs required to develop a software model
that accurately reflects reality (codified via measured
data). The sheer cost of energy modeling makes it some-
thing that is primarily done by researchers and for large
projects. It is not a cost that the retrofit market or most use
cases would absorb in the foreseeable future without dras-
tic reductions in the cost of having cheaper and more ac-
curate model generation. This weak business case, along
with concerns regarding the cost for upkeep, maintenance,
and support of the very capable E+ simulation engine,
has driven DOE sponsors to investigate facilitating tech-
nologies that would enable the energy modeler and retrofit
practitioner in the field.

The business-as-usual approach for modeling whole-
building energy consumption involves a building modeler
using the software tool they have most experience with to
create the geometry of a building, layer it with detailed
metrics encoding material properties, adding equipment
currently or expected to be in the building, with antici-
pated operational schedules. An E+ building model has
∼ 3,000 inputs for a normal residential building with very
specific details that most energy modelers do not have

Figure 2: Autotune workflow for E+ building energy mod-
els as a cost-effective solution for generating accurate in-
put models.

the sources of data for. Experimentation has established
that even the ASHRAE handbook and manufacturer’s la-
bel data are not reliable due to substantial product vari-
ability for some materials (DeWit, 2001). This is com-
pounded by the fact that there is always a gap between the
as-designed and as-built structure (e.g., contractors may
neglect to fill one of the corner wall cavities with insula-
tion). Due to the sources of variance involved in the input
process, it should come as no surprise that building mod-
els must often be painstakingly tuned manually to match
measured data. This tuning process is highly subjective
and repeatable across neither modelers nor software pack-
ages. An automated self-calibration mechanism capable
of handling intense sub-metering data is called for.

The development of an autotuning capability (Figure
2) to intelligently adapt building models or templates to
building performance data would significantly facilitate
market adoption of energy modeling software, aid in ac-
curate use cases such as the effective retrofit strategies for
existing buildings, and promote BTP’s goals of increased
market penetration for energy modeling capabilities. The
idea of self-calibrating energy models has been around for
decades and expertly consolidated in an ASHRAE report
on the subject (Reddy et al., 2006), but is generally lack-
ing in its employ of machine learning algorithms or simi-
lar autonomous application of modern technology. In this
initial paper, we discuss the general methodology behind
the Autotune project, specific technologies enabling its
implementation, and preliminary data generation results
including a large database of parametric E+ simulations
available for general use.

SIMULATION/EXPERIMENT
The goal of the Autotune project is to save building

modelers time spent tweaking building input parameters
to match ground-truth data by providing an ”autotune”
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Figure 3: A virtual building model (software space) and a real building (sensor space), when viewed as vectors of
numbers, allows a mathematical mapping between vector spaces for direct comparison between simulation state and
sensed world state.

easy button for their computer which intelligently ad-
justs model inputs. In order to achieve this, the Autotune
project entails running millions of parametric E+ simula-
tions on supercomputers, multi-objective optimization of
E+ variables via sensitivity analysis, using machine learn-
ing systems to characterize the effect of individual vari-
able perturbations on E+ simulations, and adapting an ex-
isting E+ model to approximate sensor data. The system
will be demonstrated using an E+ building model auto-
matically matched to a subset of the 250+ sensors in a
heavily instrumented residential research building as well
as to DOE’s commercial reference buildings (Field et al.,
2010) for a medium office, stand-alone retail, and ware-
house in which 3 customized buildings will provide faux
sensor data for tuning the original models. This paper will
summarize the Autotune methodology focusing primarily
on the definition of parametric simulations and accessibil-
ity of the public database.

Parametric Analysis
Sensitivity analysis is a standard statistical technique

(Bradley et al., 1977) in which a large parametric sweep
of possible values for each input variable in a simulation
is altered and then mathematically classified as contribut-
ing the variance in the final simulation result. This tech-
nique has been the hallmark mathematical technique for
several analyses regarding energy efficiency. In fact, the
oft-referenced Building Energy Data Book (U.S. Dept. of
Energy, 2010) does not use direct measurements of the
reported data, but relies upon ratios developed in earlier
reports (Huang et al., 1987), some of which can be traced
back to reports from the Energy Crisis in the late 1970s. In

Huang et al. (1987), the authors used thousands of DOE-2
simulations to establish sensitivities and develop look-up
tables for practitioners in the field since energy modeling,
particularly in a mobile fashion, was inaccessible at that
time. As a potential use case, DOE sponsors have consid-
ered forming a new basis consisting of hundreds of mil-
lions of E+ simulations, rather than thousands of DOE-2
runs, to develop more modern and robust data for use in
a reconstruction project. As such, we are using the latest
version of E+ and OpenStudio to run millions of simu-
lations, store those in a database, and make that database
publicly accessible for anyone to mine for relevant knowl-
edge.

The computational space for this search problem is one
crucial aspect of the project. While a database of mil-
lions of simulations would be a boon to the energy anal-
ysis community, it would not be sufficient for the success
of this project. Domain experts have defined a set of pa-
rameters for a building model that it would be preferen-
tial to vary; however, all combinations of these variables
would require 5×1052 E+ simulations. There are many
techniques to be utilized in an effort to effectively prune
and intelligently sample the search space. First, domain
experts have identified ∼ 156 parameters typically used
by energy modelers that need to be varied and ranked
them in several importance categories. Second, building
experts have realistic (minimum, maximum, and step size)
ranges for those variables. Third, researchers have defined
meta-parameters that allow several individual parameters
to be varied as a function of a single variable. Fourth,
low-order Markov simulations are being conducted to de-
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Figure 4: Sensitivity analysis of E+ simulations mapped to their effect in sensor space.

termine variables with a monotonic effect on sensor data
that could reliably be interpolated to estimate impact of
a given variable. Fifth, sources of variance for individ-
ual variables in the initial results will be used to guide
higher sampling rates for more sensitive variables. Sixth,
an expert in multi-parameter optimization will be investi-
gating computational steering algorithms to determine the
optimal sampling strategy for the remaining space beyond
the brute-force sampling of higher order Markov chains of
Monte Carlo simulations.

Mapping Mechanism
In order for autotuning to work, there must be a map-

ping from the measured data to the corresponding state
variables within the simulation (Figure 3). By defining a
mathematical mapping between measurements in sensor
space and simulation variables in software space, a Eu-
clidean or similar vector-distance approach can be used
to identify “how close” the software simulation is to the
measured performance.

This mapping must be performed by domain experts
initially, but the expert-defined mapping will be mined
to discover labeling patterns used by the domain experts.
The final result will be a data dictionary in which other
field experiments can easily have their sensor data mapped
to internal software state using labels (i.e. Temperature °F,
north wall, 3′ above grade). We also plan to investigate au-
tomating the mapping for new sensor data using machine
learning techniques. This general mapping mechanism is
necessary for widespread use of the autotune technology.

While vector-distance is used as an error metric, it
should be pointed out that the search space is so large that
there most likely exists a large multitude of feasible so-

lutions (buildings which match the measured data within
some threshold). We anticipate eventually using clus-
tering to present unique/representative solutions. How-
ever, as additional outputs are added (e.g. room temper-
atures), the problem becomes more difficult to find a ro-
bust match, thereby reducing the number of potential solu-
tions and allowing quantification of the tradeoffs between
vector size and tuning accuracy. While the commercial
buildings discussed in the Commercial Building Simula-
tion section were selected to allow direct comparison of
“actual” building properties to the tuned models, it is im-
portant to realize that approaches employed by Autotune
offer the capability of compensating not only for input er-
rors, but for the unavoidable algorithmic approximations
required by software modeling algorithms on computing
devices.

Suite of Machine Learning Algorithms
Machine learning allows the autonomous generation of

algorithms by iteratively processing empirical data in or-
der to allow repeatable detection of patterns (Figure 4).
More importantly, cross-validation techniques ensure that
each instance of a machine learning technique (agent)
learns only from a small portion of the data and then
its classification accuracy is tested on data which it has
not seen before. This process of validation is crucial to
the generalized learning necessary for properly capturing
BEM dynamics without over-fitting for a specific build-
ing. This process is rarely used by energy modelers in
the manual tuning process and is the primary culprit for
post-retrofit measurements not matching a model that was
expertly tuned.

Each type of learning system has its own strengths and
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weaknesses, making it particularly suited for solving a
particular type of problem. Moreover, a given type of
learning system can vary in its performance based upon its
own internal variables (learning rate, etc.). We have pre-
viously developed a suite of machine learning algorithms,
called MLSuite, that allows general XML-file based def-
inition of jobs to run on supercomputers and was pub-
lished previously for testing “sensor-based energy mod-
eling” (sBEM) in which whole building electrical us-
age was predicted as a function of sensor data (Edwards
et al., 2012). MLSuite currently allows various types of
parameter-settings for multiple learning systems, input or-
derings, cross-validation techniques, and accuracy metrics
to analyze the patterns in simulation data. It includes the
following 8 machine learning algorithms: linear regres-
sion, genetic algorithms, feed forward neural networks,
non-linear support vector regression, hierarchical linear
regression experts, hierarchical least-squares support vec-
tor regression experts, hierarchical feed forward neural
network experts, and Fuzzy C-means with local models
of feed forward neural networks.

A massive amount of data will be generated during the
parametric sensitivity analysis, and mapped to the sensor
data. This data captures dynamics that can quickly in-
form the role multiple simulation input variables have on
the simulation output to inform the Autotuning process.
There are three primary learning tasks that have been de-
fined for MLSuite which constitute novel and promising
data mining use cases for the building community: pattern
detection, simulation approximation, and inverse model-
ing (Kissock et al., 2003).

Pattern detection of single-variable parametric simula-
tions (all other variables constant) can be used to deter-
mine the sensitivity and pattern changes evoked by that
“knob” of the simulation. By detecting the patterns for
every pre-computed combination of parameters, a set of
“knob turns” can be defined which is expected to push the
simulation results into alignment with sensor data.

The primary problem and focus of development effort
in the latest E+ 7.0 was to address the long simulation run-
time. E+ simulations vary with the amount of temporal
resolution required in reporting, algorithms used to model
certain properties, the amount of equipment included, and
many other properties. While an envelope-only simula-
tion takes 2 minutes, one with ground loops and additional
equipment currently takes ∼ 9 minutes. The parametric
database stores a compressed and vectorized version of
the E+ input file (*.idf) and 15-minute data for 82 E+ re-
port variables (*.csv). By applying MLSuite to process
the IDF as the input feature vector to learn and reliably
match the CSV output feature vector, machine learning
agents can be developed which require kilobytes (KB) of
hard drive space to store and can give approximate E+

Figure 5: EnergyPlus model of the ZEBRAlliance house
with Structurally Insulated Panels (SIP).

simulation results for a given input file in seconds rather
than minutes. Tradeoffs between storage, runtime, and
accuracy are currently undergoing study.

Inverse modeling (Kissock et al., 2003) is a method
of working backwards from observed sensor data to in-
formation about a physical object/parameter; this method
works even if the physical parameter is not directly ob-
servable. In the context of BEM, inverse modeling often
works backwards from utility bill data and use mathemat-
ical models (primarily statistics and model assumptions)
to identify more specific breakdown of energy use within
a building. By using CSV data as the input feature vec-
tor and IDF as the output feature vector, machine learning
algorithms can be used to predict E+ input files as a func-
tion of sensor data and is the primary autotuning technique
currently being tested.

DISCUSSION AND RESULT ANALYSIS
Residential Building Simulations

A three-level highly energy efficient research house,
with a conditioned floor area of 382 m2, was selected
for the initial phase of this project. This house is
one of the four energy efficient ZEBRAlliance houses
(http://zebralliance.com) built using some of the most
advanced building technology, products, and techniques
available at the time of construction. The main reasons
for this house selection was to eliminate the uncertain-
ties of input parameters and schedules (such as lighting,
plug loads and occupancy) through emulated occupancy
and since it was very heavily instrumented for valida-
tion studies allowing investigations into the tuning capa-
bilities with intense submetering. In this unoccupied re-
search house, human impact on energy use is simulated to
match the national average according to Building America
benchmarks (Hendron and Engebrecht, 2010) with show-
ers, lights, ovens, washers and other energy-consuming
equipment turned on and off exactly according to sched-
ule. This house uses a structurally insulated panel (SIP)
envelope with a thermal resistance of 3.7 m2K/W, with

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

274



Figure 6: Large database of publicly available E+ para-
metric simulations.

very low air leakage (measured ACH50 = 0.74) and thus
has very low heat gain and loss through the building enve-
lope. The details of this house’s envelope and other char-
acteristics are described in Miller et al. (2010) (Figure 5).

This E+ model was created and carefully iterated and
compared to sensor data by domain experts, but many
discrepancies still exist. This is compounded by the fact
that there are many input parameters for which a precise
value cannot be attained; as examples: the conductivity of
all materials used, radiant fraction of all lighting fixtures,
submetering of all individual plug loads, or heat dissipated
by the dryer to the conditioned space. Various studies, in-
cluding Hopfe and Hensen (2011), highlight the danger in
combining multiple uncertainties in input parameters due
to their different source of nature (climatic, structural, or
serviceability parameters), controllability, etc.; therefore,
during the first part of this project the main focus is on the
building envelope related input parameter uncertainties. A
set of 156 parameters was selected for the initial variation.
Since many of the characteristics for this house were iden-
tified through lab tests, experts decided to specify a real-
istic range for the uncertain parameters manually instead
of assigning a fixed percentage variation as used in several
calibration and uncertainty analyses (O’Neill et al., 2011).
A base, minimum and maximum value was assigned to
each of the 156 parameters. This approach allows greater
specificity over the parameter values while reducing the
number of parameter variations.

Commercial Building Simulations

While the residential application allows connection to
real-world sensor data and tests for practical deployment
decisions, the commercial buildings were chosen to al-
low a cleaner approach to the testing of multiple autotun-
ing methodologies. DOE’s reference buildings for ware-
house, medium office, and stand-alone retail were selected
due to their predominance in either number of buildings or
square footage in the US. In an approach similar to signal-
processing, we have made changes to the original mod-
els to create 3 “golden” models, added noise by permut-
ing random variables to create 3 “de-tuned” models, and

Figure 7: Illustration of the database on the server, the
user views of the data, and remote client methods for ac-
cessing the E+ simulation data.

then use internal E+ variables from simulation runs of the
golden models as “sensor data” for tuning the “de-tuned”
models back to the golden” models.

The warehouse, retail, and office golden models have
been defined to use approximately 5%, 10%, and 20%
more electrical energy than the original models, respec-
tively. These changes were created using overlapping sub-
sets of input variables and show, in agreement with previ-
ous sensitivity analysis studies, that small changes add up
quickly.

Open Research Buildings Database
In order to deploy Autotune as a desktop program in

which a limited number of E+ simulations can be run,
several mechanisms are required to speed up the pro-
cess. In addition to the application of machine learn-
ing, pre-computing E+ simulations using supercomputers
are necessary to explore the combinatorial search space
of E+ input parameters. Time on several supercomput-
ers have been competitively awarded or used to demon-
strate the ability to scale software and algorithms for these
resources. Systems include the 1024-core shared mem-
ory Nautilus, 2048-core Frost, and 224,256-core Jaguar
which is currently the 3rd fastest supercomputer in the
world at 2.3 petaflops and is in transition to become the
299,008-core Titan. Frost is being used as a staging area
to verify large computational parameter sweeps before
running on Jaguar and both are used primarily for em-
barrassingly parallel compute-bound E+ simulation jobs.
Nautilus unique shared-memory architecture allows ev-
ery core to access the 4TB (terabytes) of Random Access
Memory (RAM) for processing of memory-bound jobs
common in machine learning.

The parametric simulations run by desktops and super-
computers has been uploaded to a centralized database to
allow public access to this data (Figure 6). It is anticipated
that this data would be of interest to researchers at univer-
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Figure 8: Screenshot of EplusCleaner showing desktop
client upload of simulations.

sities, data-mining experts, entrepreneurs, industry, and
several other organizations for a myriad of purposes. Sev-
eral tools have been developed for easily defining and run-
ning parametric E+ simulations, compressing data, and
sending to a centralized server. In addition, several meth-
ods have been made available for the general public to
freely access and use this data (Figure 7).

The data storage and access software has been ar-
chitected as a distributed, heterogeneous, client-server
framework. The embarrassingly parallel nature of the in-
dependent simulations allows us to exploit computational
resources that are remote and disparate leading to an ar-
chitecture capable of collecting simulation results from
individual desktop systems as well as supercomputing re-
sources. Our experiments indicate that the system func-
tions efficiently and has been found to be bound primar-
ily by the network bandwidth connecting the resources
or local hard disk access.The database engine currently
in use is the MyISAM relational MySQL database, al-
though tools have been designed in a general manner so
as to allow easy interchange as database storage technolo-
gies continue to evolve. The database has been created
in a manner that allows data compression and efficient re-
trieval. Data access patterns are being studied to allow re-
architecting the database and load-balancing for higher ef-
ficiency. The internal data storage format is not tied to the
format of input or output E+ variables but instead uses its
own generic internal naming scheme. Depending on the
current set of variables and preferences of the users, a cus-

tom view of the data is provided that can be easily queried,
summarized, and analyzed, providing the full benefits of
a relational database system. Figure 7 shows the various
software components of the Autotune database illustrat-
ing the independence of the data storage mechanism from
the user view of the data, the software components on
the server, and the remote web-based clients. There are
several methods for accessing the data: a web-based IDF
reconstructor, command-line access for MySQL queries,
phpMyAdmin for GUI-based data interaction, a webpage
for uploading simulation data, and EplusCleaner.

One of the components of this framework is an appli-
cation named EplusCleaner (Figure 8) which has been de-
veloped using the Qt Software Development Kit (SDK)
(Nokia) for platform-independent support. It has been ar-
chitected to provide a powerful and intuitive interface ca-
pable of cleaning up after E+ simulation runs, compress-
ing the input idf and the E+ output, and sending it to the
server for database entry while waiting on the server for
success/error status messages. It concurrently, continu-
ally, and remotely consolidates the parametric simulation
data. Options for compression or deletion on the local
machine keep E+ from flooding the local hard drive with
storage of simulation results. The EplusCleaner client
was run simultaneously on several machines and exhib-
ited proper cleaning, compressing, and parsing with no
observable slow-down in the simulation process indicat-
ing a bottleneck at the client machines access to the local
hard drive. The database server keeps track of submis-
sions from clients and a comprehensive log of the data
provenance such that back-traces for troubleshooting may
be performed if necessary. Upon receiving a compressed
unit of E+ data, the server decompresses the data, creates
a vector representative of the input, and commits the en-
tire unit to a database.

A web-based method for reconstructing an IDF file
from the database vector is provided which allows users
to retrieve an IDF file from a stored vectorized set of
input parameters. A web-interface is also available for
uploading external E+ simulations input and output files
to the database. External access to this database can
be provided upon request using several user validation
and access methods including a command line interface,
password-protected phpMyAdmin for interactive queries,
drill-down, and analysis of the simulation database. As
of the time of this writing, the server currently hosts tens
of thousands of parametric E+ simulations in 136GB from
multiple distributed workstations and supercomputers, but
millions of simulations (trillions of data points) are antic-
ipated by time of publication. The latest Autotune project
information, including database size and access methods,
can be found at http://autotune.roofcalc.com.
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CONCLUSION
A heavily instrumented residential building has been

selected to leverage intense submetering for the autotun-
ing process while eliminating variability due to occupant
behavior through emulated occupancy. An E+ model of
this house has been iteratively refined by experts to model
the house. Experts have identified 156 input parameters
to be varied with min, max, and step-sizes for undermined
properties.

DOE’s reference buildings for warehouse, stand-alone
retail, and medium office have been selected for creating
“golden” models that use 5%, 10%, and 20% more elec-
trical energy, respectively. “De-tuned” models have been
created by permuting an undisclosed number of overlap-
ping subsets of E+ input parameters. E+ variables from
runs of the “golden” models will be used for autotuning
“de-tuned” models back to “golden” models.

The database and submission/retrieval software tools
for Autotune have been developed with generalizability
and scalability in mind. Capabilities developed include a
platform-independent Qt application named EplusCleaner
for continual curation, compression, and upload of simu-
lation data to a centralized MyISAM server storing tens of
thousands of E+ parametric simulations with many mech-
anisms allowing public access. The software system is
distributed, heterogenous, scalable and could potentially
evolve into a full-fledged simulation, curation, and data
assimilation framework.

ACKNOWLEDGMENT
This work was funded by field work proposal CEBT105

under the Department of Energy Building Technology
Activity Number BT0201000. We would like to thank
Amir Roth for his support and review of this project.
We would like to thank our collaborators which include
Mr. Richard Edwards and Dr. Lynne Parker from The
University of Tennessee, Dr. Aaron Garrett from Jack-
sonville State University, and Mr. Buzz Karpay from Kar-
pay Associates. This research used resources of the Oak
Ridge Leadership Computing Facility at the Oak Ridge
National Laboratory, which is supported by the Office of
Science of the U.S. Department of Energy under Contract
No. DE-AC05-00OR22725. Our work has been enabled
and supported by data analysis and visualization experts,
with special thanks to Pragnesh Patel, at the NSF funded
RDAV (Remote Data Analysis and Visualization) Center
of the University of Tennessee, Knoxville (NSF grant no.
ARRA-NSF-OCI-0906324 and NSF-OCI-1136246).

Oak Ridge National Laboratory is managed by UT-
Battelle, LLC, for the U.S. Dept. of Energy under contract
DE-AC05-00OR22725. This manuscript has been au-
thored by UT-Battelle, LLC, under Contract Number DE-
AC05-00OR22725 with the U.S. Department of Energy.

The United States Government retains and the publisher,
by accepting the article for publication, acknowledges that
the United States Government retains a non-exclusive,
paid-up, irrevocable, world-wide license to publish or re-
produce the published form of this manuscript, or allow
others to do so, for United States Government purposes.

REFERENCES
S. Bradley, A. Hax, and T. Magnanti. Applied mathemat-

ical programming. Addison Wesley, 1977.

R.S. Briggs, R.G. Lucas, and Z.T. Taylor. Climate clas-
sification for building energy codes and standards: Part
1–development process. ASHRAE Transactions, 109
(1):109–121, 2003a.

R.S. Briggs, R.G. Lucas, and Z.T. Taylor. Climate clas-
sification for building energy codes and standards: Part
2–zone definitions, maps, and comparisons. ASHRAE
Transactions, 109(1):122–130, 2003b.

California Energy Commission. Assembly bill no. 1103,
commercial building energy use disclosure program.
docket num 09-ab1103-1, 2010a. URL http://www.
energy.ca.gov/ab1103/.

California Energy Commission. Assembly bill no. 758,
2010b. URL http://www.energy.ca.gov/ab758/.

C. Christensen, R. Anderson, S. Horowitz, A. Court-
ney, and J. Spencer. BEopt software for building
energy optimization: features and capabilities. US
DOE EERE BTP, National Renewable Energy Labora-
tory, 2006. URL http://www.nrel.gov/buildings/
pdfs/39929.pdf.

D.B. Crawley, J.W. Hand, M. Kummert, and B.T. Grif-
fith. Contrasting the capabilities of building energy per-
formance simulation programs. Building and Environ-
ment, 43(4):661–673, 2008.

M. Deru, K. Field, D. Studer, K. Benne, B. Griffith, P. Tor-
cellini, B. Liu, M. Halverson, D. Winiarski, M. Rosen-
berg, et al. Us department of energy commercial ref-
erence building models of the national building stock.
2011.

M.S. DeWit. Uncertainty in predictions of thermal com-
fort in buildings. PhD thesis, Technische Universiteit
Deft, Netherlands, 2001.

Richard E. Edwards, Joshua New, and Lynne E. Parker.
Predicting Future Hourly Residential Electrical Con-
sumption: A Machine Learning Case Study. Energy
and Buildings, In Print, 2012.

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

277



K. Field, M. Deru, and D. Studer. Using doe commercial
reference buildings for simulation studies, simbuild,
new york august 1113, 2010.

R. Hendron and C. Engebrecht. Building Amer-
ica Research Benchmark Definition. Technical re-
port, NREL/TP-550-47246, National Renewable En-
ergy Laboratory, Golden, CO, 2010.

C.J. Hopfe and J.L.M. Hensen. Uncertainty analysis in
building performance simulation for design support.
Energy and Buildings, 43:2798–2805, 2011.

Y.J. Huang, R. Ritschard, J. Bull, S. Byrne, I. Turiel,
D. Wilson, C. Hsui, and D. Foley. Methodology and as-
sumptions for evaluating heating and cooling energy re-
quirements in new single-family residential buildings:
Technical support document for the pear (program for
energy analysis of residences) microcomputer program.
Technical report, Lawrence Berkeley National Labora-
tory, CA, 1987.

IECC 2009 and ASHRAE 90.1-2007. Energy Code
Climate Zones. URL http://resourcecenter.
pnl.gov/cocoon/morf/ResourceCenter/article/
1420.

J.K. Kissock, J.S. Haberl, and D.E. Claridge. Inverse
Modeling Toolkit: Numerical Algorithms. ASHRAE
Transactions, 109(2), 2003.
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ABSTRACT 

For a quick and reliable energy evaluation of houses, 
one needs simple energy analysis software.  A key 
requirement for simplified inputs is to have default 
data for house geometry, thermal and equipment 
characteristics based on vintage, type and region in 
which the house is located.  Using data collected from 
more than 634,000 homes, statistical representative 
archetype data sets were developed for 35 climates 
zones and eight vintage periods.  Representative 
numerical approaches were applied to develop 
archetype house characteristics.  These data libraries 
are integrated with energy simulation software to assist 
in defining required defaults for geometry, building 
envelope and equipment.  These defaults then provide 
guidance for a energy advisor to check against actual 
house data.  Comparative energy analyses showed that 
the archetype characteristics are useful in quick field 
surveys. 

INTRODUCTION 
Since mid-1998, Natural Resources Canada has 
supported home energy efficiency retrofit programs, 
such as EnerGuide for Houses and ecoENERGY-
Retrofits Homes, to evaluate and rate the energy 
efficiency of low-rise residential buildings.  The main 
goal is to provide retrofit advice to homeowners based 
on a field assessment and careful estimates of energy 
use using energy analysis software (NRCan 1998, 
NRCan 2007).  A number of federal and provincial 
agencies and utilities provide homeowners financial 
incentives to perform the energy efficiency retrofits. 

The energy advisor investigates the energy-related 
features of a house; estimates the home’s annual 
energy requirements using energy analysis software; 
provides a comparative energy efficiency rating; and 
provides a comprehensive report including 
recommended retrofits.  Once a homeowner 
implements retrofits, a second post retrofit evaluation 
is performed to update the energy efficiency rating and 
calculate any associated financial incentive. 

To perform an energy evaluation of a house, one needs 
a simple but reliable energy analysis software tool.  
One of the key requirements for the simplified inputs is 
default data for thermal and equipment characteristics 
based on vintage, type and region in which the house is 
located.  The region and age-specific default data 
provides the field evaluator with sufficient guidelines 
and depictions of the thermal behaviour expected for a 
specific house. 

With the implementation of NRCan’s retrofit programs 
a large amount of house characteristic data has been 
collected (NRCan 2007a, NRCan 2007b).  This data is 
stored in a database comprising more than 846,000 
homes. 

The information collected includes:  size and type of a 
house (typical dimensions); make and composition of 
envelope components (size and insulation values); 
predominant heating and hot water equipment data 
(type and steady state efficiencies); and, airtightness 
and ventilation parameters.  Metered data for energy 
use provided baseline estimates for the base loads 
(mainly lighting and appliances) and operating 
parameters [NRCan 2009]. 

This paper provides a brief summary of the procedures 
used for developing archetype building characteristics 
libraries.  Three specific applications are explained to 
show the utility of these archetype libraries. 

METHOD 

Housing Database 

The EnerGuide for Houses (EGH) database is an 
information management tool and central depository 
for tracking residential energy evaluations and 
measuring the benefits from the energy evaluations 
delivered across Canada (NRCan 2007a).  The process 
of data collection is as follows:  Energy advisors 
collect house information during a detailed house 
energy efficiency evaluation.  This data is then used to 
model the energy consumption of the house using the 
energy analysis software.  The energy advisor also uses 
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the energy analysis software to model and recommend 
energy efficiency measures for homeowners.  The 
energy analysis software file stores the house energy 
model, retrofit recommendations and report 
information.  The energy analysis software also 
generates a data file which contains a subset of the 
house characteristics and simulation results.  Once the 
house evaluation is complete and the home modeled, 
the energy advisor e-mails the save file and data file to 
an automated file processor.  The file processor 
performs validation and other processes on the 
received data file and stores the data and save files in 
the EGH Oracle database.  Each database record 
contains information on the house’s physical 
characteristics and its energy requirements.  
Information collected in the database can be used by 
internal program personnel to generate statistics such 
as the number of house evaluations performed across 
the country or compile technical house characteristics 
data and also assist in making policy decisions. 

The database contains files for more than 846,000 
houses rated across Canada of which about 634,000 
have been re-evaluated after homeowners implemented 
energy efficiency retrofits.  The concepts and database 
structure allow for the implementation and 
management of a large-scale energy efficiency 
program through various delivery channels. 

 

Analysis Method 

The housing stock data was extracted from the EGH 
database and were used to develop a master 
spreadsheet.  For the purpose of developing archetype 
libraries, the project team only utilized those house 
files which have both pre- and post-retrofit 
information.  These gathered data included about 
634,000 house records each containing more than 270 
information fields.  The following steps outline the 
method employed for developing archetypes: 
• Step 1.  Information was assembled in a master 

spreadsheet.  The quality of the data was checked 
extensively and suspect or incorrect data files 
were removed from further processing.   

• Step 2.  The criteria for correlating geometric and 
thermal characteristics was established. 

• Step 3.  Grouped and processed the data to arrive 
at representative thermal and performance values. 

• Step 4.  Verified the key parameters with known 
reports from Statistics Canada (StatCan 2007).  
These parameters include foot print area, type of 
housing, local code requirements for the era of 
construction, primary fuels, occupancy, energy use 
index and other. 

• Step 5.  Performed parametric energy simulations 
to determine the sensitivity of various archetypes 
based on the floor area, location and vintage 
classification. 

The representative archetypes include geometric 
configuration, thermal characteristics and operating 
parameters components. 

Geometric configurations 

The geometric configuration includes the plan layout, 
dimensions of various components, volume, and 
orientation.  The following are main forms of low-rise 
housing: 

• split-level bungalows 
• detached or single-family homes 
• semi-detached (two attached houses) 
• row houses (more than two attached and 

vertically separated) 
• walk-ups (more than two dwellings vertically 

and horizontally separated) 
House formation defines the size and volume.  There 
are: 

• the number of levels (storeys) which includes 
one-storey, one and half, two, two and half, 
and three storey structures; 

• the shape of the plan which includes 
rectangular, L-shape, T-shape and forms with 
varying number of corners and other complex 
structures; 

• the type of attic/roof which includes cathedral, 
sloped and flat; and 

• the foundation types including slab-on-grade, 
full basement, shallow basement, walk-out 
basement, and crawlspace. 

The field survey data was employed to develop typical 
geometry details for main housing forms.  These 
included the development of geometric rules and co-
relation based formulas for various components.  The 
required primary inputs were the footprint dimensions 
(depth and width, or perimeter and area), house form, 
number of levels, shape of the house, type of attic, and 
the foundation.  Based on these primary inputs, all 
required dimensions of house components were 
generated. 

Thermal characteristics 

The thermal characteristics include the make and 
composition of envelope components (size and 
insulation values), predominant heating and hot water 
equipment data (type and steady state efficiencies), 
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and, in particular, airtightness and ventilation 
parameters. 

The data classifications were as per the following: 

• age or the year in which the house was built 
(or retrofitted) 

• location and the region 
• thermal insulation levels of building envelope 

components 
1. above and below-grade walls, 
2. attic/roof 
3. type of windows and doors 
4. foundation walls and floor 
5. air leakage and airtightness 

• space heating, hot water and ventilation 
systems 
1. primary and secondary fuels used for 

space heating and hot water 
2. type of space heating and hot water 

systems and steady state efficiencies 
3. type of ventilation system and typical 

airflows 
The profiles of thermal archetypes were based on the 
regions and the year of construction (or the year of 
major renovation).  The construction practices heavily 
depend on the requirements of codes and standards.  
Therefore, the vintage periods of when the house was 
constructed become a primary factor.  Data collation 
included the development of representative numeric 
rules and correlation based formulas for various 
components.  Based on these primary inputs, all 
required effective thermal insulation and equipment 
specifications were generated. 

Operating parameters 

The operating parameters include the profiles of base 
loads (lighting and all house related appliances), 
occupancy and indoor temperature data.  The operating 
parameters are intended to capture homeowner’s 
lifestyle behaviour.  The following information was 
assembled from the monitored data: 

• indoor temperatures (heating and cooling 
seasons) 

• use of ventilation systems, kitchen and 
bathroom fans and so on 

• profile of kitchen appliances 
• lighting 
• appliances (include TV, VCR and other) 
• domestic hot water use 
• occupancy levels (number and percentage of 

time in the house) 

The above information assisted in generating typical 
operating profiles and basic assumption for the energy 
analysis.  For the operating parameters, typical profiles 
employed the full nationwide data.  The region-
specific variations showed modest differences. 

Table 1.  Assumptions for a typical house plan. 

Floor space Bedrooms Living areas Service/utility 
rooms

less than 83 sqm 2 1 1
83 to 120 sqm 2 2 2
121 to 168 sqm 3 2 2
169 to 230 sqm 4 3 2
above 231 sqm 5 3 3  

 

DEVELOPMENT OF ARCHETYPES 

Geometric details 

Using the geometric details of a variety of types of 
houses, standard configurations were developed to 
define different forms and style of houses.  The data 
for the typical dimensions of bedrooms, living and 
recreation rooms, kitchen, bathrooms and 
utility/service rooms were obtained from standard 
architectural planning handbooks.  Table 1 shows the 
assumptions for the plan layouts.  Interior floor area is 
divided appropriately to define the house form along 
with windows and exterior entry doors. 

Thermal descriptions 

The database of houses provided enough information 
for each province for a range of vintages.  The 
database can be used to generate a large number of 
archetypes based on vintage, location and type of 
houses.  However, a large number of archetypes would 
defeat the goal of simplification.  Therefore, the 
following criteria were utilized for developing the 
archetypes: 

• Primary requirements should only include the 
age and the location of the house. 

• Secondary requirements are the typical 
dimensions (width and depth or perimeter and 
area), house levels, shape of plan, type of 
ceiling and type of foundation. 

With the above information, the archetype definitions 
should be sufficient to generate all of default inputs 
required to conduct an energy analysis of the house.  
The following is the matrix for generating the 
appropriate archetypes: 

• Vintage periods:  The norm was to define the 
vintage periods based on major code changes 
which affected the housing construction, 
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particularly the energy efficiency. The 
following vintages were classified: 
1. Pre-1945 
2. 1946 to 1960 
3. 1961 to 1977 
4. 1978 to 1983 
5. 1984 to 1995 
6. 1995 to 2000 
7. 2001 to 2005 
8. 2006 onwards 

• Location or climate region:  Each province 
was classified with one or more climate zones.   
1. three climate zones covering Atlantic 

region (includes Newfoundland and 
Labrador, Nova Scotia, New Brunswick 
and Prince Edward Island), 

2. three climate zones covering Quebec 
region  

3. two climate zones covering Ontario 
(south/west and north/east) 

4. four climate zones covering Prairies and 
North region (Manitoba, Saskatchewan, 
Alberta, NWT, Nunavut and Yukon) 

5. three climate zones covering British 
Columbia  

The above matrix allowed for 120 (8 vintages x 15 
climate zones) archetypes.  The database of 
information was collated and sorted using the above 
matrix.  In most cases, the numbers of house files were 
sufficient (at least 100 observations or more) to 
meaningfully define statistics such as mean, median, 
average, 25th percentile, 75th percentile.  One such 
example is shown in Table 2 and Table 3 for British 
Columbia Zone A covering Vancouver, Victoria and 
the lower mainland.  As shown in these tables, there 
have been steady improvements in the thermal 
insulation levels and the airtightness of houses in 
different regions. 

Table 4 shows the summary of equipment efficiencies 
of space heating, hot water and space cooling systems 
from pre-1960 to present.  Over the years, the space 
heating and hot water equipment efficiency have 
increased significantly.  Regulatory requirements have 
played a significant role in these improvements. 

As shown in Table 3, average airtightness data.  
Energy Advisor is required to do blower-door test to 
produce the airtightness data. 

 

Table 2.  Analysis of above-grade wall insulation 
levels for British Columbia Zone A (expressed in 
m2K/W, RSI). 

<=1945 >1945-1960 >1960-1977 >1977-1983 >1983-1995 >1995-2000 >2000-2005 >2005
Sample Size 2,434     2,858          6,926          3,631          5,474          558             500             290        
max 3.17       3.52            3.25            4.13            5.28            2.79            3.95            4.16       
75%tile 1.75       1.84            1.89            1.95            2.10            2.11            2.61            2.82       
avg 1.28       1.61            1.76            1.92            1.99            2.09            2.26            2.47       
median 1.24       1.67            1.76            1.90            1.92            2.10            1.92            2.31       
25%tile 0.67       1.58            1.67            1.76            1.86            1.89            1.87            2.10       
min 0.28       0.53            0.59            0.98            0.66            1.70            1.30            1.91       
stddev 0.57       0.39            0.27            0.27            0.33            0.30            0.66            0.62       

Above-grade wall effective insulation levels (m2K/W)

 
 

Table 3.  Example archetype data for BC Zone A. 

House Nr. of Floor Area ACH
Age Houses (m2) at 50 Pa Ceiling Walls Foundation

<=1945 2,434     213 10.8 2.64 0.99 0.95
>1945-1960 2,858     195 9.5 3.52 1.67 1.00
>1960-1977 6,926     210 9.2 3.52 1.77 1.30
>1977-1983 3,631     214 8.4 3.52 1.93 1.45
>1983-1995 5,474     243 6.3 4.93 1.94 1.42
>1995-2000 558        311 4.1 7.04 2.12 1.89
>2000-2005 500        320 3.7 7.04 2.06 1.98

>2005 290        345 3.5 7.75 2.57 2.04

Insulation (RSI)

 

Operating conditions 

One of the key components of the simplified energy 
analysis is the homeowner’s lifestyle assumptions.  
These include: 

• base loads associated with lighting and 
appliances; 

• occupancy and percentage of time present in 
the house; 

• thermostat setting for indoor temperatures 
during day and night occupancy; 

• average hot water use per day; and 
• usage of other energy consuming equipment 

and appliances. 
From a set of 134 highly monitored houses (NRCan 
2000), the following profiles were generated to define 
the operating parameters. 

Base electric loads – The base electric loads include 
the energy use for lighting, kitchen appliance, 
entertainment and other electricity consuming devices.  
Figure 1 shows the data analysis graph for the base 
electric loads.  The best-fit equation shows the 
approximate correlation for the electricity use and 
number of occupants in the house.  This load profile is 
further segmented in individual components based on 
average electricity use for lighting, kitchen appliances, 
dryer and other. 
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Figure 1.  Profile of base electricty loads in single-
family housing. 

 

Table 4.  Analysis of equipment efficiency levels for 
space heating, hot water and space cooling systems. 

Mechanical System Unit Pre 1960 1960-83 1984-1995 1996-2000 2001 to -
Space Heating
Gas furnace AFUE 0.60      0.65     0.76         0.87         0.91         
Gas boiler AFUE 0.60      0.65     0.70         0.80         0.85         
Oil furnace AFUE 0.55      0.72     0.78         0.83         0.85         
Oil boiler AFUE 0.60      0.75     0.80         0.83         0.85         
Air source heat pump HSPF 4.30      4.70     5.60         5.80         
Ground source heat pump COP 2.70      2.70     3.00         3.30         3.50         
Wood stove SS 0.50      0.50     0.55         0.65         0.72         
Wood boiler SS 0.40      0.40     0.55         0.60         0.70         
Water Heating
Storage Gas EF 0.47      0.50     0.53         0.57         0.60         
Storage Oil EF 0.47      0.47     0.50         0.53         0.55         
Storage Electric EF 0.80      0.80     0.88         0.92         0.92         
Instantaneous EF 0.70         0.72         0.80         
Space Cooling
Air source heat pump SEER 5.00      6.50     8.70         9.70         12.00       
Ground source heat pump EER 10.00    10.00   10.00       11.00       12.00       
Central Air SEER 5.00      6.00     8.20         9.70         12.00       
Room air conditioner EER 5.00      6.10     8.00         8.00         9.00          

Units: AFUE – annual fuel utilization efficiency 
 COP – coefficient of performance 
 SS – steady state efficiency 
 EF – energy factor 
 SEER – Seasonal Energy Efficiency Ratio 
 EER – Energy Efficiency Ratio 

Occupancy levels – The data for occupancy levels 
followed closely with the Statistics Canada data on 
population studies.  On average, each house is assumed 
to be occupied by two adults and two children.  One 
adult and one child are in the house for 50% of time 
and the other for 90% of the time. 

Domestic hot water use – Table 5 shows the typical 
profile of hot water use in houses.  The hot water usage 
includes the needs for showers, dish and clothes 
washing. 

Table 5.  Profile of hot water use. 

Occupancy Hot water use, L/day 
1 80 
2 140 
3 180 

4 or more 225 
 

APPLICATIONS 
Archetypes provide default data for energy analysis.  
Archetypes must be used as a tool for describing the 
thermal and architectural features of a specific house.  
While conducting the field evaluation of a house, the 
default data must be replaced with actual information 
pertaining to the house.    Benefits of the default data 
set are as follows: 
• for existing homes, it is sometimes difficult to 

decipher thermal insulation levels and types of 
building envelop components; 

• defaults provide vintage-specific information 
space heating, hot water, ventilation and cooling 
equipment; and 

• the estimated energy use for the house can be 
approximated within the range of the code-built 
vintage. 

Following are three applications in which the 
archetype information is employed extensively. 

Energy Audits for the ecoENERGY Retrofit 
Program 

The ecoENERGY Retrofit program is intended to 
provide professional advice to homeowners to improve 
the energy efficiency of their home (NRCan 2007).  
The energy advisor performs a walk-through 
assessment of the house along with a blower-door test.  
Using the HOT2000 energy evaluation software, the 
energy advisor estimates the energy use profile for the 
house and recommends appropriate measures 
(HOT2000 1998).  The software can also estimate the 
impact of potential retrofit measures. 

This evaluation is a quick examination of energy use of 
a house.  Each evaluation is generally completed in 
about 2 to 3 hours.  The ‘House Wizard’ in HOT2000 
simplifies data entry immensely.  The energy advisor 
follows these steps to perform an energy analysis: 
• Step 1.  Choose the region and vintage of the 

house and provide the dimensions of the house.  
Define the general description of the house as 
shown in Figure 2.  By clicking the ‘Next” tab, all 
input geometry data fields are populated with the 
archetype information. 
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• Step 2.  An energy advisor can now go through 
other input screens, such as those shown in Figure 
4 and Figure 3, and either change the data to 
match information collected during the field 
evaluation or accept the defaults.  Airtightness 
data taken from the blower door test is entered 
later.    Once the ‘House Wizard’ data input is 
complete and a house model is generated, the 
house geometry, construction details and thermal 
values are fine-tuned. 

• Step 3.  Perform the energy analysis and estimate 
the baseline energy consumption for the house.  
Using the field observations and simulation 
results, the energy advisor performs further energy 
analyses and provides energy efficiency 
improvement recommendations.  A detailed report 
of the performance of the house and the upgrade 
recommendations is generated and given to the 
homeowner. 

The readymade archetype information for geometry 
and thermal characteristics provide useful defaults 
when a house characteristic cannot be observed or 
easily determined.  Most of the time the advisors 
change everything once they exit the house wizard.  It 
seems it is most beneficial in that the wizard generates 
a starting point with the general structures (walls, 
foundation, heating system etc).  The advisor can then 
correct the entries to match their observations.  The 
defaults themselves are not often used. 

 

Figure 2.  Quick data entry screen of HOT2000. 

The data structure in the software enables the user to 
create custom libraries of the archetypes.  This is 
useful for specific styles of a large group of houses 
which can be evaluated effortlessly. 

The simplified version of the energy analysis is not 
generally sufficient for complex houses with multiple 
foundations, multiple mechanical systems and intricate 
details.  For complex houses, the energy advisor can 

build a preliminary model using the HOT2000 
geometry wizard.  This preliminary model can then be 
edited and modified in the detailed energy analysis 
interface.  HOT2000 offers detailed inputs for the 
complex geometry, thermal parameters and multiple 
options for mechanical systems. 

 

Figure 3.  Data input for the mechanical systems. 

 
 

Figure 4.  Modify geometry information as 
required. 

 

Figure 5.  Checking and correcting geometry 
details. 

Housing Policy Analysis 

For setting and measuring the energy efficiency policy 
objectives for housing, the federal government uses 
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comprehensive macro analysis models.  The housing 
stock data is available from the Canada Mortgage and 
Housing Corporation (CMHC 2009). 

In the past, the macro level housing model assumed the 
average thermal characteristics for the whole housing 
stock.  This assumption was later adjusted based on 
weighing factors to account for various styles and 
vintages of houses.  In all, the analysis provided 
cumbersome results and lacked the technical validity in 
the assessment process. 

Since 2009, by implementing detailed archetype 
models for different segments of the housing stock, the 
macro analysis models have provided reliable results.  
All 120 archetypes have been assigned with an 
appropriate segment of the housing stock.  The newly 
revised macro analysis model has been able to 
determine specific technology and program impacts. 

For example, the macro analysis model accurately 
estimated the impact of housing retrofits for the market 
segment built before 1980.  Macro analysis can also 
assist in projecting the potential energy efficiency 
gains associated with innovative technologies. 

Tracking Energy Efficiency of Housing 

The archetypes information is utilized for 
demonstrating the improvements in the housing stock 
over the years.  These trends are useful in summarizing 
the overall improvements in the housing stock.  Figure 
6 shows the increase average wall and attic insulation 
over time in Canadian housing.  Similarly, Figure 7 
depicts the average improvements in the energy use of 
housing with time.  As shown, the houses built today 
are almost 15% better than those built about 20 years 
ago.    Archetype descriptions fairly correctly provide 
region-specific or national trends in the energy 
efficiency of housing stock. 

DISCUSSIONS 
The archetype libraries are meant for providing 
appropriate defaults for detailed energy analysis of 
houses.  These default values must be checked for a 
specific house before performing an energy analysis.  
In the absence of verification of thermal values, 
archetype defaults provide the next best estimate. 

It is important to note that the simplified energy 
analysis tools are only advantageous when the 
accuracy is acceptable and controllable.  For using the 
simplified energy analysis method along with building 
characteristics defaults, one needs to verify the inputs 
with field evaluations.  If the archetypical defaults are 
used without verification of the model from a house 
audit, then significant inaccuracies may be introduced 

in the energy use estimates.  One study of these 
inaccuracies, reported by Hamlin, showed a wide range 
of energy estimates for 58 Winnipeg homes (Hamlin 
1996). 
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Figure 6.  Improvements in envelope insulation. 
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Figure 7.  Energy use index for space heating and 
hot water use in Canadian housing. 

The study showed the differences between the energy 
estimates using the archetypical defaults and actual 
field surveyed data for 58 houses.  The difference in 
energy estimates ranged from a modest 10% to 
unacceptable levels of more than 100%.  The 
difference in the energy estimates (default values 
versus the field survey inputs) was marginal for houses 
which were not retrofitted or improved since their 
construction.  To avoid such discrepancies, the 
following requirements have been mandated for the 
use of simplified energy analysis tools for the retrofit 
programs: 
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• The archetypical defaults for the envelope 
characteristics must be confirmed with the field 
survey. 

• Space and water heating inputs must be verified. 
• Overall, only up to two default values (which may 

be difficult to verify) are allowed for the EGH 
evaluation. 

The above requirements significantly improved the 
estimates of energy use and are able to provide reliable 
advice for energy efficiency retrofits to homeowners. 

CONCLUSIONS 
The archetypical information about the geometry and 
thermal characteristics is useful in quick energy 
analyses of houses.  These characteristics mainly 
include the typical dimensions, make and composition 
of envelope components, predominant heating and hot 
water equipment data, and airtightness and ventilation 
parameters.  Metered data of energy use provided the 
baseline estimates for the base electricity loads and 
operating parameters.  The age and climate region-
specific default data for a house provides enough 
guidelines and ‘picturing’ of the thermal behaviour 
expected for a specific house.  Archetype information 
simplifies the data input for the quick energy analysis. 
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ABSTRACT 

This paper presents a concept and main capabilities of 

the Matlab-based Building Energy Modeling (BEM) 

Workbench developed at Ryerson University (Toronto, 

Canada). The workbench was designed as an 

interactive tool intended to facilitate and to provide 

common media for data processing tasks related to 

various building energy modeling procedures such as 

(i) on-site data monitoring, (ii) preparation of input 

data and analysis of simulation results, (iii) validation, 

verification and calibration of building energy models 

and (iv) estimation of building thermal parameters.  

To illustrate the use of the BEM-Workbench several 

working scenarios are presented. Known inputs from 

literature methodologies of building thermal 

parameter estimation were implemented into the 

workbench to demonstrate one of its purposes as a 

hypothesis testing tool. Another scenario was 

introduced to show how the workbench can be used to 

analyze a buildings model’s dynamic behavior, a 

critical step in the model’s calibration procedure. 

Programmatically, the workbench is configured as a 

set of Matlab GUI components and functions with 

capability to further expand its functionality.  

 

INTRODUCTION 

Today there exist hundreds of building energy 

simulation or modeling (i.e. BEM) tools. (See e.g. 

http://apps1.eere.energy.gov/buildings/tools_directory) 

Essentially, each BEM tool takes given or assumed 

input data, solves some mathematical algorithms, and 

produces required output data. There are two kinds of 

input data: (i) coefficients or properties, such as 

building envelope specifications and mechanical 

equipment parameters, which can be considered as 

static values, and (ii) non-static variables, such as 

weather data, various temperatures and energy flows, 

which are essentially time-dependant. There are two 

types of solvers: those that solve differential equations 

to model the dynamic nature of heat and energy flows 

in a built environment, and those that do balancing of 

‘averaged over time’ variables. Output data are sought 

after variables and their derivatives are inputted or 

assumed. Figure 1 presents an outline of a typical 

BEM tool when used to evaluate how alteration of 

inputs’ effects on outputs. 

The choice of the BEM tool doesn’t guarantee the 

similarity between simulated and real behavior. One of 

the challenges a modeler faces when dealing with 

simulation software is the limitations of both input and 

output interfaces of the most popular BEM tools such 

as EnergyPlus and eQUEST. Models, even simple 

ones, require hundreds of input coefficients and 

variables to be defined through plain text interface. 

Further, capabilities of BEM tools with regard to 

graphical presentation of the multitude of time 

dependant variables processed by BEM are very 

limited.  

There exist two principally different types of BEM 

approaches depending on whether the modeler is 

dealing with a building during its design phase or with 

an existing building during operation. Modeling 

during the design phase can be categorized as a 

forward approach (ASHRAE 2009). A typical 

objective is to compare different design options in 

order to choose those that satisfy given design 

requirements (See Figure 1). Because of limitations of 

the interface of the most BEM tools, very often a 

modeler is unarmed when he or she wants to make a 
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quick and precise comparison of different variables 

What makes this problem really challenging is the fact 

that those variables may be of more than two different 

units, and they need to be displayed at such time scales 

as months of different length and days of the week.  

 

Figure 1 Simulation tool. Forward approach. 

Another challenge is to ensure validity of results. 

ANSI/ASHRAE Standard 140-2004 addresses in part 

this issue providing that employed software is capable 

of producing accurate results. However an additional 

procedure and tool are needed to ensure that all 

relevant physical phenomena are demonstrated 

correctly by the model. 

The test suite for analytical verification of BEM 

programs by Spitler et al. (2001) can serve as an 

example of the latter procedure. It can be applied in a 

broader context such that each model can be tested 

and evaluated with regard to the certain type of 

thermal behavior. This could be the model’s response 

to the step or sinusoidal temperature change, to the 

solar transmission through fenestration, to the internal 

convective or radiative step gains, etc. 

Typical objectives when modeling existing buildings 

are to assist in selecting proper energy saving 

measures and to develop cost effective retrofit 

scenarios. It is a common understanding in the 

profession, which was conceived more than two 

decades ago (see for example Norford et al. 1994) and 

became accepted practice nowadays (ASHRAE 2002) 

that the computer model of existing building has to be 

calibrated by matching actual building energy use (See 

Figure 2). The caveat to this is it works only when 

low-resolution monthly utility data are available. The 

problem of tuning the model that generates high 

resolution (e.g. hourly) output variables (usually 8760 

values per year) by matching monthly averaged data 

(usually 12 values per year) theoretically has an 

infinite number of possible solutions. General practice 

today is to apply the modeler’s judgment, critical 

thinking and sensitivity analysis while tuning the 

model iteratively refining the building thermal 

properties and operational schedules (Haberl et al. 

2005; Westphal and Lamberts 2005). This practical 

approach can be beneficial if supported by a tool that 

can quantitatively correlate input and output variables. 

 

Figure 2 Calibrated simulation approach. 

 

As high resolution (e.g. hourly) energy metering is 

becoming routinely available, advanced identification 

procedures can be employed for the purpose of 

evaluating parameters that control building thermal 

performance (Bacher & Madsen 2011; Jiménez et al. 

2008; Mejri et al. 2011). This approach introduces 

new challenges that can be addressed by combining 
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existing functionality of mathematical tools such as 

Matlab with BEM procedures. 

This paper presents a concept of the Matlab-based 

BEM-Workbench that was designed as an interactive 

tool to facilitate and to provide common media for 

data processing tasks related to various building 

energy modeling procedures including on-site data 

monitoring, preparation of input data and analysis of 

simulation results, validation, verification and 

calibration of building energy models, estimation of 

building thermal parameters. 

BEM-WORKBENCH DESCRIPTION 

The BEM-Workbench was created using Matlab GUI 

technology (http://www.mathworks.com/help/techdoc/ 

creating_guis/bqz6qcd.html). Programmatically, the 

workbench is organized as a set of Matlab Figures, 

which can be thought of as interface windows. These 

Matlab Figures are the top level containers for other 

components including lower level containers, such as 

panels, and other graphical components and controls 

(menus, buttons, lists, tables, etc.), which are nested 

into containers and subcontainers. Functionality of the 

workbench is realized through callback functions and 

utility functions. 

BEM-Workbench structure is illustrated in Figure 3. 

The Present version of BEM-Workbench was designed 

to enable a modeler carrying out the following tasks:  

1) Importing data of various origins (weather 

stations, data loggers with sensors monitoring 

indoor environment) as well as output data from 

EnergyPlus. 

2) Data manipulation and visualization including 

data resampling and graphical presentation as 

time plots and X-Y correlation plots. Among 

functions here are mathematical operations such 

as mean and moving average, as well as 

preparation of data for further use under various 

parameter evaluation scenarios. 

3) Providing an interface that will assist testing of 

methodologies for estimation of building thermal 

parameters. A modeler can select a pre-

programmed interface, a panel with controls, text 

boxes and tables. They will then guide the 

parameter estimating procedure such as the 

evaluation of overall building envelope heat loss 

coefficient, or the solar aperture. 

D a t a  I m p o r t  

 

EnergyPlus 

Weather station 
(e.g. HOBO U30) 

Data loggers with 
sensors 
(e.g. Onset HOBO 
and OmniSense) 
) 

Smart meters 
(Toronto Hydro) 

Utility bills 
(Natural gas) 

… new  
data sources 

G r a p h  D i s p l a y  

 

G r a p h  D i s p l a y  

 

T a s k  D i s p l a y  

 

Figure 3 BEM-Workbench structure 
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EXAMPLES OF WORKING SCENARIOS  

Evaluation of heat losses under steady state 

conditions based on field measurements 

Objectives: 

 Demonstrate use of the BEM-Workbench for 

estimation of the whole building heat loss 

coefficient based on field measurements. 

 Compare measurements and results of 

simulation. 

Utility data for a single family house (floor area 

250 m2) representing a deep energy retrofit of an early 

1900’s residential building in Toronto (Canada) 

(Figure 4a) were used for this case study. 

      

a)   b) 

Figure 4 Case study building (a) and EP BEM(b) 

 

The methodology that allows estimation of building 

heat loss coefficient based on monthly energy bills was 

originally proposed by Fels (1986). It can be expressed 

by the following equation: 

 f=+(-Tout)    (1) 

where  = L/; L - building heat loss coefficient; 

 - fuel efficiency;  - the house reference temperature. 

 - non-heating fuel use, e.g. DHW, appliances, etc.

Short term daily average utility data and outdoor 

temperature were recorded in February 2011 (See 

Figure 5). Use of daily average energy consumption 

contradicts the original methodology that was 

developed for monthly averaged utility data. In order 

to test if this methodology can be applied when more 

frequent metering is available, an EnergyPlus 

simulation was carried out. The schematic model 

representation is shown in Figure 4b. Simulated 

temperature and energy use are shown in Figure 5. 

 

Figure 5 Energy and outdoor temperature from field 

measurements (Qh(util)[kW]; To[C]) and from EP 

BEM (Qh, To and moving averages maQh and maT) 

The corresponding BEM-Workbench scenario for 

evaluation of heat losses produces linear regression of 

daily energy use versus degree-day (See Figure 6). 

Results of parametric study are shown in the table for 

different value of parameters such as house reference 

temperatures (=15C and 18C), period of observation 

(from 14 to 120 days), sampling frequency (from 1 day 

to 2 weeks), fuel efficiency ().  

Figure 6 BEM-Workbench Screenshot -  Interface for estimation of UA. 
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Based on field measurements the building heat loss 

coefficient is evaluated as 120 W/K. Results of express 

simulation on the given trial set of parameters give a 

spread of values from 66 to 156 W/K. Comparison 

clearly indicates that further revision of building 

energy model is required in order to justify use of 

measurements for BEM calibration. 

 

Visual analysis capabilities with simulation models 

This section illustrates the concept of why a modeler 

needs a specific tool to aid an analysis of input/output 

relations of energy simulation and the features this 

tool should have. 

The EnergyPlus model of a single family house 

representing a deep energy retrofit of a double brick 

high thermal mass building (Fig.4b) was used. The 

typical high frequency time series outputs of a 

building energy simulator are shown in Figure 7. This 

seemingly ‘dynamic’ picture, indeed, reflects an 

influence of outdoor weather variation. Under such 

conditions it is difficult to evaluate, for example, 

specific overall parameters of temperature step 

response of thermal zone such as settling time or time 

constant. These parameters can serve as measurable 

characteristics - unique single number tags if you wish 

- of heat transfer dynamics of given thermal zone. 

Extending some ideas presented by Spitler et al. 

(2001) a capability was implemented in the BEM-

Workbench that aids the user to defining a time series 

as an arbitrary sequence of steps. This time series, 

when incorporated with a weather file as an 

environmental temperature, allows for demonstrating 

and studying of dynamic behavior of the simulated 

building envelope (See Figure 8).  

As seen in Figure 8, a response of indoor air 

temperature (Tdb) to the step raise of outdoor 

temperature (Tz air) can be characterize by settling 

time which for the given model is of the order of 10 

days. The heating system is also characterized by some 

step response time constant. Numerical values of these 

time constants can be used as integral signatures of 

dynamic behavior of the simulated building envelope 

and mechanical system. Further development of the 

BEM-Workbench is required to implement such 

evaluation capability. This work is currently being 

Figure 8 BEM-Workbench Screenshot – Time step responses caused by stepped dry-bulb 

temperature. 

  

 

Figure 7 An example of simulated inputs (outdoor 

temperatures, solar radiation) and outputs (indoor 

temperatures, heating energy)  
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completed with preliminary capability expected by 

September 2012. This example indicates the 

importance of dynamic similarity between simulated 

and real behavior of building for the purposes of 

model validation, verification and calibration. 

Evaluation of whole-building heat loss UA and solar 

aperture gA of the building envelope 

Objective: 

 To test known methodology, which is explained 

in (Baker & van Dijk, 2008).  

The model driving this methodology is outlined in 

Figure 9. Originally it was applied for outdoor testing 

of building components. This section shows how this 

approach was implemented into Workbench to be 

applied for entire building envelope.  

 

Figure 9 Task panel showing the model’s idea 

 

The balance of main heat losses and gains can be 

expressed by the following equation:  

Qh =UABE×T -gA×Qsol  (2) 

where Qh[W] is heat produced inside thermal zone; 

UABE[W/K] is heat loss of overall building envelope; 

T[K] is the average temperature difference across the 

building envelope; gA[m2] is a coefficient that 

characterize the size of glazing portion of the building 

envelope and together with incident solar radiation 

Qsol[W/ m2] they define total solar heat gain. 

Equation 2 is written for values, which are averaged 

over certain period of time. Baker & van Dijk (2008) 

use 10 days averaging. Finally, parameters UA and gA 

can be derived from the following equation: 

Qh/T=UABE -gA×Qsol/T (3) 

as parameters of regression line of the set of points 

(Qsol/T, Qh/T) presenting field measurements in 

the X-Y plane.  

For the purpose of hypothesis testing the results of 

simulation for the model #600 (with 0.001 instead of 

0.018 m3/sec infiltration flow rate) (refer to Figure 10) 

from the ASHRAE Standard 140 were used as a 

substitution of measurements.  

 

Figure 10 Simulation model #600 

BEM-Workbench functionality was extended to allow 

for flexible control of time line parameters such as 

start/end time and interval of averaging, as well as 

sampling frequency. Looping algorithms were 

introduced to automate parametric study and data 

collection. 

Figures 11 shows the hourly sampled time series for 

Qh, T, Qsol and the moving averages over 120 time 

steps, which in this case corresponds to the averaging 

over 5 days intervals. 

 

Figure 11 BEM-Workbench Screenshot –  Qh, T, 

Qsol time series and their moving averages over 120 

time steps for the model #600 

Figure 12 illustrates elements of the BEM-Workbench 

interface that supports regression analysis for the 

problem discussed above. The graph in Figure 15 

shows X-Y scatter and the best fit line denoting y-

intersect, which is a UA estimate, and slope of the 

line, which is a gA estimate. The Table in Figure 15 

accumulates results of parametric study. It contains the 
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length of time series used for analysis (60 days), the 

averaging interval (120 hours), estimates UA and gA. 

Statistics of estimation is characterized by a 

correlation coefficient and by value of significance. An 

absolute value of a correlation coefficient more than 

0.95 signifies strong correlation between X and Y 

variables. Value of significance should be less than 

0.05 to consider observed correlation as a significant 

event rather than mere random coincidence.  

Results of this analysis show that the balance Equation 

2 suggested by the given methodology does not 

provide good confidence using single value estimation 

of parameters for the given EP simulation model. The 

model #600, on the other hand, has, by definition, the 

UA value of 51 W/K for the building envelope without 

windows and 87 W/K for building envelope with 

windows. As the first UA value falls within the scatter 

of the former estimate, it may give an incentive for 

further study, given the attractive simplicity of 

Equation 2. 

 

CONCLUSION 

Reliability and the computing power of Matlab made it 

possible to complete development of the first BEM-

Workbench prototype from first concept to working 

tool in very short period of time (3 months) by a single 

individual. The following is outlining the BEM-

Workbench main features. 

In the area of data import, export, processing and 

visualization the following functions have been 

implemented:  

 Importing of EnergyPlus outputs. Modification of 

EnergyPlus input and weather files to test and 

validate basic heat transfer phenomena 

demonstrated by building envelope. 

 Importing of monitored data from HOBO weather 

station, onset HOBO data loggers with temperature 

and moisture content sensors, OMNI sense loggers 

with temperature and RH sensors, electricity smart 

meters of Toronto hydro, and natural gas utility 

bills. 

 Mathematical computation of statistics and 

characteristics of time series data, their resampling 

and correlation between each other.  

 Graphical presentation of data into two different 

time scales simultaneously to allow detailed and 

precise targeting of any time interval from one 

hour in length to one year or longer. Here, the 

powerful capabilities of Matlab in formatting date 

and time variables were especially helpful. 

Using the workbench for the analysis of BEMs assists 

the modeler in testing qualitatively that the 

appropriate physical effects are demonstrated by the 

given model and that that these effects are modeled 

quantitatively right. 

For example, the capabilities for visual analysis 

implemented into BEM Workbench has already 

allowed for estimation of indoor temperature settling 

time (refer to Figure 8). And according to the 

Workbench concept this simulation based estimation 

could be compared against results of field 

measurements right in the same common workspace. 

This example shows how the dynamic similarity 

between simulated and real behavior of building can 

be used for the purposes of model validation, 

verification and calibration. 

Figure 12 BEM-Workbench Screenshot -  Interface for estimation of UA and gA. 
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As was demonstrated by two other examples the 

workbench allows for the fast and comprehensive 

testing of hypothesis development related to various 

parameter estimation scenarios. 

The workbench along with its usefulness as an 

analysis tool can assist in an educational process when 

studying building energy modeling with EnergyPlus 

simulation software. 

New ideas that were identified during the development 

of BEM-Workbench indicate that the entire concept of 

this project and its implementation demand further 

research. 

Future work on the workbench can be seen in the 

following directions: 

 Improvements of BEM-Workbench software 

both in the part related to the user interface 

and to the mathematical core and data 

structure. 

 Collection of more field measurements for 

further development of model validation, 

verification and calibration methodologies. 

 Adding scenarios to carry on more 

sophisticated methodologies in estimating 

dynamic behavior of built environment.  
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ESTIMATION OF THERMAL PARAMETERS OF BUILDINGS THROUGH INVERSE
MODELING AND CLUSTERING FOR A PORTFOLIO OF BUILDINGS

Lianjun An, Raya Horesh, Young T. Chae and Young M. Lee
IBM T.J. Watson Research Center, Yorktown Heights, New York 10598, U.S.A.

ABSTRACT

Estimating heat transfer parameters of building enve-
lope for existing buildings is challenging due to limited
data from sensors and meters. In this study, we have de-
veloped a method for estimating heat transfer parameters
of building envelope through clustering technique with in-
verse modeling for portfolio of buildings. Firstly, we de-
rived a static heat transfer model from a system of dy-
namic equations by integrating the equations for differ-
ent time periods. The model links monthly energy us-
age with cooling and heating loads, and latent heat loads.
Secondly, temporal data from a building was used to es-
timate the overall heat transfer parameters. Thirdly, a
clustering scheme was developed to segment all buildings
in the portfolio into different clusters based on similar-
ity criteria. The overall heat transfer parameters are then
separated into different heat transfer coefficients for wall,
roof and window using data from multiple buildings in the
same cluster. We describe an application of this method
to K-12 school buildings in the New York City.

INTRODUCTION

Building energy consumption is a major source for en-
ergy consumption and greenhouse gas emission. In the
United States, 40% of the nations total energy consump-
tion occurs in commercial and residential buildings (DOE
(2006)). Also the buildings contribute to 45% of the coun-
try’s greenhouse gas (GHG) emissions, which are linked
directly to global climate change (EPA-ESPM (2009)). In
order to control the growth of energy consumption and
greenhouse gas emission, it is helpful to make buildings
energy efficient by retrofitting, such as updating HVAC
(Heat Ventilation and Air Conditioning) systems and im-
proving insulation of walls, roofs and windows for the ex-
isting buildings and by updating the building code, en-
forcing building developer regulation and designing en-
ergy efficient buildings.
In order to reduce energy consumption in buildings, one

needs to understand patterns of energy usage and heat
transfer as well as characteristics of building structures,
operations and occupant behaviors that influence energy
consumption. There are two approaches for analyzing ef-
ficiency of the existing buildings based on measured data.
One approach is to use statistical methods to put all po-
tential influence factors into certain regression models and
to conduct multiple statistical analyses. For instance, the
gross square foot of the building, the number of occu-
pants, age of buildings and operational hours of the build-
ing would be some natural candidates that affect total en-
ergy usage. The cooling degree days and heating degree
days related to weather condition are also important fac-
tors that affect total energy usage (Kissock J.K. and D.E.
(2003)).
The other approach is from physical perspective. Heat
gain or loss of a building is through the building envelope
due to conduction, convection, infiltration and solar radia-
tion (Ashrae (2009)). Heat gain also comes from sensible
loads, including heat from lightings, electric devices and
occupancy body inside the building. HVAC systems in-
cluding boilers, chillers and air handling units (AHU) are
used to reduce temperature inside buildings during sum-
mer and to increase temperature during winter to achieve a
comfortable climate inside the building for tenants. Phys-
ical properties of the building, like thermal resistance of
wall, roof and window, infiltration through openings and
solar heat gain through different parts of envelope, are
important parameters that can be helpful for identifying
energy savings opportunities. When designing and build-
ing a new building, these thermal parameters are typically
available from engineering and architectural data, and a
forward modeling method (such as DOE (2010)) is of-
ten used to analyze energy performance of the buildings
in various conditions. In the forward modeling method,
the dynamic equation of thermal energy balance is con-
structed and used to simulate the profiles of temperature
and other systems variable inside the building. But for
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the existing buildings, the engineering and architectural
data are not typically available, and building energy per-
formance would have degraded over time; therefore, an
inverse method can be the better way to estimate the ther-
mal parameters of the buildings. The inversion method
uses sensor data such as inside temperature, outside tem-
perature, air flow rate, supply temperature of AHU and
etc. to estimate the physical parameterś values through
parameter estimation techniques.
For the modeling of buildings, we typically face a chal-
lenge in implementing the inversion method due to the
lack of data required, since it is not always possible to
design experiment to collect required data from build-
ings which are occupied. The observed data through un-
intrusive sensors might not allow us to estimate all pa-
rameters. For the portfolio of commercial buildings that
are analyzed for this work, we only have monthly energy
usage data. In this paper, we present an innovative pro-
cedure to address this issue. First, we derive a static heat
transfer model through integration and seasonal separa-
tion. Second, multiple monthly data are used for estimat-
ing the overall heat transfer coefficient and solar contri-
bution for each building. Lastly, a clustering schema is
proposed to separate the overall insulation coefficient pa-
rameter into thermal resistance of wall, roof and window
for a collection of similar buildings.

Overview of Physical Modeling Approach
In this section, we describe information flow and the

overall modeling approach of this research. Our focus
is to estimate buildingst́hermal parameters from limited
observation data. The parameters we aim at recovering
include thermal resistance of wall and roof, thermal trans-
mittance of window, air infiltration rate through building
envelope. We base our model on the idea that the higher
the resistance of the building envelope to the change of
outside climate, such as high temperature and low tem-
perature, the less energy is required to make the climate
comfortable for occupants inside the building.
There are two approaches for estimating thermal param-
eters of a building. One is forward modeling approach,
which requires detailed data on material used and en-
gineering design. Then there are empirical formulas to
estimate the corresponding thermal parameters (Ashrae
(2009)). Architects and engineers typically use this ap-
proach to design new building and estimate energy perfor-
mance. This forward modeling approach may not be fea-
sible for existing buildings because the engineering data
and design documents are often not available and build-
ing may have gone through changes and degradation that
have not been documented. The other approach comes
into place in this case, i.e. associating these parameters
with observables and estimating these parameter values
through inversion of physical model prescribed by a set of

differential equations (partial or ordinary).

	  

Figure 1: Physical Modeling Process

Figure 1 shows the inversion process consisting of data
input, analytic procedure and output. Input data includes
static building information and dynamic (time dependent)
weather data and energy consumption data. Analytic pro-
cedure starts with a physical model that describes heat
transfer through the building envelope. Such approach
has been presented in several papers (Smith (1997), Vala
(2002), Kerestecioglu A. and Gu (1989)). Although inver-
sion model based on dynamical data was studied in some
paper (Chahwane L. and Q. (2009), Chen and A.K. (2003)
& Abushakra (1997)), it was unpractical in our study due
to lack of detailed sensor data.
In this study, we propose a novel approach for building
thermal parameters estimation. Firstly, a physics-based
heat transfer model is derived from time integration and
seasonal separation. Here, monthly thermal energy con-
sumption is associated with the building thermal proper-
ties as well as overall weather change in that month. Sec-
ondly, by fitting the model with multiple monthly data,
the overall insulation coefficient of the building can be
obtained. However, it is impossible to decompose the
overall insulation coefficient into thermal parameters re-
lated to walls, roofs and windows. Thirdly, we use clus-
tering techniques to estimate thermal parameters related
to walls, roofs and windows. We assume that there are
multiple buildings with roughly same physical parameters
but with different dimensions, which we can cluster into
different groups based on similar characteristics. Finally,
all thermal parameters are obtained from the regression
model for each cluster.
The analytic procedure results in thermal parameters esti-
mation. The physical model derived in the first step can
be used to generate heating loss or gains through different
parts of envelope and usage distribution between heating
and cooling. Finally, sensitivity analysis can be carried
out for how energy consumption changes as insulation
condition changes.
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Physical Model Derivation

We start with heat and moisture transfer equations
through a building envelope. By integration of these equa-
tions over certain time-periods, the balance equations for
cooling and heating seasons is derived to account for dif-
ferent thermal energy requirement. For the cooling season
during summer time, it is required to use air-conditioner
to cool down temperature and to dehumidify air inside a
building. For the heating season during winter time, it is
required to heat up temperature and possibly to humid-
ify air inside a building. We derive a proper heat transfer
model for the total energy usage in a certain period, asso-
ciated to heating gain or loss via conduction, convection
and radiation through the building envelope.

Schematic Description

Similar to Rabl (1988) and McKinley and A.G. (2008)
and in analogy to electronic circuit notation, we can ex-
press heat transfer by a network of capacitors and resis-
tors for heat conduction through a building envelope as
shown in Figure 2. Thermal resistance (R-value) is used
to measure the effectiveness of an insulator and defined as
the ratio of temperature difference across an insulator and
the heat flux (heat transfer per unit time per unit area). We
use the notation of Rwall , Rwin and Rroo f for R-values of
wall, window and roof respectively in Figure 2. Thermal
heat capacity is used to measure the capability of stor-
ing heat inside the object and it is defined as the ratio of
the amount of heat energy transferred into the object and
the resulted increase in temperature of the object. Usu-
ally, we use specific heat capacity (C-value) heat capacity
per unit of mass. We denote by Cwall , Croo f and Cair the
specific heat of wall, roof and air inside the building in
Figure 2. Thermal transmittance (U-value) is the recipro-
cal of R-value, and is commonly used for windows. Heat
can also be infiltrated into the building when exchanging
air through opened windows and doors as well as through
other openings and cracks in the building envelope, inten-
tionally or un-intentionally. The symbol Min f in Figure
2 is for air exchanging rate corresponding to infiltration
and natural ventilation. The symbol Qsys represents the
air flow from HVAC system, which is used to adjust tem-
perature and humidity inside the building to provide the
comfort for the occupants. Another main source that in-
fluences temperature of wall, roof and zone is coming di-
rectly from solar radiation on building envelope surfaces.

Dynamical Model Equations

We now derive the system of equations that correspond
to the schematic graph in Figure 2. These equations are
based on the first principal of thermodynamics and con-
servation law of energy and mass (i.e., moisture content).

	  
Figure 2: Network of Resistors and Capacitors

ρairCairVz
dTz

dt
=

2Awall

Rwall
(Twall −Tz)+

2Aroo f

Rroo f

(
Troo f −Tz

)
+

2Awin

Rwin
(Tamb−Tz)+ρairCairmin f Aleak (Tamb−T z)

+QsolλshgcAwin +ΣQhi +ρairCairmsys
(
Tsys−Tz

)
(1)

ρwallCwallAwalldwall
dTwall

dt
=

2Awall

Rwall
(Tamb−Twall)

+
2Awall

Rwall
(Tz−Twall)+QsolλwallAwall (2)

ρroo f Croo f Aroo f droo f
dTroo f

dt
=

2Aroo f

Rroo f

(
Tamb−Troo f

)
+

2Aroo f

Rroo f

(
Tz−Troo f

)
+Qsolλroo f Aroo f (3)

ρairCairVz
dTz

dt
= ρairmin f Aleak (Wamb−Wz)

+ΣQwi +ρairmsysWsysρairmretWz (4)

Where
ρair,ρwall ,ρroo f : Density of air, wall and roof

(
lb
f t3

)
Cair,Cwall ,Croo f : Air, wall & roof specific heat capacity

( Btu
F ·lb
)

Awall ,Aroo f ,Awin: Area od wall, roof and window
(

f t2)
dwall ,droo f : Thickness of wall and roof ( f t)
Aleak: Leakable area surrounding zone

(
f t2)

Rwall ,Rroo f ,Rwin: R-value for wall, roof and window
(

h·F · f t2

Btu

)
Twall ,Troo f : Temperature of wall and roof (F)
Tz,Tamb,Tsys: Zone, ambient & system (AHU) temperature (F)
Vz: Volume inside zone

(
f t3)

Wz: Zone moisture (moisture mass over dry air mass)
(

lbw
lbda

)
Wamb,Wsys: Moisture content of ambient & supply air

(
lbw
lbda

)
min f : Infiltration rate

(
f t3

h· f t2

)
msys: Supply air flow rate of AHU system

(
f t3

h

)
mret : Return air flow rate of AHU system

(
f t3

h

)
Qsol : Solar radiation per hour per unit area

(
Btu

h· f t2

)
λshgc: Solar heat gain coefficient of glass (dimensionless)
λwall ,λroo f : Wall & roof solar heat absorption coefficient
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(dimensionless)
Qhi: Sensible load from electronic devices & occupants

(Btu
h
)

Qwi: Moisture load from furniture surfaces & occupants
(

lbw
h

)
hυ: Specific enthalpy related to latent head

(
Btu
lbw

)
Qsys,Qtsys: Total & thermal system energy consumption rate(Btu

h
)

Qcsys, Qhsys: Cooling & heating system energy consumption
rate

(Btu
h
)

qe f f ,qce f ,qhe f : Energy usage efficiency of total, cooling and
heating system

Equation 1 is for thermal energy balance for the air inside the
building. The left hand side (LHS) of the equation is the accu-
mulation of enthalpy for inside of building per unit time. The
first term on the right hand side (RHS) is for heat convection
from wall, the second term is for heat convection from roof and
the third term is for heat convection from window. The fourth
term is for air exchange between inside and outside of the build-
ing. The fifth term is contribution from solar radiation through
window. The sixth term is for sensible heat loads emitted from
equipment and occupants. The last term is the thermal energy
adjustment from HVAC system.
The second and third equations describe the similar energy bal-
ance for wall and roof. LHS of these equations represent accu-
mulation of enthalpy inside of wall and roof respectively. On
RHS, there are three terms for thermal contribution. The first
term is heat convection from outside air into the wall. The sec-
ond term is heat convection from wall to inside the building (i.e.,
zone). The third term accounts for thermal energy from solar ra-
diation. Note that we assume there is no heat capacity inside the
window, and do not include a similar equation for window here.
We consider this approximation valid since windowś heat capac-
ity is small due to its thickness, in comparison to wall and roof.
Equation (4) describes moisture balance which results from air
exchange with outside and supply and return air from and to the
Air Handling Unit (AHU).

Reduction through Season Separation and Time Inte-
gration

Energy is consumed in both heating and cooling seasons,
and historic energy consumption data are typically available in
monthly level. Therefore, it is necessary to separate the heat
transfer equations for different seasons and to integrate the sep-
arated equations over monthly period so that the integration of
the system term would correspond to monthly usage.
Multiplying by 1

2 both sides of the equation (2) and regrouping
the first and second terms in RHS of the equation (2), we have

1
2

ρwallCwallAwalldwall
dTwall

dt
=

Awall

Rwall
(Tamb−Tz)

−2Awall

Rwall
(Twall −Tz)+

1
2

QsolλwallAwall . (5)

Similarly, from the equation (3), we have

1
2

ρroo f Croo f Aroo f droo f
dTroo f

dt
=

Aroo f

Rroo f
(Tamb−Tz)

−
2Aroo f

Rroo f

(
Troo f −Tz

)
+

1
2

Qsolλroo f Aroo f . (6)

Adding the equations (5) and (6) to the equation (1) and then
equation(4) multiplied by hυ, we obtain

ρairCairVz
dTz

dt
+

1
2

ρwallCwallAwalldwall
dTwall

dt

+
1
2

ρroo f Croo f Aroo f droo f
dTroo f

dt
+hυρairVz

dWz

dt

=
Awall

Rwall
(Tamb−Tz)+

Aroo f

Rroo f
(Tamb−Tz)

+
Awin

Rwin
(Tamb−Tz)+QsolλshgcAwin

+
1
2

QsolλwallAwall +
1
2

Qsolλroo f Aroo f +∑Qhi

+hυ ∑Qwi +ρairCairminfAleak (Tamb−Tz)

+hυρairminfAleak (Wamb−Wz)

+ρairCairmsys
(
Tsys−Tz

)
+hυρair

(
msysWsys−mretWz

)
(7)

We assume that Tz, Twall and Troo f are constant during one
month period. Multiplying equation(7) by sgn(Tamb−Tz)−
sgn(Tz−Tamb) and then integrating it over one period, we ob-
tain(

Awall

Rwall
+

Aroo f

Rroo f
+

Awin

Rwin

)∫ t1

t0
((Tamb−Tz)

++(Tz−Tamb)
+)dτ

+

(
λshgcAwin +

1
2

λwallAwall +
1
2

λroo f Aroo f

)
·∫ t1

t0
Qsol(sgn(Tamb−Tz)− sgn(Tz−Tamb))dτ

+∑
i

∫ t1

t0
(Qhi +hυQwi)(sgn(Tamb−Tz)− sgn(Tz−Tamb))dτ

+ρairAleak

∫ t1

t0
minf(Cair

(
(Tamb−Tz)

++(Tz−Tamb)
+)

+hυ (Wamb−Wz)(sgn(Tamb−Tz)− sgn(Tz−Tamb)))dτ

= ρairCair

∫ t1

t0
msys

((
Tz−Tsys

)+
+
(
Tsys−Tz

)+)dτ

+hυρair

∫ t1

t0

(
msysWsys−mretWz

)
(sgn(Tamb−Tz)

−sgn(Tz−Tamb))dτ

(8)
Assuming that

(
Tz−Tsys

)
(Tamb−Tz) > 0 and Tsys plays an

opposite role compared with Tamb and actually adjusts temper-
ature inside the zone. When choosing Tz to be equal to the set
point temperature, the first term in (8) would be the sum of cool-
ing degree hours (CDH) and heating degree hours ( HDH) of
the given month.∫ t1

t0

(
(Tamb−Tz)

++(Tz−Tamb)
+)dτ = ∑

j

(
CDH j +HDH j

)
∆τ j

∫ t1

t0
Qsol (sgn(Tamb−Tz)− sgn(Tz−Tamb))dτ =

∑
j

Qsol( j)
CDH j−HDH j

CDH j +HDH j
∆τ j
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∫ t1

t0
minf(Cair

(
(Tamb−Tz)

++(Tz−Tamb)
+)

+hυ (Wamb−Wz)(sgn(Tamb−Tz)− sgn(Tz−Tamb)))dτ =

minf(Cair ∑
j

(
CDH j +HDH j

)
∆τ j+

hυ ∑
j

DMH j ·CDH j +HMH j ·HDH j

CDH j +HDH j
∆τ j)

where the term DMH is dehumidifying hour and HMH is hu-
midifying hour. The index j is for time when hour is taken as the
base unit. So ∆τ j = 1 when data are available in hour. Finally,
equation (8) can be rewritten as,(

Awall

Rwall
+

Aroo f

Rroo f
+

Awin

Rwin

)
∑

j

(
CDH j +HDH j

)
∆τ j

+ρairAleakminf(Cair ∑
j

(
CDH j +HDH j

)
∆τ j

+hυ ∑
j

DMH j ·CDH j +HMH j ·HDH j

CDH j +HDH j
∆τ j)

+

(
λshgcAwin +

1
2

λwallAwall +
1
2

λroo f Aroo f

)
·

∑
j

Qsol( j)
CDH j−HDH j

CDH j +HDH j
∆τ j

+∑
i

∑
j
(Qhi( j)+hυ ·Qwi( j))

CDH j−HDH j

CDH j +HDH j
∆τ j

= ∑
j

λce f Qcsys( j) ·CDH j +λhe f Qhsys( j) ·HDH j

CDH j +HDH j
∆τ j

= λe f f ∑
j

Qsys( j)∆t j (9)

After grouping the terms with either CDH or HDH (in nu-
merators), we get separated static models for cooling and heat-
ing usages. We only describe the static model for whole energy
usage.

Static Heat Transfer Model

Data of some terms in Equation (9) might not be available, for
instance, loading rate in the fourth term of LHS. In such case, we
would take the gross floor area (GFA) and the number of people
(NOP) who use the building as an approximation. Usually, we
have the monthly energy usage from monthly usage bill. In order
to complete the model, we need to include non-thermal energy
usage, like hot water, cooking facilities (ventilation attaching to
them) etc. A base usage, the non-thermal energy usage, is added
to the left and total energy usage is substituted on the right. We
conclude the following static heat transfer model

λenvAenv ∑
j

(
pcCDH j + phHDH j

)
∆τ j

+λinfρairAleak ∑
j
(Cair

(
pcCDH j + phHDH j

)
+hυ

pcCDH j ∗DMH j + ph ∗HDH j ∗HMH j

CDH j +HDH j
)∆τ j

+λbase ∑
j

√
GSF ·NOPj∆τ j

+λload ∑
j

√
GSF ·NOPj

pcCDH j− phHDH j

CDH j +HDH j
∆τ j

+λsolAenv ∑
j

Qsol( j)
pcCDH j− phHDH j

CDH j +HDH j
∆τ j = qe f f ∑

j
Qsys( j)∆τ j

(10)

where pc is the percentage area being air-conditioned and ph
the percentage area being heated,

Aenv = Awall +Aroo f +Awin

Awall

Rwall
+

Aroo f

Rroo f
+

Awin

Rwin
= λenvAenv (11)

λwallAwall +λroo f Aroo f +λshgcAwin = λsolAenv

Five parameters λenv,λin f ,λbase,λload ,λsol are needed to be de-
termined. Comparing Eq.(10) with Eq (9), parameter λenv is for
the overall heat transfer; parameter λin f corresponds to infiltra-
tion min f through the openings of the building envelope; param-
eter λbase is for the non-thermal energy consumption; λload is
for sensible loads that have heating contribution; and λsol is for
the overall solar contribution coefficient. In order to make them
comparable across different buildings, the overall heat transfer
and solar contribution are normalized by the area of building
envelope; the non-thermal base load and the sensible load are
normalized by the geometrical average of GFA and NOP. Note
that a fundamental difference between overall heat transfer (first)
and infiltration (second) is from inclusion of DMH and HMH in
the infiltration, since moisture could not get into the building
via heat transfer (e.g., heat conduction and convection). Also it
should be noticed that the impact from both sensible load and
solar contribution is different for cooling and heating seasons.
During cooling season, additional energy is needed to offset the
heat from sensible load and solar radiation, while during heat-
ing season, less energy is used due to contribution from sensible
load and solar radiation.

Thermal Parameter Estimation
Overview of estimation procedure

Figure 3 shows the flow of estimating parameters. Top four
boxes describe data used in the procedure. The first is for
monthly energy usage, reported in monthly statement from en-
ergy providers. The second is a list of buildings with dimen-
sion information, from which we can calculate the area of wall,
roof and window, the volume of the building, and might also in-
clude operation characteristics, like total occupancy, operation
hours, and number of electrical appliances and equipment. The
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third is related to temperature, cooling degree hours and heat-
ing degree hours for each day within a month, which are cal-
culated from the difference between outside air temperature and
the set point temperature inside the building. Note that the set
point could be different for cooling and heating and for daytime
verse nighttime. Similarly, the forth is related to humidity, hu-
midifying hours (HMH) during winter and dehumidifying hours
(DMH) during summer compared with a comfortable humidity
level. Under the assumption that moisture is not transferred by
heat conduction and convection into the building and is only in-
filtrated into the building, the DMH and HMH may help us to
separate overall heat conduction through building envelope with
overall air exchange and infiltration. Based on all data described
above, we can separate the total energy usage into cooling, heat-
ing and non-thermal energy usages. Further, the derived static
model can be used for each individual building with multiple
monthly usages to estimate total heat transfer coefficient and so-
lar contribution coefficients. Finally, we apply clustering tech-
nique on the collection of buildings and separate the overall con-
duction coefficient into values for different thermal parameters
related to wall, roof and window.
Note that, such a procedure could be used for multiple zones in
a single building, as long as all the zones have different dimen-
sions, physical conditions and usage patterns.

	  
Figure 3: Parameter estimation flowchart

Inversion process from temporal observable data
Now we need to estimate the five parameters

λenv,λin f ,λbase,λload ,λsol in Eq. (10). For easy illustra-
tion of the inversion process, we introduce a matrix L with
dimension 5× Nm where Nm is the number of months with
available data and we use k to denote monthly index. For each
month k, the entries of the matrix L are expressed as

L[1,k] = Aenv ∑
j

(
pcCDH j + phHDH j

)
∆τ j

L[2,k] = ρairAleak ∑
j
(Cair

(
pcCDH j + phHDH j

)
+hυ

pcCDH j ∗DMH j + ph ∗HDH j ∗HMH j

CDH j +HDH j
)∆τ j

L[3,k] = ∑
j

√
GSF ·NOPj∆τ j

L[4,k] = ∑
j

√
GSF ·NOPj

pcCDH j− phHDH j

CDH j +HDH j
∆τ j

L[5,k] = Aenv ∑
j

Qsol( j)
pcCDH j− phHDH j

CDH j +HDH j
∆τ j

G[k] = ∑
j

Qsys( j)∆τ j

(λ1,λ2,λ3,λ4λ5), (λenv,λinf,λbase,λload ,λsol)

Then equation (10) can be rewritten as

5

∑
i=1

L [i,k]λ [i] = qe f f G [k] . (12)

The term G [k] on the RHS is from total energy usage for a
month. The vectors CDH,HDH,DMH,HMH,Qsol in the ma-
trix L for month k with dimension

Nkd = 24 ·
(

numbers of days in the kth month
)

are calculated from weather data for hourly temperature, from
comparing relative humidity and solar radiation strength with
cooling and heating set points, comfortable relative humidity.
In the case of no data of operation hours and occupancy being
available, we assume some function form for the NOP vector
that takes working days or school days with hours from 8AM to
6PM into consideration. Suppose that building dimension data
are available to calculate the area (Aenv) of the building enve-
lope and gross floor area (GFA) and the percentage area being
air-conditioned and heated is specified. All values of entries in L
are determined. Since the equation (10) is derived from physical
consideration, we expect that all five factors included in L [i, ·]
are relevant and significant from statistical viewpoint.
It might be difficult to separate heat gain from conduction and in-
filtration due to two reasons. Firstly, humidity control inside the
building is not clear or strict compared with temperature control
based on set point through the thermostat. Secondly, infiltration
through door and window opening is largely influenced by oc-
cupant behavior. We would like to combine the least squared of
differences with some penalty term to ration percentage on con-
duction and infiltration, and to specify certain range constraint
for total conduction parameter

min(∑
k

(
5

∑
i=1

λiL[i,k]−qe f f G[k]

)2

+η1 ∑
k
(0.75∗λ1L[1,k]−0.25∗λ2L[2,k])2)

s.t. (recall λenv , λ1 by definition)

1
Aend

(
Awall

max(Rwall)
+

Aroo f

max
(
Rroo f

) + Awin

max(Rwin)

)

< λenv <
1

Aend

(
Awall

min(Rwall)
+

Aroo f

min
(
Rroo f

) + Awin

min(Rwin)

)
where the minimum and maximum of R-value for each would

come from the listed value in ASHRAE handbook. Based on
our experience, we can fit well over 90% of 1400 buildings.
The overall efficiency parameter qe f f is taking into account
equipment efficiency as well as the effect of simultaneous
heating and cooling in the same zone. The value was chosen
based on engineering handbook suggestion and based on our
experiment with the studied buildings.
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Clustering process from a collection of buildings
The values of λenv,λsol that we got in the last subsection are

overall heat transfer coefficient and solar contribution coeffi-
cients. Eq (11) gives the relationship between the overall coeffi-
cient and the parameters distributed to walls, roofs and windows.
Using just one building dimension info, it is not possible to de-
termine these parameters values for wall, roof and window due
to its under-determinacy. When we have a collection of build-
ings with various dimensions but having physical similarities,
it is possible to estimate these parameters values. The physical
similarities could be due to different reasons, for instance, build-
ings built before 1970 may all use single-pane glasses. Buildings
with same functionality and purpose (like for schooling) may use
the same building code and same materials for wall and roof dur-
ing certain period.
Mathematically, we can convert the building dimension data into
a geometric point in a topological space. The distance of two
points in the space corresponds to the closeness of similarity of
two buildings. The K-Means clustering algorithm (Aldenderfer
and R.K. (1984)& Blashfield 1984) can be used to put all build-
ings into several groups based on such topological information.
We use a clustering technique consisting of an initial K-Means
clustering and subsequent iterating until meeting a converging
criterion. Figure 3 shows such a clustering process. Let S be
the collection of buildings with size M, and Sk

n (n = 1,2, . . . ,N)
be a set of buildings that belong to the cluster n in the kth itera-
tion, where N is specified number of clusters. Then we have the
following

S =
N⋃

n=1
Sk

n, Sk
i
⋂

Sk
j = /0 ∀i 6= j,

N

∑
n=1

size
(

Sk
n

)
=

N

∑
n=1

Mk
n = size(S) = M,

where Mk
n is the number of buildings that belong to the set Sk

n.
For each cluster Sk

n (n = 1,2, . . . ,N), the thermal parameters
Rwall [n] ,Rroo f [n]and Rwin [n] can be obtained through regres-
sion over all buildings that belong to the cluster. The misfit for a
building mn that belongs to the cluster n is represented as

mis f it [mn] = abs(
Awall [mn]

Rwall [n]Aenv [mn]

+
Awall [mn]

Rwall [n]Aenv [mn]
+

Awall [mn]

Rwall [n]Aenv [mn]
−λenv [mn]) (13)

The total misfit for all buildings would be

mis f itk
total =

M

∑
m=1

mis f it[m].

The reshuffling step is processed as the following. For each
given building m, we check its error against all N models,

error [m,n] = abs(
Awall [m]

Rwall [n]Aenv [m]

+
Awall [m]

Rwall [n]Aenv [m]
+

Awall [m]

Rwall [n]Aenv [m]
−λenv [m])

and move this building into the one that gives the least
error. After reshuffling, we have a new set of clusters
Sk+1

n (n = 1,2, . . . ,N) and need to create a new model for each
cluster and to calculate a new mis f itk+1

total . When the related
change is small enough, we stop further iterations and use the
last set of models for parameters. Otherwise, we would con-
tinue the reshuffling step and create a new set of models for new
clusters and check total misfit again until convergence.

Figure 5 gives another graphical demonstration on the cluster-
ing procedure. Initial clustering creates multiple clusters, indi-
cated by “Buildings in cluster 1”, “Buildings in cluster k”. Each
cluster has its own model in the sense that the result regress-
ing coefficients are unique for each cluster. Then iteration be-
gins to re-evaluate the ownership of each building. Buildings
are reshuffled among there clusters so that the quantified misfit
is minimized. The iteration is stopped until the total misfit does
not change too much.

Note that, it is possible to cluster a collection of buildings by
using different clustering algorithms or based on different build-
ing characteristics for initial clustering. A building could belong
to different group under different clustering technologies. An
algorithm may be developed to balance all contributions from
different techniques. For instance, a weighted averaging scheme
could be taken to estimate these parameters when multiple
clustering techniques are adopted in the process.

Case Studies
We applied the static model to estimate parameters for the

portfolios of New York City’s K-12 public school buildings and
campus buildings of McMaster University. A web-based GUI
tool called i-BEET M (Lee Y. M. and Bel (2011)) was developed
to present output resulting from our physical model. We give
several examples in this section.
The first example is to show the estimated R-value for wall and
roof and U-value for window for a given building. The building
we considered has a total of 301,295 GSF and site energy usage
of 9,961,200 kBtu annually. Combining with dimension data
of roof area 60,259 f t2, wall area 40,536 f t2and window area
10,134 f t2 as shown in Figure 6, we obtain from the model that
R-value for wall is roughly 5.46 [ f t2 · oF · hour/Btu], R-value
for roof is 11.06 [ f t2 · oF · hour/Btu] and U-value for window
is 1.2

[
Btu/

(
f t2 · oF ·hour

)]
, and the infiltration rate is 0.23

[cfm/sf]. Based on these values, heat gain or loss through roof,
wall and window can be calculated as shown in pie-graph of
Figure 6.
Figure 7 shows the comparison of calculated energy usage
with the observed monthly energy consumption. Energy usage
calculation is based on Equation (10) with estimated parameters
using procedure described in the last section.
Figure 8 shows the R-values of wall and roof for 954 buildings.
After clustering procedure, we obtain two groups of clusters.
One group contains all buildings with lower R-values (CL2,
CL3 and CL4), and the other consists of buildings with higher
R-values (CL1, CL5 and CL6). In fact, these values are
consistent with overall expectation from building management
team.
The second example is simulation of building insulation
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changes on energy consumption. i-BEET M computes thermal
coefficients of individual buildings in the portfolio, such as
R values for walls and roof, U value of windows and their
infiltration coefficient, ṁinf. When a building is picked for
analysis from the analytic dashboard, as shown in Figure 7, all
those thermal coefficients are displayed and thermal energy for
each month for a whole year is computed and shown. Then, a
user changes one or more of the coefficients. In the example in
Figure 5, a user changes the R-value of the roof from 16.68 to
40 [ f t2 · oF · hour/Btu] by hypothetically increasing insulation
of the roof of the building. The toolset computes the energy
savings by month and for the whole year. The yearly thermal
energy consumption decreases by 325,792 kBtu from 8,124,482
kBtu to 7,798,690 kBtu.
The third example of simulation is for changing the thermostat
set point of the building during the heating season. As shown
in Figure 8, for another building in the portfolio, the heating
set point is changed from 65 oF to 62 oF. The corresponding
impact is computed as a decrease of yearly energy consumption
by 653,703 kBtu from 5,045,111 kBtu to 4,391,408 kBtu.

Conclusion and Discussion

Starting with a system of dynamic thermal equations that
describe heat transfer through a building envelope, we derive
a static model by integration of the equations over different
time periods with thermal requirements. Coefficients of terms
in the model are associated with physical properties of build-
ings including thermal resistance and heat capacity of wall, roof
and window. Combining with building dimension and dynamic
weather data, the monthly energy usage is used to estimate the
overall heat transfer and solar contribution parameters. A clus-
tering algorithm is applied on all buildings under study to seg-
ment them into certain groups with similarity. After that, re-
gression analysis for each group would separate the overall heat
transfer and solar parameters into R-values for wall, roof and
window. Primary validation based on data has been done and
the results are promising. The estimated R-values are compati-
ble to those suggested by ASHRAE handbook.
Further investigation is underway to collect weather data at
building’s location with detail temperature, humidity and solar
radiation as well as more accurate building dimension data. We
would like to achieve independence of all considered factors and
avoid co-linearity of some data sets. The inversion modeling
is very useful method to estimate underlying physical parame-
ters based on measured data. For analysis of existing buildings
which are occupied, the complexity of the heat transfer model is
limited by the availability of data. For more meaningful and effi-
cient parameter reconstruction, one can perform optimal experi-
mental design for sensor deployment and data collection proto-
col. Inversion modeling in building energy field is not widely
used yet and requires more research. We are also using dynamic
observable data inside a building to estimate values of building
physical parameters. If more detailed data is available, efficiency
coefficient can be estimated based on detailed sensored data of
demand and supply side.
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Figure 4: Clustering Process

	  
Figure 5: Clustering and Regression

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

303



	  
Figure 6: Thermal Parameters and Usage Distribution
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Figure 9: Simulation of Building Insulation Change

	  
Figure 10: Simulation of the Point of Heating or Cooling
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ABSTRACT 
This paper proposes an approach for estimating the 
potential energy savings of retrofitting existing 
commercial buildings in California for natural 
ventilation. 308 baseline commercial building models 
are developed in EnergyPlus based on a 
characterization of the existing California commercial 
building stock. Each baseline model and five retrofit 
options are simulated in the 16 California Climate 
Zones using TMY3 weather files and energy savings 
are calculated. Building weights are developed and 
applied to expand the estimated energy savings to the 
statewide level. Based on the findings, 
recommendations will be made to assist policy makers, 
building designers and owners in making informed 
decisions regarding the efficacy of natural ventilation 
retrofits.  

INTRODUCTION 
Background 
Retrofitting existing commercial buildings with natural 
ventilation systems offers the prospect of large savings 
in energy consumption for commercial buildings in 
California. These savings, and the consequent reduction 
in greenhouse gas emissions, are a critical component 
of California’s strategy to meet the reductions 
mandated by state legislation  
A methodology has been developed to estimate the 
contribution natural ventilation retrofits can make 
towards meeting the emissions reductions mandated by 
Assembly Bill 32 (AB 32), the Global Warming 
Solutions Act, and to meeting the goal of 50% energy 
savings for existing commercial buildings by 2030, as 
stipulated in the California Public Utilities 
Commission’s (CPUC) Energy Efficiency Strategic 
Plan (CPUC 2008). This approach seeks to answer the 
question: how aggressive would these retrofits for 
natural ventilation have to be to achieve energy savings 
on the order of the CPUC’s goal of 50%. Answering 
this question involves investigating a range of retrofit 
scenarios some of which are not common or cost 

effective, but might be necessary to reach significant 
savings. The most basic natural ventilation retrofit 
scenario examined is the installation of operable 
windows on the facade to allow wind driven ventilation 
of the interior. More intensive options are a system 
control retrofit that allows the building’s energy 
management system to manage a changeover mixed 
mode strategy, or the installation of a thin radiant 
topping slab over the existing concrete slab to provide 
low energy cooling. 

Development of Building Models 
The Department of Energy has sponsored the 
development of commercial reference building models 
in EnergyPlus to be used for assessing building 
technologies and developing energy codes and 
standards (Deru et al. 2011). These sixteen commercial 
building prototypes are designed to be representative of 
approximately two thirds of the US commercial 
building stock, as reported in the Commercial Buildings 
Energy Consumption Survey (CBECS) database.  
Pacific Northwest National Laboratory (PNNL) has 
used the commercial reference building models to 
estimate national energy savings associated with the 
new ASHRAE Standard 90.1-2010 (Thorton et al. 
2011). Building on the PNNL approach, our 
methodology for estimating the potential energy 
savings of natural ventilation retrofits in California 
commercial buildings uses EnergyPlus and the DOE 
commercial reference building models but involves 
significant modification of the models to represent the 
particular characteristics of the existing commercial 
building stock in California. 

Development of Baseline Building Models for 
California 
Of the sixteen DOE commercial reference building 
types, eleven were selected for modeling based on 
potential for natural ventilation (Table 1). These eleven 
models were modified to be more representative of the 
existing California commercial building stock, based on 
data from the California Commercial End-Use Survey 
(CEUS) and other sources. The CEUS database 
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contains detailed information on 2,703 California 
commercial buildings including data on construction 
types, mechanical systems, age, location, and energy 
consumption (CEC 2006). Building survey data from 
CEUS were first categorized by building type, location 
(climate region) and vintage (Table 1). 
Because our approach relied on the data in the CEUS 
database, it was subject to certain limitations of this 
database. There are two major limitations of the CEUS 
database that affect the scope of our methodology. First, 
because the CEUS survey was conducted from 2002 
through 2006 the database is limited to buildings 
constructed in or before 2003. This limits our study to 
buildings constructed before 2003. The second 
limitation of the CEUS database is that, to protect the 
identity of buildings in CEUS, location data was limited 
to large climate regions, i.e. aggregated versions of the 
climate zones defined for use in California’s Building 
Energy Efficiency Standards, commonly referred to as 
Title 24 (CEC 2008). Figure 1 shows the geographical 
distribution of these aggregated climate regions. 
 

 
Figure 1: Map of the aggregated California climate 

regions 
 
Characteristics relating to building form, fabric, 
program and equipment were identified for each unique 
category of building type, climate region and vintage. 
Unique baseline building models were then developed 
for each of these building categories, resulting in 308 
baseline models. Table 2 shows the source of each 
building model input. 
The CEUS database provides both numerical variables 
(e.g. window-to-wall ratio) and categorical variables 
(e.g. glazing type and wall construction type) which 
were used to inform building model inputs. For 
numerical variables, model inputs were calculated for 
each building type using the mean of the numerical 
variable, weighted by floor area, for all representative 

buildings in the CEUS database. For categorical 
variables, the statistical mode of that categorical 
variable, weighted by floor area, was used. Further 
description of each building model input is provided in 
the following subsections. 
 

Table 1: Building model categories 
CLIMATE 
REGION  

BUILDING 
TYPE  VINTAGE 

 
North Coast 
Central Valley 
Mountains 
Desert 
Central Coast 
South Coast 
South Inland 

 Large office 
Medium office 
Small office 
Large hotel 
Small hotel 
Stand-alone retail 
Strip mall 
Outpatient 
Healthcare 
Warehouse 
Primary school 
Secondary school 

  
Pre 1941 
1941-1978 
1979-1990 
1991-2003 

  

  
  
  
  
  
  
  
   
   

 

Form 
The floor area and aspect ratio of each building model 
is the same as its corresponding DOE commercial 
reference building model. 
Wind pressure coefficients for our modeled buildings 
were derived from full scale and atmospheric boundary 
layer wind tunnel tests of generic buildings (Banks et 
al, 2012, Lo 2012). Wind pressure coefficients were 
developed that allow the multi-zone airflow model in 
EnergyPlus to approximate the measured ventilation 
behavior. In some situations, such as single-sided 
ventilation, these pressure coefficients were used in the 
place of the actual mean pressure coefficients, since 
these did not differ significantly between window 
locations. Reduced ventilation rates due to the 
sheltering of nearby buildings were also reflected in the 
pressure coefficient assumptions. 

 Fabric 
The window, wall, floor and roof construction materials 
were determined from the CEUS database. The 
thickness of the insulation was then varied to match the 
minimum U-value from the relevant year of Title 24 
Standard. 
The EnergyPlus Airflow Network Detailed Opening 
was used to model operable windows. Occupant use of 
the windows was modeled using a stochastic model of 
window use (Rijal 2007). Rijal’s model provides a 
prediction of window use behavior based on studies of 
measured window use in several naturally ventilated 
office buildings.  This model uses indoor operative 
temperature and outdoor air temperature to determine 
the probability of a window being opened or closed. 
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The model was implemented in EnergyPlus using the 
Energy Management System module (EMS). This 
window opening model, though it is based on measured 
data in office buildings, is applied to all building types 
because similar window opening behavior models do 
not exist for the other buildings types. 
Unintentional infiltration through the building façade 
was modeled by specifying an effective leakage area for 
each building surface. Air tightness values for 
infiltration were obtained from a report by Persily and 
Ivy (2001) that gives mean values for the effective 
leakage area of the envelopes of different building 
types. The same effective leakage area was applied to 
all vintages of each building type based on previous 
research by Persily (1998) that suggests that there is no 
correlation between building age and air tightness. 

Program 
The relevant year of Title 24 Standard is used as the 
source for lighting and occupancy densities, plug and 
process loads, minimum ventilation rates, and hot water 
demand for all building models. 

Equipment 
Three versions of each of the sixteen DOE commercial 
reference building models were previously developed to 
account for variations based on the age of existing 
building stock: new construction, post-1980 
construction, and pre-1980 construction. The HVAC 
equipment types and efficiencies for each version are 
based on the minimum requirements of 
ANSI/ASHRAE/IESNA Standard 90.1-2004 for new 
construction, ASHRAE Standard 90.1-1989 for post-
1980 construction, and an analysis of historical 
equipment efficiencies for pre-1980 construction (Deru 
et al. 2011). 
HVAC system types and efficiencies for all four CEUS 
vintages were modeled using those defined in the post-
1980 construction versions of the DOE reference 
building models for the following two reasons. First, 
the two most recent vintages, 1979-1990 and 1991-
2003, are well represented, as an average, by Standard 
90.1-1989. The next ASHRAE Standard 90.1 was not 
released until 2001, so most of the buildings 
constructed between 1990 and 2003 were built to the 
1989 standard. Buildings built from 1979-1990 were 
mostly built under previous, less stringent standards. 
Applying the 1989 standard to the buildings built in this 
earlier era will lead to a conservative estimate for 
energy savings for this particular vintage.  
Second, the two oldest vintages, pre-1941 and 1941-
1978, likely do not contain their original equipment and 
possibly have had comprehensive upgrades that involve 
changing systems types (i.e. converting from CAV to 
VAV). When considering expected equipment life, it is 

reasonable to assume that buildings constructed before 
1979 would have undergone at least one major HVAC 
equipment retrofit. Depending on the age and use of the 
building, and when the retrofit took place, system types 
and equipment efficiencies may vary significantly. The 
post-1980 construction versions were therefore seen as 
a good middle-of-the-road representation for this large 
source of variation in potential performance. 

 
Table 2: Sources for building model inputs 

BUILDING 
MODEL 
INPUT 
CATEGORY 

BUILDING 
MODEL INPUT 

SOURCE 

Form 

Window to wall ratio 
Orientation 

CEUS 

Floor area 
Aspect ratio 

DOE building 
models 

Wind pressure 
coefficients 

Wind tunnel 
testing 
(Banks et al 
2012, Lo 2012) 

Fabric 

Glazing type 
Wall, floor and roof 
construction types 

CEUS 

Wall, floor, roof and 
window constructions 

Title 24 
Standard 

Envelope air tightness 
Measured data 
(Persily 2001) 

Window opening 
behavior model 

Measured data 
(Rijal 2007) 

Program 

Lighting density 
Occupant density 
Plug and process 
loads 
Ventilation rates 
Hot water demand 
Operating schedules 
and setpoints 

Title 24 
Standard 

Equipment 

HVAC equipment 
Hot water equipment 
Refrigeration 
equipment 

 Post-1980 DOE 
building models 

 

Development of Retrofit Building Models 
Determining which building retrofit scenarios to model 
for this project was challenging. The selected set was 
chosen based on consultation with industry engineers 
and literature review of relevant research. While many 
valid, cost-effective options are excluded from the 
study, the options selected are meant to represent a 
range of aggressive yet realistic technologies. Some of 
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these technologies, though they might not be cost-
effective right now, may nonetheless be necessary to 
reach the CPUC’s goal of 50% energy savings for 
commercial buildings. 
McConehey (2008) gives guidelines for solar and 
internal gain limits for naturally ventilated and mixed 
mode buildings. In this project, it is assumed that all 
existing buildings will undergo energy efficiency 
retrofits to meet these guidelines. 
Additionally, it is assumed that HVAC systems will be 
commissioned before the natural ventilation retrofit. 
The HVAC commissioning will involve control 
improvements and equipment upgrades which vary by 
system type and were determined through consultation 
with industry engineers. 
In order to isolate the energy savings of the energy 
efficiency measures from the energy savings of natural 
ventilation, it is necessary to simulate three different 
baseline models. The first baseline model represents 
existing buildings. The second represents existing 
buildings having undergone non-HVAC energy 
efficiency retrofits. The third baseline represents 
existing buildings having undergone both HVAC and 
non-HVAC retrofits. All three baseline models have 
non-operable windows. 
In addition to the three baseline models, three different 
mixed mode retrofit scenarios combining natural 
ventilation with mechanical cooling and/or ventilation 
were simulated. Every mixed mode scenario includes 
both the non-HVAC and HVAC energy efficiency 
measures. The mixed mode models all have operable 
windows but they differ in HVAC control strategies and 
HVAC system type.  
In total there are 6 scenarios listed for each building 
model: one baseline and five retrofit variations. They 
are listed below, in order of increasing intensity of 
retrofit, and described in the subsequent subsections.  
A. Baseline 
B. Baseline with non-HVAC energy efficiency 

measures  
C. Baseline with non-HVAC energy efficiency 

measures and optimized HVAC 
D. Mixed mode: operable windows with concurrent 

control 
E. Mixed mode: operable windows with changeover 

control 
F. Mixed mode: operable windows with radiant slab 

system 

Baseline 
The baseline model represents existing buildings. All 
model inputs are determined as described in Table 2. 

Baseline with non-HVAC energy efficiency measures 
Cooling loads were reduced through improved 
windows, reduced internal loads, overhangs, and other 
measures, including ceiling fans. The combination of 
measures selected depends on building type. 

Baseline with non-HVAC energy efficiency measures 
and optimized HVAC 
An HVAC retrofit was added to the second baseline. 
The details of the HVAC retrofit measures differ based 
on system type. In the case of a variable air volume 
(VAV) system, the VAV system has increased turn-
down on the terminal boxes (down to 10% flow rate), 
near-optimal supply air temperature reset control, fan 
static pressure reset control, and mechanical ventilation 
at night for pre-cooling. 

Mixed mode: operable windows with concurrent 
control 
Operable windows were installed. Remodeling of the 
interior to maximize the fraction of the occupied floor 
area that can be naturally ventilated was assumed. The 
system controls remain the same as the baseline 
models, with concurrent control involving signaling to 
occupants when it is advantageous to open the 
windows, e.g. with a red light / green light system. 
When it is advantageous for occupants to open 
windows, the window opening behavior model of Rijal 
(2007) is used, otherwise the windows are closed. 
In the case of VAV systems, if the natural ventilation 
meets the cooling load, as it would be expected to do, 
the VAV system flow rate turns down to its minimum 
value, reducing fan energy consumption and the supply 
air temperature is reset to its maximum value, removing 
the need for chiller operation. 

Mixed mode: operable windows with changeover 
control 
A control system retrofit was modeled that allows for a 
changeover control strategy. Changeover control 
involves an interlock between the operable windows 
and the HVAC system such that the HVAC system 
does not supply air to the space when the windows are 
open. The same window opening behavior model 
mentioned above was used during all occupied hours to 
define the window opening status. 

Mixed mode: operable windows with radiant slab 
system  
Operable windows were installed and a radiant topping 
slab added on to the existing concrete slab. The radiant 
slab retrofit was based on a thin, lightweight concrete 
topping slab installed in a 30,000 ft2 office building in 
San Francisco, as described by Bourne et al. (2000). 
The VAV system was removed, and minimum outside 
air was provided by a Dedicated Outdoor Air System 
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(DOAS) serving the core zones. Natural ventilation 
provides comfort cooling when possible and also 
provides the minimum fresh air required in zones 
within 20ft of the perimeter. The radiant slab is pre-
cooled at night using chilled water directly from an 
evaporative cooling tower. The use of a cooling tower 
at night, when the wet bulb temperature is at its lowest, 
allows the radiant cooling system to operate at its peak 
efficiency, providing cooling at its lowest unit energy 
cost. The concrete floor slab is pre-cooled at night when 
cooling was needed during the preceding day according 
to the adaptive thermal comfort model of ASHRAE 
Standard 55. 

Climate and Weather Files 
Natural ventilation energy savings potential is highly 
dependent on the suitability of the climate for such 
systems. Buildings were therefore simulated in all 
sixteen of the California Climate Zones defined for use 
in Title 24. Figure 2 shows the geographical 
distribution of the California Climate Zones. The 308 
California baseline building models were simulated 
using their corresponding California Climate Zone 
TMY3 weather file. 

 

 
Figure 2: Map of the California Climate Zones 

 

EXPANDING RESULTS  
Estimating Statewide Energy Savings from Building 
Models 
An approach was developed to expand the results from 
the individual California building models to an estimate 
for statewide energy savings. A recent report from 
Pacific Northwest National Laboratory presents their 
methodology for using the DOE commercial building 
prototypes and statistical weights based on national 
disaggregated construction volume data to estimate 

national energy savings associated with the new 
ASHRAE Standard 90.1-2010 (Thorton et al. 2011). 
Our approach borrows from their methods, but we base 
our weights on the statewide disaggregated energy data 
publically available in the CEUS Consultant Report 
(Pigeon-Bergmann et al. 2006) and the energy data in 
the CEUS database (CEC 2006). The CEUS Consultant 
Report dataset contains statewide annual electricity use 
for the year 2002 disaggregated by building type, size 
and location. For example, it indicates that all the large 
offices in Forecasting Climate Zone 6, which 
corresponds roughly with the city of Sacramento 
(Figure 3), used 885,104,047 kWh of electricity in 
2002. 

Mapping CEUS Buildings to DOE Commercial 
Building Prototypes 
To develop weights for each California baseline 
building model, we first mapped the CEUS building 
categories onto the most closely corresponding DOE 
commercial building prototypes. This involved 
assigning each CEUS building usage to a DOE 
commercial building prototype based on building type 
and size, as presented in Table 3. 
Not all building usage categories included in the CEUS 
survey are included in our analysis (Figure 4). Some 
buildings (hospitals, restaurants, data centers, etc.) have 
ventilation and / or cooling requirements that would 
prohibit natural ventilation. The miscellaneous building 
category was too diverse to include in this study. 
Colleges were censored from the version of the CEUS 
database that our team received from the California 
Energy Commission to protect their anonymity.  
Figure 4 shows that the modeled buildings capture 
roughly 55% of total building energy use in CEUS. 

Climate Zones 
In order to estimate potential energy savings for the 
entire state of California, with its varying climates, it is 
important to understand the distribution of energy use 
by climate zone.  
Energy use information in the CEUS Consultant Report 
is tied to the Forecasting Climate Zones. The 
Forecasting Climate Zones were developed for utility 
forecasting and their boundaries are determined by 
utility service areas. Figure 3 shows that the 
Forecasting Climate Zone borders sacrifice climatic 
similarity to maintain the utility service boundaries (e.g. 
Forecasting Climate Zone 1). 
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Table 3: Mapping of CEUS building types to DOE 
reference building models 

CEUS DOE 

Building 
type Building usage 

Reference 
building 

model name 

Small & 
large 

Office 

Administration and 
management Small office 

(0-10,000 ft2) Assorted/multi-tenant 
Financial/legal Medium office 

(10,000-
200,000 ft2) 

Government services 
Insurance/real estate 
Medical/dental office Large office 

(>200,000 ft2) Other office 
Software development 

Retail 

Shop in enclosed mall Strip mall Shop in strip mall 
Auto sales 

Stand-alone 
retail 

Department/variety 
store 

Other retail store 
Retail warehouse/clubs 

Food store 

Convenience store 
Liquor store 

Other food store 
Small general grocery 

Specialty/ethnic grocery 

Unrefrigerat
ed 

warehouse 

Conditioned warehouse, 
high bay 

Warehouse 

Conditioned warehouse, 
low bay 

Unconditioned 
warehouse, high bay 

Unconditioned 
warehouse, low bay 

School 

Daycare or preschool Primary school Elementary school 
Middle/secondary 

school 
Secondary 

school 

Health 
Clinic/outpatient care Outpatient 

healthcare Medical/dental lab 
Nursing home 

Lodging 

Hotel Small hotel 
(<75,000 ft2) Motel 

Other lodging Large hotel 
(>75,000 ft2) Resort 

 
The 16 California Climate Zones, depicted in Figure 2, 
are generally recognized as a better representation of 
climatic similarity than the Forecasting Climate Zones. 
Furthermore, each California Climate Zone has a 
representative city with an associated TMY3 weather 
file which provides sufficient climatic data for our 
simulations. 

Weights for the California Baseline Building Models  
Annual statewide energy use data in the CEUS 
Consultant Report is categorized by CEUS building 

type, size and Forecasting Climate Zone. By contrast, 
our building models are categorized by DOE reference 
model type and vintage and simulated using Title 24 
specific TMY3 weather files. Weights were calculated 
using the energy data from both the CEUS Consultant 
Report and the CEUS database to expand the energy 
use of the building models up to statewide energy use. 
The calculation of these weights required knowledge of 
the California Climate Zone and Forecasting Climate 
Zone of each building in the CEUS database. Because 
our non-confidential version of the database does not 
contain this detailed location data, the calculation of the 
building weights was performed by collaborators from 
the California Energy Commission. They provided us 
with 308 building weights, one for each California 
baseline building model. 
 

 
Figure 3: Map of the Forecasting Climate Zones  
 

Applying Weights and Estimating Savings 
Each building weight, when multiplied by the energy 
use of its corresponding baseline model, gives the 
statewide energy use for all the existing buildings that 
baseline model represents. The estimated energy 
savings from a particular retrofit option can then be 
calculated by taking the weighted difference of the 
baseline model and the retrofit model, as represented by 
the following equation: 
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Figure 4: Total annual energy use from the CEUS database (n=2704) 

 
𝜔𝜔𝑛𝑛  ×  𝛥𝛥𝑒𝑒𝑛𝑛 ,𝑚𝑚 =  𝛥𝛥𝐸𝐸𝑛𝑛 ,𝑚𝑚  

Where, 
ωn = the weight for the nth baseline model 
(dimensionless) 
Δen,m = en,b-en,m 
en,b = the energy use of the nth baseline model (kWh) 
en,m = the energy use of the mth retrofit option of the 
nth baseline  model (kWh) 
ΔEi,j = the total estimated energy savings due to 
performing the mth retrofit option on all buildings in 
California represented by the nth baseline model 
(kWh) 
This equation can be used to estimate, for example, the 
energy savings from optimizing existing VAV systems 
and installing operable windows and non-HVAC 
energy efficiency measures in all large offices built 
from 1941-1978 in California Climate Zone 12. 
The total estimated statewide savings due to a 
particular retrofit is calculated according to: 
 

𝑆𝑆𝑚𝑚 =  �𝛥𝛥𝐸𝐸𝑛𝑛 ,𝑚𝑚

308

𝑛𝑛=1

 

Where, 
Sm = the total estimated statewide savings in all 
California commercial buildings due to the 
implementation of the mth retrofit option. 

Uncertainty Analysis 
The end goal of the methodology outlined in this report 
is ambitious. It requires a complex approach involving 
many elements that will contribute to uncertainty in the 
energy savings estimate. Each of the building model  
 

 
inputs listed in Table 2 has a level of uncertainty 
associated with it. In order to put a bound on the level 
of uncertainty due to building model inputs, a Monte 
Carlo experiment will be performed. The results of the 
Monte Carlo analysis will be presented with the 
estimates for energy savings.  

CONCLUSION 
The state of California has set many aggressive energy 
and carbon reduction goals, including that by the 
California Public Utilities Commission of 50% energy 
savings in commercial buildings by 2030. Many of the 
climates in California seem well suited to save energy 
through natural ventilation. The methodology outlined 
in this paper will help to determine the extent that 
natural ventilation can contribute towards achieving 
these ambitious goals. For each commercial building 
type and vintage examined in each of the Title 24 
climate zones, the approach will highlight the most 
cost-effective strategies for reducing energy 
consumption and carbon emissions. The methodology 
will also provide insight into which strategies, if any, 
will lead California’s existing commercial buildings 
past 50% energy savings. 
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ABSTRACT
Can coupled Computational Fluid Dynamics (CFD)

and Building Energy Simulation (BES) be used to con-
duct annual simulation? This paper tries to investigate
the feasibility of annual coupled simulation of CFD and
BES. Energy modeling approaches have continued to ad-
vance to cater for emerging new design concepts towards
“greener” solutions that optimize energy consumption in
buildings while maintaining thermal comfort as well as
healthy environment. Various efforts have been made to
improve the fidelity of the thermal simulation in buildings
such as to couple CFD with lumped nodal BES model.
Research has shown that the coupled simulation improves
simulation accuracy. However, due to the nature of CFD
simulation, coupled simulation usually takes much longer
computation time. For example, the annual simulation of
natural ventilation, which has relatively fewer incidences
of CFD simulation runs, would take up to 46 days. In ad-
dressing the issue, a coupled lumped heat transfer model
(EnergyPlus) and CFD model (Fluent) was implemented,
and 8 days of simulation was conducted. Delaunay Tri-
angulation based interpolation model was built from the
8 days’ results, which can be used to predict the airflow
rates for openings for an annual simulation. It is shown
that the interpolation model is able to predict 35% of the
natural ventilation deployable time annually, when natu-
ral ventilation is appropriate in the Philadelphia climate
context. The interpolation model reduces the simulation
time by 90%.

INTRODUCTION
Can coupled Computational Fluid Dynamics (CFD)

and Building Energy Simulation (BES) be used to con-
duct annual simulation? This paper tries to investigate
the feasibility of annual coupled simulation of CFD and
BES. Energy modeling approaches have continued to ad-
vance to cater for emerging new design concepts towards
“greener” solutions that optimize energy consumption in
buildings while maintaining thermal comfort as well as
healthy environment. Various efforts have been made to
improve the fidelity of the thermal simulation in buildings

such as to couple CFD with lumped nodal BES model.
Research has shown that the coupled simulation improves
simulation accuracy, such as Mora, Gadgil, and Wurtz
(2003), Negrao (1998), Wang and Wong (2008), Nagai
and Kurabuchi (2009), Hanby et al. (2008) and Hensen,
Bartak, and Drkal (2002).

However, due to the nature of CFD simulation, coupled
simulation usually takes much longer computation time.
For example, in the climate context of Philadelphia, there
are about 854 hours that outdoor environment is appropri-
ate for natural ventilation. The computation time for the
annual simulation would take up to 46 days.

In addressing the issue, this paper presents an proce-
dure, which uses interpolation method, to reduce the com-
putation time of the coupled simulation for natural venti-
lation simulation. A coupled lumped heat transfer model
(EnergyPlus) and CFD model (Fluent) was implemented,
and 8 days of simulation was conducted. Then, Delaunay
Triangulation based interpolation model was built from
the 8 days’ results, which is used to predict the airflow
rates for openings for an annual simulation. It is shown
that the interpolation model is able to predict 35% of the
natural ventilation deployable time annually, when natu-
ral ventilation is appropriate in the Philadelphia climate
context. The interpolation model reduces the simulation
time by 90%.

PREVIOUS WORK
Manual coupling of the CFD model and nodal model

has been done for many geometrical complicated build-
ings. Nagai and Kurabuchi (2009) used CFD to decide
the coefficients in the nodal model for a high-apartment
building with central void space throughout the height of
the building in Japan. Manz and Frank (2005) used a one-
way-static coupling to study the thermal performance of
double facade buildings. Wong et al. (2005) also coupled
CFD and nodal model manually to study the performance
of double facade building in a tropical climate in Singa-
pore.

Research work on automated coupling of the nodal
model and CFD model at run time is dated from

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

314



1990s, (Negrao (1995)). Based on the work by Ne-
grao (1995, Negrao (1998), Beausoleil-Morrison (2000,
Beausoleil-Morrison et al. (2001, Beausoleil-Morrison
and Clarke (1998) continued with the investigation of
the coupling between nodal model (ESP-r) and CFD
model. An empirical validation of the coupled model by
Beausoleil-Morrison (2000) is conducted by Bartak et al.
(2002). Djunaedy, Hensen, and Loomans (2003, Dju-
naedy, Hensen, and Loomans (2004), Chen, Peng, and
van Passen (1995), Zhai et al. (2001) discussed both the
advantages and disadvantages of internal coupling of the
CFD and nodal model. It was concluded that external
coupling is more favorable in terms of no stiffness issue,
less expensive, nodal and CFD model themselves are in-
dependent and can be optimized individually. Djundaedy
(2005), Djunaedy, Hensen, and Loomans (2005) also im-
plemented an external coupling of the nodal and the CFD
model. Zhai and Chen (Zhai et al. (2002), Zhai and Chen
(2003), Zhai, Gao, and Chen (2004), Zhai (2004), Zhai
(2005), Zhai (2006)) also investigate the coupling strat-
egy extensively. They implemented a coupling strategy to
exchange heat transfer coefficient and surface boundary
conditions between nodal model and CFD model through
dynamic or static coupling. Hereby, static and dynamic
is the strategy used for data exchange instead of ther-
mal process. A sensitivity study was also carried out
to investigate the effectiveness of the coupling method
in improving the building energy simulations. Their re-
sults showed that for rooms with moderated size, without
sensible temperature stratification, the coupling approach
shows marginal effect. However for rooms with large tem-
perature stratification, the discrepancy between coupled
method and nodal model is significant (42%). Wang and
Wong (2008) developed a text-based interface for auto-
mated coupling program to extract and exchange informa-
tion between TAS (nodal model) and Fluent (CFD model).
However, no method has been introduced to significantly
reduce the computation time to conduct coupled simula-
tion for longer time period, such as the annual building
energy simulation.

COUPLING MODEL
EnergyPlus is chosen as the nodal model for the cou-

pled simulation platform. EnergyPlus is a program to cal-
culate the energy required for heating and cooling a build-
ing using a variety of systems and energy sources over
a year’s period. It is a sequential simulation program,
which starts with zone heat balance and calculates the
heating/cooling loads at each time step. This information
is fed to the air handling system, and system information
is passed to mechanical system simulation. Finally, the
yearly energy consumption for the building will be com-
puted.

The Fluent software is chosen as the CFD model for

the coupled simulation platform. Fluent uses Finite Vol-
ume Method to solve the fluid dynamic problems. Fluent
software is one of the most widely used and extensively
tested software in the architectural applications domain.
It provides multiple modelling capability of flow, turbu-
lence, heat transfer, radiative heat transfer, solar module,
and mass transfer, etc.

Progressive-Replacement external coupling was imple-
mented. The nodal model will be used as start-up model
and the initial values for exchange variables will be cal-
culated within the nodal model. The time-step to follow
will be coupled between nodal and CFD model, and the
variables will be exchanged progressively with appropri-
ate time intervals afterwards.

The coupling platform will be based on Building Con-
trols Virtual Test Bed (BCVTB, (Wetter et al. 2011)) ,
which is a software environment targeted to provide an
integration platform for various simulation tools. A c++
program, called FlowPlus, was developed to execute the
Fluent software to conduct the CFD simulation and ex-
tract the results for the coupling variables.

The CFD tool will conduct the steady state natural ven-
tilation simulation. A post processing program will be
implemented to extract the temperature profile and veloc-
ity fields from CFD tool and then to calculate the values
for the exchange variables, which include the following:

• Airflow rates through all the openings.

• Average temperatures of the air flowing through the
openings.

• Surface heat transfer coefficients for all of the build-
ing envelop surfaces.

More detailed description of the coupling model can be
found in another paper published at the same conference
of SimBuild 2012, (Zhang et al. 2012).

INTERPOLATION METHOD
Interpolation is a method of constructing new data

points within the range of a discrete set of known data
points. The known discrete set is usually obtained by sam-
pling or experimentation, which represent the values of a
function for a limited number of values of the indepen-
dent variables. It is often required to interpolate the value
of a function for an intermediate value of the independent
variables. The interpolation is usually achieved through
curve fitting or regression analysis.

CASE STUDY
The live retrofit building 661 on the Philadelphia Navy

Yard was chosen for the case study of the coupling plat-
form and methodology developed in the previous section.
This historic building features a shared open space at the
back with gross area of about 1600m2, and a two story
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space in the front with gross area of about 800m2 for each
floor. After retrofit, the building will house GPIC per-
sonnel, and function as living laboratories for develop-
ing tools and methods to transform the building industry’s
current fragmented serial method into integrated team ef-
forts. The building model is shown in Fig. 1.

Figure 1: The SketchUp model of the Building 661 and
the surrounding buildings for the coupling study.

The thermal properties and internal gains of the build-
ing are listed in Table. 1

Table 1: The thermal properties and internal gains of the
Building 661.

Parameters Value Reference

External
Walls

Steel Framed R13 Insulation Ext
Walls (U-value = 0.703 W/m2K)

ASHRAE 90.1 2004

Windows U-value: 3.24 W/m2K (operable
and fixed windows); SHGC: 0.39;
Visible Transmittance: 0.622

ASHRAE 90.1 2004

Roofs Metal Deck Roof Insulation En-
tirely Above Deck (IEAD), R15 In-
sulation (U-value = 0.358 W/m2K),
Roof Albedo: Roof Surface Reflec-
tivity = 0.30

ASHRAE 90.1 2004

Occupancy 18.58 m2/person DOE reference model
Lighting 10.76 W/m2 DOE reference model
Equipment 10.76 W/m2 DOE reference model

The nodal model will provide to the CFD tool all the
interior and exterior surface temperatures of the envelope
components of the building and outdoor weather condi-
tions. The CFD tool will take temperatures of various
building surfaces as settings of the thermal boundary con-
ditions, including both interior surfaces and exterior sur-
faces. For natural ventilation, wind is the driving force of
the flow through the openings in the building. The wind
conditions, in terms of speed and direction, provided by
the nodal tool from weather data will be used to deter-
mine the boundary type of the four boundary surfaces of
the simulation domain. For example, if the wind is com-
ing from south, with a speed of 2m/s, the surface of the
south bound will be set as velocity inlet, with incoming
wind velocity of 2m/s. The north bounding surface of the
domain will be set as outflow. The east and west bound-
aries will be set as symmetry assuming there is no shear
strain on the surface.

Simulation Scenarios Selection
The simulation of natural ventilation conditions was

chosen as the case study of the coupling between the nodal
model and the CFD model. Natural ventilation is consid-
ered to be one of the most complicated building thermal
simulations, and it is a very important passive strategy of
energy efficient buildings. The accurate simulation of nat-
ural ventilation will provide architects and engineers with
more insight during the design process of the energy effi-
cient buildings.

The weather condition in Philadelphia is first analysed.
It is believed that natural ventilation should be used to pro-
vide ventilation air and remove internal heat gains, when
outdoor conditions are appropriate. However, the actual
control strategy of natural ventilation is beyond the fo-
cus of this paper. Our future research work will include
the integration of control strategies with the coupled CFD
simulation of natural ventilation conditions. The main fo-
cus of this paper is to investigate the feasibility of con-
ducting annual coupled CFD simulations. Therefore, in
this paper, we define natural ventilation conditions as the
hours, when windows could be open, that outdoor weather
conditions satisfy the criteria of ASHRAE Fundamentals
Comfort Model. Analysis shows that the month of June
has the highest number of hours that outdoor conditions
are comfortable, and potentially natural ventilation can
be deployed (windows could be open). Thus the month
of June is chosen as the simulation period for the study
of coupling between nodal model and the coupled CFD
model.

CORRELATION STUDY
It is natural to assume that there is a strong correlation

between the airflow rates of the openings and the envi-
ronmental variables under natural ventilation conditions,
since the airflow is a result of the wind and internal layout
of the building. For a given building internal design, the
airflow rates under natural ventilation conditions will be
the result of outdoor wind condition, i.e., wind speed, di-
rection and temperature. In this section we will quantita-
tively measure the correlation between the environmental
variables. After the correlation has been proved, the air-
flow rates of the openings is highly correlated with the ex-
ternal wind condition. Therefore, an interpolation model
can be built to derive the behaviour of the airflow rates un-
der various wind conditions, while being computational
much less expensive to evaluate.

Covariance Analysis
First, the correlation between the airflow rates and in-

dividual environmental variables, i.e., wind speed, wind
direction and temperature, are studied. Fig. 2 shows the
scatter plot of the environmental variables and the airflow
rates for one window on the south facade. Table. 2 shows
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the covariance between environmental variables and air-
flow rates for the same window as shown in Fig. 2. As is
shown that there is no simple linear correlation exists be-
tween individual environmental variables and the result-
ing airflow rates.

temperature
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Figure 2: The scatter plot of environmental variables, and
airflow rates of one window on the south faade.

Table 2: The covariance between environmental variables
and airflow rates of one window on the south facade.

Covariance Temperature Speed Direction Airflow
rates

Temperature 1.00 0.34 0.51 -0.33
Speed 0.34 1.00 0.51 -0.61
Direction 0.51 0.51 1.00 -0.20
Airflow rates -0.33 -0.61 -0.20 1.00

Information Gain Analysis
In order to quantitatively analyse the combined corre-

lation between multiple input variables, i.e., environmen-
tal variables, and the output i.e., airflow rates, the infor-
mation theory-based ((Shannon (1948), Anderson (2007))
correlation analysis is carried out. The Relative Informa-
tion Gain (RIG) is taken as the measure of correlations.
Higher RIG indicates higher correlation between the out-
door conditions and airflow rates. The RIGs of the three
outdoor features are evaluated individually, and RIGs for
any combinations of the three features are also evaluated.
Data mining and machine learning tool Accelerated Sta-
tistical Learning (ASL) is used to conduct the computa-
tion (Moore and Lee (1998), Mitchell (1997) and B. and
Moore (1998)).

An underlying concept in information theory is that of
entropy, which characterizes the amount of uncertainty

associated with a random variable. High entropy cor-
responds to high uncertainty (e.g., in the case of a uni-
formly distributed random variable), and low entropy cor-
responds to low uncertainty (e.g., in the case of a variable
that always takes the same value). Mathematically speak-
ing, entropy is defined as the (negative) expected value of
the log of the probability distribution:

H(y) =
n

∑
i=0
−P(yi)log2P(yi). (1)where:

H(y) entropy
y a random variable
yi the ith instance or possible outcome of random variable y
n the size of the sample space associated with y

P(yi) the probability of y = yi

As demonstrated in the example plot of Fig. 3, entropy
will be 0 if the probability of an outcome is zero or 1;
there is no uncertainty in the random variable.((Brona and
Damato 2007))

Figure 3: Information entropy of a Bernoulli trial X. X is
the random variable with two possible outcomes. If X can
assume values 0 and 1, entropy of X is defined as H(X) =
-P(X=0) log2 P(X=0) - P(X=1) log2 P(X=1). It has value
0 if P(X=0)=1 or P(X=1)=1. The entropy reaches maxi-
mum when P(X=0)=P(X=1)=1/2 (the value of entropy is
then 1).

The conditional entropy is defined as :

H(y|x) =
AX

∑
j=1

P(x = x j)H(y|x = x j), (2)

Where the entropy of y given x = x j is defined as:

H(y|x = x j) =
n

∑
i=0

P(y = yi|x = x j)log2
1

P(y = yi|x = x j)
.

(3)
where:

H(y|x) conditional entropy of y given x
H(y|x = x j) conditional entropy of y given x = x j
x,y random variable
x j the jth possible outcome of x
Ax the sample space of random variable x
P(x = x j) the probability of x = x j
P(y = yi|x = x j) the conditional probability of y given x
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The mutual information (referred to here as Information
Gain, IG) between y and x is:

IG(x,y) = H(y)−H(y|x). (4)

Relative Information Gain (RIG) is:

RIG(x,y) =
IG(y,x)

H(y)
�100%. (5)
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z2_cc2_win2 70.3% 67.6% 76.3% 99.2% 100.0%

z2_cc3_win3 71.8% 67.4% 75.2% 99.2% 100.0%

z2_cc4_win4 71.4% 69.1% 75.6% 99.2% 100.0%

z1_s_win1 70.1% 70.6% 76.4% 99.6% 100.0%

z1_s_win2 70.2% 69.9% 75.3% 99.3% 100.0%

z1_s_win3 70.2% 67.6% 73.6% 98.5% 100.0%

z1_s_win4 70.2% 67.0% 76.8% 99.2% 100.0%

z1_s_win5 70.6% 67.4% 74.0% 98.1% 100.0%

z3_n_win1 69.6% 67.5% 75.4% 98.9% 100.0%

z3_n_win2 70.2% 66.6% 75.9% 98.7% 99.6%

z3_n_win3 70.0% 67.2% 78.4% 99.6% 100.0%

z3_n_win4 69.8% 69.1% 77.9% 99.6% 100.0%

z3_n_win5 70.4% 67.3% 75.4% 99.2% 100.0%

z5_e2_win1 71.7% 68.5% 76.5% 99.6% 100.0%

z5_e2_win2 70.0% 65.3% 74.7% 98.1% 100.0%

z4_e2_win1 70.2% 67.1% 74.8% 98.3% 99.6%

z4_e2_win2 70.5% 68.3% 76.0% 99.2% 100.0%

z1_z2_d 69.9% 66.7% 73.3% 98.9% 100.0%

z2_z5_d 70.7% 68.0% 74.0% 99.6% 100.0%

2 3 dz2_z3_d 69.5% 66.7% 77.6% 98.7% 99.6%

z2_z4_d 70.5% 69.6% 76.8% 100.0% 100.0%

Figure 4: The RIG of flow rates for the openings with
outdoor conditions of dry bulb temperature, wind speed
and wind directions, and combinations of them.

Note that x and y are perfectly associated if H(y|x) =
H(x|y) = 0, IG(y,x) = H(y), IG(x,y) = H(x). Knowing x
reveals everything about y and vice versa.

On the other hand, x and y are perfectly disassociated if
H(y|x) = H(y), H(x|y) = H(x), and IG(y,x) = IG(x,y) =
0. Knowing x, does not reveal any information about y
and vice versa.

In this research work, information gain is used to study
the correlation between combination of environment vari-
ables and airflow rates of the openings. The random vari-
able y corresponds to the airflow rates of the openings.
The input variable x corresponds to the vector of environ-
mental variables.

The RIGs of the three outdoor conditions of dry bulb
temperature, wind speed and wind direction for each of
the openings are summarized in Fig. 4. As shown, the

correlation is strongest with the combinations of all 3 fac-
tors together, with RIG of 100 for most of the openings
except three openings with RIG of 99.6%. The combi-
nation of wind speed and wind direction shows strongest
correlation with flow rates.

INTERPOLATION MODEL DEVELOPMENT
Weather analysis for natural ventilation shows that

there are 854 hours, in the climate context of Philadel-
phia, fall in the ASHRAE thermal comfort zone. The
computation time for one set of CFD simulation on av-
erage is 27 minutes. Therefore, to perform a yearly cou-
pled simulation for Philadelphia, the computation time
will be: 27× #timeStep/Hour× 854 = 27× 3× 854 =
69174minutes ≈ 46days. The computation time be-
comes more expensive for milder climate where number
of hours outdoor condition satisfies natural ventilation re-
quirements is much higher. Based on the coupled simula-
tion results during the period of June 1st to 8th, the interpo-
lation method will be able to predict the airflow rates for
other weather conditions over the year. the interpolation
method will reduce the computation time for annual cou-
pled simulation significantly. This section will study such
correlations and develop interpolation method to predict
the airflow rates of openings given outdoor weather condi-
tion. The computation time saving on conducting a yearly
couple simulation with interpolation method will be esti-
mated, the error introduced by interpolation will also be
provided.

Interpolation Method
A scattered data set defined by locations X and corre-

sponding values V can be interpolated using a Delaunay
triangulation of X . This produces a surface of the form
V = F(X). The surface can be evaluated at any query
location QX , using QV = F(QX), where QX lies within
the convex hull of X . The interpolant F always goes
through the data points specified by the sample. (Math-
Work (2007))

Interpolant F was created for each of the openings with
99 data points obtained from the simulation period be-
tween June 1st and June 8th. An incremental interpolant
creation method was developed to find the trade-off be-
tween number of simulation runs and expected prediction
error. The procedure is described as follows:

By incrementally creating the interpolant data set, data
points that are very close to each other will not all be
added to the interpolant data set. Since, in the coupled
simulation each data point is a set of CFD simulation,
which requires on average 27 minutes of computation
time, it is very important to limit the total number of CFD
simulations. The following section will compare the in-
terpolation accuracy of interpolant with different sizes of
data set.
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Algorithm 1 The algorithm to incrementally create the
interpolant data set

Load TrX {The starting (training) data set}
Load TsX {The testing data set}
for i = 1→ numDataInTesting do

Delaunay Triangulate TrX
Generate TriScatteredInterp Function for Interpola-
tion
Inquiry with a data point in the testing data set
if Can not find value for the query point then

add the query point to the training data set TrX
else

record the relative prediction accuracy
end if

end for

Interpolation Accuracy Analysis

We define the accuracy of the interpolant as the accuracy
compared with the coupled CFD simulation, instead of
that compared with any field measurements. The more
data points used in the interpolant, the more accurate the
interpolant will be compared with the coupled CFD sim-
ulation. However, the more data points used, the more
computation time will be needed to build the interpolant.
Therefore, is it important to study the accuracy of the in-
terpolant with different number of data points. Based on
the incremental method used to construct the interpolant,
the number of data points will increase as the size of the
starting data set increases. To investigate the relative ac-
curacy between interpolants with different sizes of data
sets, four sizes of the starting dataset, i.e., 20, 40, 60 and
80, were tested. The error of the interpolant is defined as
the average percentage difference between the interpolant
predicted value and the coupled CFD simulation value for
the data points remain in the testing data set. The total
number of data points used in the interpolant and predic-
tion error are summarised in Fig 5. As shown, there is a
decrease in prediction error with larger initial data set, yet,
the number of data points in the interpolant also increases.
The computation time needed to generate each data point
is on average 27 minutes. Therefore, it is important to
compare the trade-off between increase of prediction ac-
curacy and the increase of computation time. The increase
of averaged accuracy, for 22 openings, and computation
time is plotted in Fig. 6. As shown, a starting data set
size of 40 provides good accuracy with prediction error of
24% and moderate computation time of 36.9 hours.

The Relative Prediction Error by the Interpolant with Different Size 

160.00%

%
)

of Initial Data Set

Starts with 20 data points; 82 datapoints total in the interpolant

120.00%

140.00%

In
te
rp
ol
an

t (
% Starts with 20 data points; 82 datapoints total in the interpolant

Starts with 40 data points; 82 datapoints total in the interpolant

Starts with 60 data points; 92 datapoints total in the interpolant

Starts with 80 data points; 95 datapoints total in the interpolant

60 00%

80.00%

100.00%

on
 E
rr
or
 b
y 
th
e  p ; p p

20 00%

40.00%

60.00%

la
tiv

e 
Pr
ed

ic
tio

0.00%

20.00%

Re
l

Figure 5: The relative prediction error for interpolant
with different size of initial data set.

Predicted Interpolation Accuracy for Simulation of
the Whole Year

The interpolant F , which is built with the data set ob-
tained from the simulations during period between June
1st and June 8th with initial size of 40 data points, was
used to predict the airflow rates through openings over
the whole year. The interpolant was able to predict
296 hours out of 854 hours of simulation time. There-
fore, the interpolant reduced simulation time by 1− (82×
27/60)/(296×3×27/60) = 1−36.9hr/399.6hr = 91%
and with expected prediction error of 24%. Therefore, the
computation time for the coupled CFD simulation over
the simulation period of the whole year is expected to
be 36.9hr/(296/854) = 114.25hr ∼ 4.8Days instead of
854×3×27/60 = 1152.9hr∼ 46Days. The computation
time saving is significant with the interpolation method.

CONCLUSION
The paper presented a method to reduce the computa-

tion time for the annual simulation of the coupled Build-
ing Energy Simulation (BES) and Computational Fluid
Dynamics (CFD) under natural ventilation conditions. A
coupled simulation platform between BES and CFD tool
has been implemented. Eight days of natural ventilation
simulation in the live retrofitting project of Building 661
at the Philadelphia Navy yard was conducted. It is found
that the interpolation model, which is built from the 82
coupled simulation incidences, is able to predict airflow
rates for all the openings in the building for 296 hours
out of 854 hours (35%), with expected error of 24%. The
computation time is reduced to 114 hours from 1152 hours
for an annual simulation of natural ventilation conditions
in the Philadelphia climate condition.
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Comparison of Simulation Time and Prediction Error
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Figure 6: The comparison between simulation time and
relative prediction accuracy with different sizes of data
sets for the inerpolants.
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USING CFD SIMULATIONS TO IMPROVE THE MODELING OF WINDOW
DISCHARGE COEFFICIENTS
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ABSTRACT
Accurate parameterization of flow through window

openings is necessary in order to model passive and
mixed-mode ventilation strategies using airflow network
models and energy simulation tools. In these tools, lit-
tle guidance is typically provided on selecting airflow pa-
rameters such as the discharge coefficient for windows.
Detailed computational fluid dynamics (CFD) simulations
can provide an inexpensive, flexible method for develop-
ing such parameterizations. In this study, the discharge
coefficient for pivoted windows is considered, using an-
alytical and CFD modeling as well as comparison with
previous data. The discharge coefficient parameteriza-
tion currently used in EnergyPlus can lead to an under-
estimate of flow through pivoted windows by up to fac-
tor of 2. This parameterization for the discharge coeffi-
cient as a function of window angle and aspect ratio is
modified, and Reynolds-averaged numerical simulations
are used to validate this new formulation. Analytical and
numerical results compare well with measurements from
window manufacturers.

INTRODUCTION
Passive and mixed-mode ventilation processes can be

particularly challenging to model using existing Energy
Simulation tools (Zhai, Johnson, and Krarti 2011). Use of
a Computational Fluid Dynamics (CFD) model allows di-
rect evaluation of some of the parameters such as window
discharge coefficients and convective heat transfer coeffi-
cients that must be specified in lumped parameter, airflow
network models. Parameterizations in the airflow network
models used within Energy Simulation tools have histor-
ically been based on experimental data, however detailed
CFD simulations can provide a less expensive and more
flexible alternative for determining parameter dependen-
cies.

In this study, CFD is used to validate a modified expres-
sion for the discharge coefficient for pivoted windows as a
function of window angle and aspect ratio. The prediction
of ventilation driven by wind or buoyancy is very sensitive
to the geometry of vents that constrict the flow path. If

the area and discharge coefficient of these vents are well
known, then the airflow rate can often be well-modeled
by multi-zone models. Limited information is available,
however, on choosing the appropriate discharge coeffi-
cient. Here, the discharge coefficient for a horizontally-
pivoted window is explored and the same approach could
be used to consider a range of inlet geometries. The pa-
rameterization in this study refers to an expression that
uses the window geometry to relate the discharge coeffi-
cient of a pivoted window to that of a rectangular opening
of the same width and height. The expression in this study
is a function of the window angle and aspect ratio of the
pivoted window. The cooling and ventilation capacity due
to wind and buoyancy driven flows is strongly dependent
on the window discharge coefficient, so the accuracy of
the coefficient can have a substantial impact on the ability
of a model to predict performance. The modified param-
eterization presented and validated in this study could be
easily included in existing airflow network modeling tools
to allow users to determine the discharge coefficient for
pivoted windows if the window angle and window aspect
ratio are known.

BACKGROUND
In passively ventilated spaces, key design considera-

tions are the number and size of the vents as well as the
resistance to flow along the flow path. Factors that act to
reduce flow through the space such as friction and flow
contraction are most significant where the cross-sectional
area open to the flow is smallest. It is standard practice in
airflow network tools to model the effects of friction and
flow contraction through large openings using a discharge
coefficient. The discharge coefficient is the ratio of the
actual flow to the ideal flow:

Q = CdA

√

2∆P
ρ

, (1)

where Q is the flow rate through the opening, A is the
area of the opening,∆P is the pressure difference across
the opening andρ is the fluid density (Irving et al. 2005).
More generally, flow through an opening can be modeled
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Figure 1: Schematic of window pivoted from the top of the
window frame.

with a power law relationship: the flowQ is proportional
to ∆Pn wheren approaches 1 in the limit of laminar flow
which occurs in narrow cracks, andn = 0.5 in the limit of
turbulent flow, which is consistent with Equation 1 (Sher-
man 1992). An overall discharge coefficient is sometimes
used to combine losses along the flow path from the in-
let, interior space and outlet into a single parameter. In
a typical passively-ventilated space, losses at the smallest
opening tend to dominate, but if the flow is routed through
ducts in the ceiling or floor this can also have a significant
impact on the overall discharge coefficient. In this study
Cd, refers to the discharge coefficient for a specific open-
ing.

For a sharp-edged rectangular orifice, the discharge co-
efficient isCd = 0.61. The discharge coefficient of an
orifice does vary to some degree with Reynolds number
(White 1999), but previous research shows little variation
of the discharge coefficient with Reynolds number for pa-
rameters appropriate for building ventilation (Heiselberg,
Svidt, and Nielsen 2001). The valueCd ≈ 0.6 is often
used for rectangular window openings. In the example
files provided with the Energy Simulation tool, Energy-
Plus, all simple and detailed windows and doors useCd

varying between 0.5 and 0.6 as the window is opened from
0% to 100%. Previous studies have suggested that the dis-
charge coefficient depends on the temperature difference
between the fluids on either side of the orifice, although
results differ on the sign and magnitude of the impact (Al-
lard and Utsumi 1992).

Pivoted windows (also known as top-, bottom- or side-
hung windows) are very common in buildings but the dis-
charge coefficient for this type of window is not currently
well parameterized. Coley (2008) highlights problems in
some airflow models with the modeling of top-pivoted
windows, specifically at very low angles for buoyancy-
driven exchange flows. The pivoted window pane can ob-

struct the flow, leading to a lower flow rate than through
a rectangular orifice of the same size. Heiselberg et al.
(2001) studied the discharge coefficient for pivoted win-
dows experimentally, howeverCd was calculated using
the minimum geometric area open to flow for A in Equa-
tion 1. In practice it is difficult to calculate the minimum
area open to air flow, whereas window opening angle and
the area open to flow in the vertical planeWH where W
and H are the window width and height are straightfor-
ward to measure or to specify in a design.

In the pivoted window case, the flow through the win-
dow is obstructed by the pane, and it is convenient to use
an effective area,Ae f f , to describe the equivalent area of
the rectangular orifice that would have the same flow Q
as the pivoted window opening. Using this effective area,
the discharge coefficient is that of a rectangular opening,
Cd,90 (i.e., the discharge coefficient of the fully open win-
dow, α = 90). Rather than using the productACd, where
A = WH andCd is the effective discharge coefficient for
a window at angleα, the product of the effective window
area and the fixed discharge coefficientAe f fCd,90 can be
substituted forACd in Equation 1.

In the EnergyPlus Airflow Network Model, the effect
of the flow obstruction due to the pivoted pane is included
in Ae f f by modifying the effective width of the window:

Wpivot =

(

1
W2 +

1
(2(HA−z)tan(α))2

)

−1/2

, (2)

for HA > z > h2, whereHA is the axis height,α is the
angle between the pivoted window and the wall, andh2 =
HA(1− cos(α)), as shown in Figure 1 for a top-pivoted
window. For the window shown here, the axis is at the top
of the window (HA = H), but some pivoted windows have
the axis at an intermediate height (see EnergyPlus 2011).
If z< h2, (area A4 in Figure 1) the effective width is the
full window width, W. The effective width is integrated
over the window height, H, to get an effective area,Ae f f

as a function of window angleα.

In this study, two parameterizations (the one above as
well as a modified version) are compared with previous
measurements as well as CFD simulations of flow rate
through pivoted windows. The airflow model ‘MacroFlo’
calculates the discharge coefficient for windows based on
test data supplied by window manufacturers, according to
model documentation (IES 2011). MacroFlo is a multi-
zone airflow model included in the energy simulation tool
Virtual Environment, developed by Integrated Environ-
mental Solutions Limited (IES), based on the Apache sim-
ulation engine. For a pivoted window at a specified angle,
the effective discharge coefficient is calculated by inter-
polating from a data set based on manufacturer test data.
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Figure 2: Detailed window geometry as modeled in Flu-
ent.

METHODS
A CFD test cell is used to examine the dependence of

Ae f f on inlet geometry. Flow through windows of sim-
ple and detailed geometry was simulated at a range of an-
gles and at two window aspect ratios:W/H = 0.5 and
W/H = 2. The simple window geometry simulated in this
study is an angled plane extending outward from the top
edge of a rectangular opening. Both the wall and window
pane have zero thickness. One example of a more detailed
window design shown in Figure 2 is also tested in this
study. This detailed window model also has a finite wall
thickness of 0.18m as shown. These two window types are
referred to as ‘simple’ and ‘detailed’, respectively. Win-
dows of two aspect ratios were tested over a range of win-
dow angles. The static pressure drop through the window
is calculated as a function of window angle for the steady-
state flow solution. For a constant flow rate Q, a rectangu-
lar orifice withA = WH will have a pressure drop across
the opening:∆P90 = 0.5Q2ρ/(Cd,90A)2, whereas the same
flow Q through a pivoted window at angleα leads to the
pressure drop:∆Pα = 0.5Q2ρ/(Cd,90Ae f f,α)2. The effec-
tive area as a fraction ofA = WH can then be calculated:

Ae f f,α

WH
=

(

∆P90

∆Pα

)1/2

. (3)

The effective discharge coefficient as a function of win-
dow angleα is also calculated from the simulation results
using Equation 1 whereA = WH and∆P is taken to be
the difference between the face-averaged static pressure
at the inlet and outlet of the domain. The domain height
was 3.4m and width was 3.6m. Symmetry boundary con-
ditions are imposed along the centerline plane, side wall,
top and bottom of the test cell. The upstream face of the
test cell serves as a large inlet 5m upstream of the win-
dow and the outflow boundary is 5m downstream of the
window. The flow rate per vertical opening areaWH was

10
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10
0
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0.385
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0.395
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C
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Figure 3: Effect of grid resolution on discharge coeffi-
cient. Here, the angle of the pivoted window is 30◦ and
the flow rate is0.28m3/s through the full window open-
ing(1.2m long by 0.6m high).

held constant for all simulations,Q/WH = 0.4m/s, and
was imposed by setting a constant velocity across the in-
let face. A typical Reynolds number for the flow through
the opening is about 20,000.

For the CFD simulations in this study, the Reynolds-
Averaged Navier-Stokes equations are solved for steady-
state solutions using ANSYS/Fluent. Flow in portions of
the domain is expected to be turbulent and so thek− ε
Renormalized Group Theory (RNG) turbulence closure
model is used. The RNG model is chosen over the stan-
dardk−ε model because the RNG model does not require
the specification of any empirical constants, and in recent
studies, the RNG model has been recommended for in-
door airflow simulations (Chen 1995; Ji, Cook and Hanby
2007; Zhang and Chen 2007). In this study, the use of the
standardk− ε model lead to very similar results but those
are not included here.

The air is modeled as an incompressible, ideal gas. For
the window discharge coefficient testing, the fluid density
is constant. The effects of compressibility are small for
these flows. The model spatial discretization is Green-
Gauss cell based with 2nd order upwind discretization for
the momentum, turbulent kinetic energy and turbulent dis-
sipation rate and the body force weighted discretization is
used for the pressure. The PISO scheme was used for
pressure-velocity coupling. For the two equationk− ε
RNG turbulence model, standard wall functions near the
wall were used. Under-relaxation factors of 0.3, 1, 1, 0.7,
0.8, 0.8, 1 and 1 were used for pressure, density, body
forces, momentum, turbulent kinetic energy, the turbulent
dissipation rate, turbulent viscosity, and energy. For the
single zone, stack-ventilated case referenced at the end
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of this study, the discrete transfer radiation model is used
along with 2nd order implicit transient discretization. In
this single zone case, the air density is a function of the
local air temperature

The test cell was also used to determine the sensitiv-
ity of the discharge coefficient to the grid resolution. As
shown in Figure 3, the calculated discharge coefficient,Cd

decreases by 7% when the grid size is reduced from 30cm
to 5cm. As the grid resolution is increased,Cd converges
to about 0.380. The value ofCd at 5cm grid resolution is
within 0.2% of the value at 2cm, thus it was concluded
that grid resolution of 5cm surrounding the window inlet
is sufficient.

RESULTS
For a top-pivoted window, the effective area from CFD

simulation results is compared in Figure 4 with the pa-
rameterization from EnergyPlus as a function of window
angle for a wide window (1.2m wide by 0.6m tall) and a
narrow window (0.3m wide and 0.6m tall). The results
from the CFD simulations differ by up to a factor of 2
from Ae f f/WH as calculated using the EnergyPlus pa-
rameterization. In Figure 4, the EnergyPlus parameteri-
zation compares more closely with the simulations for the
narrow window in (a), but in both cases the parameteriza-
tion leads to a smaller effective area than the CFD results
suggest. Although the agreement between the CFD and
EnergyPlus results is better at large angles and presum-
ably at the zero degree limit, the typical operational win-
dow angle is well between these limits. The CFD results
suggest the actual flow rate through a top-pivoted window
may be as much as twice the flow rate predicted by Equa-
tion 2.

The effective widthWpivot in Equation 2 is derived as
the harmonic mean of the window width W and 2 times
the width of A1 at some height z in Figure 1. Thus the ef-
fective width at height z will tend toward the smaller value
of W or 2 the width of A1+ A3. In the case of a wide win-
dow whereW >> H, the effective width at height z will
be the width of A1 + A3, not accounting for any flow that
may enter the window through A2. The expression for
Wpivot is modified here to include flow through the sides
(A1 and A3) as well as flow from beneath window (A2):

Wpivot,mod=

(

1
W2 +

1
(2(HA−z)tan(α)+sin(α)W)2

)

−1/2

.

(4)
If air entering the window opening flowing parallel to the
pivoted pane is considered, the additional term,sin(α)W,
in Equation 4 can be interpreted as the effective width
of the component of this flow normal to the rectangular
window frame opening. The modified effective width in
Equation 4 is integrated over the full window height to
get the effective areaAe f f of the pivoted window. The

resulting relationship between effective window area and
angle shows much better agreement with the CFD results
in Figure 4. The effective width as a function of eleva-
tion z was not verified in the CFD simulations, only the
overall effective area. The effective width as a function
of window height is particularly important for modeling
buoyancy-driven exchange flow through pivoted windows
in spaces with windows only at a single vertical elevation
as noted by Coley (2008).

Also shown in Figure 4 is the effective area from mea-
surements by window manufacturers of flow through top-
pivoted windows as provided in the IES MacroFlo docu-
mentation. IES lists the effective discharge coefficient by
window angle and window aspect ratio, and interpolated
values forCd are normalized byCd,90 to giveAe f f/WH.
Close agreement between the modified parameterization,
the data from window manufacturers and the CFD tests
for the simple angled window geometry suggests that the
CFD test cell provides an effective method to determine
the effective area of a pivoted window.

Figure 5 shows the discharge coefficient rather than the
effective area for the CFD results and manufacturer data,
as well as CFD results for the more detailed window de-
sign in Figure 2. The geometry of the window in Figure
2 varies somewhat from the idealized pivoted plane in a
thin wall surface: both the window pane and the wall have
finite thickness. Figure 2 provides one example of a piv-
oted window design, where windows of this design are
typically opened to angles between 35◦ and 50◦. The re-
lationship between window angle and effective discharge
coefficient is even more non-linear for this particular de-
tailed window design than for the simple angled window.
This may be due to additional flow obstruction at small
window angles caused by the wall and window thickness
in the detailed window case. When the window is fully
open, the discharge coefficient is somewhat higher for the
detailed window than for the simple window results, with
the manufacturer data falling in between. The finite wall
thickness in the detailed window geometry may channel
the flow more gradually through the window opening, just
as a tapered nozzle has higher discharge coefficient than a
sharp-edged orifice of the same opening size. This result
suggests that wall thickness may need to be considered
when determining the discharge coefficient, but the effect
of wall thickness is not explored in detail in this study.

SINGLE ZONE SIMULATION
The parameterization choice for the effective inlet win-

dow area (or discharge coefficient) can have a significant
impact on the predicted performance of passive ventila-
tion and cooling strategies. To demonstrate the impact of
the discharge coefficient, night flush (passive economizer)
cooling was simulated in a single building zone as seen in
Figure 6. The single zone room had a concrete slab floor
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Figure 6: Schematic of Single Zone example case simu-
lated in EnergyPlus and CFD. A pivoted inlet window is
on the left of the room zone and at the far end is a stack
exhaust with an outlet near the top.

and buoyancy-driven ventilation enters through a pivoted
window and is exhausted through a tall stack with a large
outlet. The single zone was initialized at a constant tem-
perature above the outdoor temperature and then the dur-
ing the simulation the temperature of the indoor air and
thermal mass gradually approaches the outdoor tempera-
ture as indoor-outdoor temperature difference drives the
stack ventilation. This single zone was simulated using
CFD and EnergyPlus with the set-up matched as closely
as possible between the two models.

Using the original parameterization in EnergyPlus to
determineCd, the EnergyPlus simulation of the single
zone predicted 38% less heat flushed from the building
than the CFD simulation of the same space. However,
when the discharge coefficient in the EnergyPlus model
was specified according to CFD results from the previ-
ous section, the agreement between the two models was
dramatically better (the CFD model predicted 7% more
heat flushed during the first 10 hours than the EnergyPlus
model). Using the modified parameterization in Equa-
tion 4 to calculate the discharge coefficient for the inlet
window, in this exampleCd is 2.3 times larger than the
value calculated by the original formulation used in Ener-
gyPlus. Outdoor obstructions and internal partitions can
add to the overall resistance to flow along the path of the
passive ventilation, but the resistance to flow (and thus
the overall discharge coefficient) is typically dominated
by the inlet vent geometry (or outlet vent, whichever has
smaller area).

With careful attention to the input parameters, this ex-
ample suggests that airflow network models can replicate
the bulk temperature evolution behavior seen in CFD sim-
ulation of buoyancy-driven ventilation in simple spaces.
Detailed comparison of EnergyPlus and CFD simulations
of buoyancy driven ventilation will appear in a forthcom-

ing study. The impact of the discharge coefficient on the
passive cooling capacity will depend on the design of a
particular building (including thermal mass, window size
and angle), so this example is provided only as a point
of reference. This example demonstrates that the pre-
dicted performance of passive and mixed-mode ventila-
tion strategies are quite sensitive to the discharge coeffi-
cient and window area of vents.

SUMMARY
Detailed CFD simulations can be provide a flexible tool

to parameterize geometry and flow-specific coefficients,
specifically discharge coefficients though openings. The
existing formula used in EnergyPlus to calculate the ef-
fective area of pivoted windows tends to under-predict the
flow rate through the opening by up to 50%. A modifi-
cation to this expression is proposed that takes into ac-
count the airflow through the sides as well as the bottom
of an open, horizontally-pivoted window. Both CFD re-
sults and data from window manufacturers agree well with
the modified formula and the recommendation is that this
new formula be included in airflow network models. The
current pivoted window parameterization used in airflow
network models such as EnergyPlus may underestimate
the cooling capacity for passive ventilation by up to 50%.
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NOMENCLATURE
Q flow rate through window
Cd discharge coefficient
A opening area
∆P static pressure drop across window
ρ fluid density
W width of window opening
H height of window opening
Wpivot effective window width
HA height of pivot axis
z height
α window angle
h2 height of bottom of pane
Ae f f effective window opening area
H height of window opening
Wpivot effective window width
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ABSTRACT
Energy modeling approaches have continued to ad-

vance to cater for emerging new design concepts to-
wards“greener” solutions that optimize energy consump-
tion in buildings while maintaining thermal comfort as
well as healthy environment. Increasing attention is given
to passive and mix-mode systems in building. Compu-
tational Fluid Dynamics (CFD) model has been widely
adopted as effective tool for natural ventilation simula-
tions. However, CFD become unstable for conjugate heat
transfer model, which is the transient heat transfer be-
tween solid, e.g., walls, and fluid, e.g., air. Solid and fluid
has different respond times. Typically walls respond in
hours, and air responds in seconds, causing the system to
become stiff. In addressing the issue, a coupled lumped
heat transfer model (EnergyPlus) and CFD model (Flu-
ent) was implemented, and 8 days of simulation was con-
ducted. The airflow rates of openings from the airflow net-
work module in EnergyPlus and airflow rates from CFD
model were compared. Results show that airflow network
model generally predict smaller airflow rates for the open-
ings. Airflow network model generates better results for
openings on the south and east facade and internal open-
ings, with difference ranging from −100% to −200%.

INTRODUCTION
Energy modeling approaches have continued to ad-

vance to cater for emerging new design concepts towards
“greener” solutions that optimize energy consumption in
buildings while maintaining thermal comfort as well as
healthy environment. Instead of the conventional ap-
proaches that rely solely on mechanical system to pro-
vide the desired thermal conditions, increasing attention
is given to passive and mix-mode systems in building.
Notwithstanding the advances in system modeling, there
are still limitations in the capability of representing the
“real” environmental behavior with different building spa-
tial configurations. For example, most current energy
models adopt a “nodal” approach to simulate the heat
transfer process in the building, with simplified heat resis-
tors and capacitors network. The underlying assumption

for nodal model is the uniformity of room temperature,
which may apply to most of the building zones with mod-
erate room size. However, limitations also come with such
nodal approach:

• Priori and empirical knowledge of various coeffi-
cients are needed for model input, such as wind pres-
sure coefficient, heat transfer coefficient, loss factors,
friction factors, etc.

• Effects of thermal and air flow patterns introduced
by building spatial configurations are difficult to be
represented into the model.

More detailed zonal model, such as COMIS ((Feustel
and Rayner-Hooson 1990)), has been developed for ven-
tilation design in complex buildings. However, research
(Mora, Gadgil, and Wurtz (2003)) shows that the results
of zonal model are not satisfiable compared with even
coarse-grid CFD models under isothermal conditions.

Finite Volume Method (FVM) such as the Computa-
tional Fluid Dynamics (CFD) on the contrary will perform
detailed computation on the heat transfer and air flow sim-
ulation, which could supplement the nodal model for the
building energy simulation. Detailed temperature profile
and air flow field are calculated with first principle based
Navier-Stokes set of equations and turbulence models.
Coefficients, such as the heat transfer coefficients, will be
the results of the simulation, which is defined by a set
of boundary conditions. However, limitation also comes
with CFD. Firstly, the computation resources needed for
CFD simulation are much more expensive than the nodal
model. Secondly, the coupling between fluid and solid
material is difficult and computational more expensive,
thus the thermal storage capacity of building component
is difficult to be correctly modeled. Therefore, CFD has
been limited to detailed studies of given space under a
number of specific boundary conditions. However, with
the rapid development of computation power, the compu-
tation time of CFD is decreasing, it is highly necessary
to develop an integrated thermal simulation that combines
the advantages of both the nodal and FVM model, provid-
ing higher accuracy within acceptable computation time.
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The nodal model calculation of the heat transfer pro-
cess in the building is based on the fundamental heat bal-
ance principles. Each zone is assumed with uniform state
variables of temperature, pressure and density. Empirical
coefficients are used to calculate the state variable trans-
fer fluxes between each node. One example of how such
nodal system is implemented is shown as following:

Cz
dTz

dt
=

Nsl

∑
i=1

Q̇i +
Nsur f aces

∑
i=1

hiAi(Tsi −Tz)+
Nzones

∑
i=1

ṁiCp(Tzi −Tz)

+ṁin fCp(T∞ −Tz)+ Q̇sys

(1)

Where:

Cz
dTz
dt room air energy change rate,

∑
Nsl
i=1 Q̇i

sum of the convective heat
transferred through internal heat
sources or sinks,

∑
Nsur f aces
i=1 hiAi(Tsi −Tz)

sum of the convective heat trans-
ferred through building envelope,

∑
Nzones
i=1 ṁiCp(Tzi −Tz) total energy of infiltration air,

ṁin f Cp(T∞ −Tz)
energy from neighbor zones air
mixing

Q̇sys system output,

In equation 1, the heat transfer coefficient needs to be
determined for a given set of boundary conditions that de-
fine the thermal and fluid fields in the space. Various em-
pirical correlations have been developed to calculate the
heat transfer coefficient, which are dependent on the am-
bient air flow characteristics. However, the lack of knowl-
edge of the air flow, will lead to considerable errors in the
heat transfer prediction of the nodal model for buildings,
where the heat transfer process is complex by nature. Re-
search (Zhai et al. (2002)) shows that differences in heat
transfer coefficient between CFD and empirical equation
can range from 1.42 W/m2K to 111.41 W/m2K. Mora,
Gadgil, and Wurtz (2003) investigated the effectiveness
of zonal model in describing the airflows in large indoor
space. A coarse-grid CFD simulation was also carried out.
Velocity predictions from different formulations of zonal
models and coarse-grid k− ε CFD model were compared
to measurements in a 2D isothermal room. The results
showed that zonal model prediction was not satisfactory
compared with coarse-grid CFD model (grid of 10×10).
Negrao (1998) studied the heating process in a room with
a thermostat and a heating radiator both in a nodal model
and a CFD-nodal model. The ESP-r program, which is a
nodal model for building thermal computation, was used
to compute the required energy generation by the radi-
ator, based on the calculated room air temperature and
thermostat setting. Significant difference in the resulting
heat generation requirement and the room air temperature

had been observed between the two models. Wang and
Wong (2008) studied the performance of naturally ven-
tilated residential buildings in Singapore. A zonal model
for building thermal performance and airflow network was
used, and a manual coupled approach between the zonal
model and CFD was also developed. Field measurement
was carried out in a real building in Singapore. Compared
with measurements, the discrepancy of indoor air veloc-
ity and dry bulb temperature predicted by zonal model
was larger than that predicted by the coupled model. Na-
gai and Kurabuchi (2009) constructed a nodal model for
a high-rise apartment building with central void through
the whole height of the building in Japan. The simula-
tion results of the air temperature in the void space and
the surface temperatures of the corridors were compared
with measured data. Results generated by the nodal were
generally lower than the measured data.

PREVIOUS WORKS
Manual coupling of the CFD model and nodal model

has been done for many geometrical complicated build-
ings. Nagai and Kurabuchi (2009) used CFD to decide
the coefficients in the nodal model for a high-apartment
building with central void space throughout the height of
the building in Japan. Manz and Frank (2005) used an
one-way-static coupling to study the thermal performance
of double facade buildings. Wong et al. (2005) also cou-
pled CFD and nodal model to study the performance of
double facade building in a tropical climate in Singapore.

Research work on automated coupling of the nodal
model and CFD model at run time is dated from 1990s.
Negrao (1995) implemented a full iterative coupling ap-
proach of the nodal modal and CFD model. Selected
space was simulated with CFD, and ESP-r was used as
the nodal model. The coupled variables were: surface
temperature of all the walls and windows, and the pres-
sures at the internal openings that connect the space with
the rest of the building. A full iterative strategy has been
used, where coupled variables will be exchanged at each
iterative step until a convergence criterion was reached at
each time step. It was found that low under-relaxation
(0.1) was necessary in order for the CFD computation to
converge for the coupled system. The number of iteration
of the CFD computation was increased compared with the
uncoupled CFD computation.

Based on the work by Negrao (1995, Negrao (1998),
Beausoleil-Morrison (2000, Beausoleil-Morrison et al.
(2001, Beausoleil-Morrison and Clarke (1998) contin-
ued with the investigation of the coupling between nodal
model (ESP-r) and CFD model. A conflation controller
was implemented to configure the CFD model at each
time step. At the start of each time step, the zero-equation
turbulence model was employed, and the resulting vis-
cosity flied was used to initialize the k − ε turbulence
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model. Grashof Number (the ratio of buoyancy and vis-
cous forces) and Reynolds Number (the ratio of inertial
and viscous forces) were evaluated. The existence of the
buoyancy term in z-momentum equation was determined.
The conflation controller would then choose the appropri-
ate turbulence model and near wall model. An empirical
validation of the coupled model by Beausoleil-Morrison
(2000) is conducted by Bartak et al. (2002). Two CFD
models with coarse-grid and fine-grid were constructed
and compared with experimental results. It was found that
the coarse-grid and fine-grid CFD produced comparable
results. Variables validated were air temperature, comfort
parameters, and local mean age of air under isothermal
and non-isothermal conditions. Good agreements were
found between the predicted and measured data.

Djunaedy, Hensen, and Loomans (2003), Djunaedy,
Hensen, and Loomans (2004b), Chen, Peng, and van
Passen (1995) and Zhai et al. (2001) discussed both the
advantages and disadvantages of internal coupling of the
CFD and nodal model. It was concluded that external cou-
pling is more favorable in terms of no stiffness issue, less
expensive, nodal and CFD model themselves are indepen-
dent and can be optimized individually.

Zhai and Chen (Zhai et al. (2002), Zhai and Chen
(2003), Zhai, Gao, and Chen (2004), Zhai (2004), Zhai
(2005), Zhai (2006)) also investigate the coupling strat-
egy extensively. They implemented a coupling strategy to
exchange heat transfer coefficient and surface boundary
conditions between nodal model and CFD model through
dynamic or static coupling. Hereby, static and dynamic is
the strategy used for data exchange instead of thermal pro-
cess. A sensitivity study was also carried out to investigate
the effectiveness of the coupling method in improving the
building energy simulations. Their results showed that for
rooms with moderated size, without sensible temperature
stratification, the coupling approach shows marginal ef-
fect. However for rooms with large temperature stratifica-
tion, the discrepancy between coupled method and nodal
model is significant (42%). Wang (2007), Wang and Chen
(2005) proved theoretically that the coupled model has a
solution and it is unique. The investigation used Scarbor-
ough criterion to evaluate convergence performances and
analyzed the stabilities of three coupling strategies, which
are pressure coupling, pressure and flow rate mixed cou-
pling, and flow rate coupling. It was found that the pres-
sure coupling performs best.

Wang and Wong (2008) developed a text-based inter-
face for automated coupling program to extract and ex-
change information between TAS (nodal model) and Flu-
ent (CFD model). External coupling was used and results
showed that coupled program yield better results com-
pared with single nodal or CFD model. Wang and Wong
(2009) compared velocity inlet coupled and pressure in-

let coupled strategy, and found that pressure inlet coupled
strategy gave better results.

COUPLING METHOD
EnergyPlus is chosen as the nodal model for the cou-

pled simulation platform. EnergyPlus is a program to cal-
culate the energy required for heating and cooling a build-
ing using a variety of systems and energy sources over a
year’s period. The Fluent software is chosen as the FVM
model for the coupled simulation platform. Fluent uses
FVM method, which is usually referred to as Computa-
tional Fluid Dynamics (CFD), to solve the fluid dynamic
problems. Fluent software is one of the most widely used
and extensively tested software in the architectural appli-
cations domain. It provides multiple modelling capabil-
ities of flow, turbulence, heat transfer, thermal radiation,
solar module, and mass transfer, etc.

Coupling Strategy
The coupling approaches between the nodal and FVM

model can be characterized into three types:
• Full internal coupling, where the set of equations for

nodal model and CFD model are solved together it-
eratively. Research (Negrao (1998)) shows that such
internal coupling will generate a cluster of equations
referring to different sub-systems (such as building
zones, CFD equations and plant systems), which is
large and sparse. If established, this large sparse ma-
trix would require the square of the sum of the sub-
system matrices for its storage.

• Iterative external coupling, where the set of equa-
tions for nodal model and set of equations for CFD
model are solved individually, the variables are ex-
changed with an iterative procedure until a converged
state is achieved.

• Progressive-Replacement external coupling, where
the set of variables are exchanged after each model
comes to a converged state at each time step.

Research (Negrao (1998)) shows that the fully internal
coupling and iterative external coupling will require larger
number of iterations to reach convergence, e.g., approx-
imately 600 iterations were necessary for a simulation
which required approximately 200 iterations for an indi-
vidual CFD simulation. It is also found that the conver-
gence of the iterative approach is difficult even for simple
room simulation. One of the conclusions from the above
study is that the nodal model and CFD model can be satis-
factorily achieved by maintaining each method’s solution
algorithm separately. Furthermore, research (Djunaedy,
Hensen, and Loomans (2004a)) found that difference in
simulation results between internal coupling and external
coupling is not significant. However, the benefits of the
external coupling are three folds:

• Computationally less expensive.
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• Nodal and CFD model can be maintained and up-
dated individually.

• Configurable exchange variables.
This study will implement the Progressive-

Replacement external coupling strategy. The exchange
variables will be exchanged after each model, i.e., the
nodal and the CFD model, comes to its converged state at
each time step.

Coupling Variables
As previously mentioned, nodal model requires vari-

ous building specific heat and mass transfer coefficients,
which can be obtained from CFD simulation. At the same
time, the CFD tool may have stiffness problem in solving
transient conjugate heat transfer with conduction and con-
vection between the building envelope components and
air in the space. Based on the characteristics of the two
models, a collection of coupling variables was selected.

The nodal model will provide to the CFD tool all the
interior and exterior surface temperatures of the envelope
components of the building and outdoor weather condi-
tions. The CFD tool will take temperatures of various
building surfaces as settings of the thermal boundary con-
ditions, including both interior surfaces and exterior sur-
faces. For natural ventilation, wind is the driving force of
the flow through the openings in the building. The wind
conditions, in terms of speed and direction, provided by
the nodal tool from weather data will be used to deter-
mine the boundary type of the four boundary surfaces of
the simulation domain. For example, if the wind is com-
ing from south, with a speed of 2m/s, the surface of the
south bound will be set as velocity inlet, with incoming
wind velocity of 2m/s. The north bounding surface of the
domain will be set as outflow. The east and west bound-
aries will be set as symmetry assuming there is no shear
strain on the surface.

The CFD tool will conduct the steady state natural ven-
tilation simulation. A post processing program will be
implemented to extract the temperature profile and veloc-
ity fields from CFD tool and then to calculate the values
for the exchange variables, which include the following:
• Airflow rates through all the openings.
• Average air temperatures through the openings.
• Surface heat transfer coefficients for all the envelop

surfaces.

Coupling Platform
The coupling platform will be based on Building Con-

trols Virtual Test Bed (BCVTB (Wetter et al. 2011)),
which is a software environment targeted to provide an in-
tegration platform for various simulation tools. BCVTB
allows expert users to couple different simulation pro-
grams for distributed simulation or for a real-time simula-
tion that is connected to a building control system. For ex-

ample, the BCVTB enables concurrent energy simulation
of whole building in EnergyPlus with HVAC system and
operating control in c++ program, or MATLAB/Simulink,
while exchanging data between the programs at each time
step. The BCVTB is based on the open-source Ptolemy
II software environment from University of California at
Berkeley (UCB). The BCVTB is still under development
and aimed at expert users of simulation.

EnergyPlus object in support of the coupling

In this study a new object called the ”ExternalInter-
face:Airflow” will be added for the purpose of coupling
between nodal and CFD model for air flow simulations.
The entry of the objects are designed as follows:

ExternalInterface:Airflow,
\memo object to set the airflow rate of the opening

from externalInterface
\min-fields 3

A1 ,\field Opening Surface Name
\required-field
\type alpha
\note this name is the opening surface name

A2,\field Zone name that the air is flowing in through
the opening

\required-field
\type alpha

N1;\field Optional Initial value
\type real
\note If specified, it is used during warm-up and system sizing.
\note If not specified, then the airflow only writes the
\note airflow to the zone after the warm-up and system sizing.

The ExternalInterFace:Airflow object is designed to set
the airflow rate for each piece of the openings in the build-
ing. The input entry of ExternalInterFace:Airflow will
specify the name of the opening, and zone name that the
air is flowing in (positive value) or flowing out from (neg-
ative value). The value of heat transfer coefficient will be
updated through the ExternalInterface:Schedule object.

FlowPlus program for executing CFD simulation and
extracting coupling variables

A c++ program, called FlowPlus, was developed to ex-
ecute the Fluent software to conduct the CFD simulation
and extract the results for the coupling variables. The pro-
gram will read in the variable configuration file, which
specifies the exchange variables that EnergyPlus is send-
ing and also the variables that are needed to be extracted
from Fluent simulation results. Then the program will use
the values obtained from EnergyPlus to generate a Fluent
journal file, which will set the boundary conditions for
the CFD simulation. Then Fluent software will be called
to execute the CFD simulation according to the boundary
conditions that are specified in the journal file. After Flu-
ent finished executing the iteration, the FlowPlus will ex-
tract the temperature profile and velocity fields from Flu-
ent and calculate the values for the exchange variables and
send the values to EnergyPlus through BCVTB.
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The variable configuration file

The variable configuration file is the key component used
to specify the exchange variables. The file follows XML
file format. A XML schema for the variable configuration
file was defined as follows:

<?xml version="1.0" encoding="UTF-8"?>
<!ELEMENT BCVTB-variables (variable+)>
<!ELEMENT variable ( EnergyPlus* ) >
<!ELEMENT EnergyPlus (#PCDATA)>
<!ATTLIST EnergyPlus name CDATA #IMPLIED

type CDATA #IMPLIED>
<!ATTLIST EnergyPlus schedule CDATA #IMPLIED>
<!ATTLIST EnergyPlus actuator CDATA #IMPLIED>
<!ATTLIST EnergyPlus variable CDATA #IMPLIED>
<!ATTLIST EnergyPlus airflowrate CDATA #IMPLIED>
<!ATTLIST EnergyPlus airflowtemp CDATA #IMPLIED>

The attribute name and type together provide the
name and type of the variables that EnergyPlus will ex-
port. The schedule, actuator and variable correspond
to ExternalInter f ace : Schedule, ExternalInter f ace :
Actuator and ExternalInter f ace : Variable respec-
tively.The air f lowrate and air f lowtemp together will be
used by the ExternalInter f ace : Air f low object in Ener-
gyPlus to update the flow rates and flow temperature. The
FlowPlus program will report the airflow rates and airflow
temperature for the two elements respectively. The se-
quence of the exchange variable is organized as the same
as the sequence of elements in the variable configuration
file. Then EnergyPlus and FlowPlus will assemble and
disassemble the exchanged data according to the variable
configuration file. An example of the variable configura-
tion file is as follows:

<?xml version="1.0" encoding="ISO-8859-1"?>
<!DOCTYPE BCVTB-variables SYSTEM "variables.dtd">
<BCVTB-variables>

<variable source="EnergyPlus">
<EnergyPlus name="ENVIRONMENT" type="OUTDOOR DRY BULB"/>

</variable>
<variable source="EnergyPlus">
<EnergyPlus name="ENVIRONMENT" type="WIND SPEED"/>

</variable>
<variable source="EnergyPlus">
<EnergyPlus name="int_Blg_661_z1_w"

type="Surface Inside Temperature"/>
</variable>
<variable source="Ptolemy">
<Fluent airflowRate="int_Blg_661_z2_cc1_win1"/>

</variable>
<variable source="Ptolemy">
<Fluent schedule="int_Blg_661_z1_w"/>

</variable>

In the above example variable configuration file, Ener-
gyPlus will export the outdoor dry bulb temperature, the
wind speed, and the inside surface temperature of surface
int Blg 661 z1 w. The FlowPlus program will take the
exported value from EnergyPlus and report back the air-
flow rate for opening int Blg 661 z2 cc1 win1 and open-
ing int Blg 661 z2 cc2 win2 and the heat transfer coeffi-
cient for surface int Blg 661 z1 w.

Coupling Process
The BCVTB program will invoke the coupled simula-

tion by calling both the EnergyPlus and FlowPlus. First,
EnergyPlus will start the initialization process and con-
duct the simulation for the first time step. After Ener-
gyPlus finishes computation for the first time step, Ener-
gyPlus will send the variable values through BCVTB to
FlowPlus and halt till it receives data back from BCVTB
for next time step. On receiving the data FlowPlus will
start the steady state CFD simulation and wait till a
converged stage of the steady state CFD simulation is
reached. The FlowPlus program will then extract the val-
ues for all the defined exchange variables, i.e., flow rates
of openings, average temperature of the flow and surface
heat transfer coefficients, and send the data to EnergyPlus
through BCVTB. The above process finishes one cycle
of data exchange. To continue, on receiving the data back
from BCVTB, EnergyPlus will compute the next time step
for the next cycle of data exchange and so on.

CASE STUDY
The live retrofit building 661 on the Philadelphia Navy

Yard was chosen for the case study of the coupling plat-
form and methodology developed in the previous section.
This historic building features a shared open space at the
back with gross area of about 1600m2, and a two story
space in the front with gross area of about 800m2 for each
floor. After retrofit, the building will house GPIC per-
sonnel, and function as living laboratories for develop-
ing tools and methods to transform the building industry’s
current fragmented serial method into integrated team ef-
forts. The building model is shown in Fig. 1.

Simulation Scenarios Selection
The simulation of natural ventilation was chosen as the

case study on the coupling between the nodal model and
the CFD model. Natural ventilation is considered to be
most complicated in terms of airflow simulations, and it
is a very important strategy for energy efficient buildings.
The accurate simulation of natural ventilation will provide
architects and engineers with more insight during the de-
sign process of the energy efficient buildings.

The weather condition in Philadelphia is first analyzed.
Hours when outdoor weather conditions satisfy the crite-
ria of ASHRAE Fundamentals Comfort Model were iden-
tified. The month of June has the highest number of hours
that outdoor conditions are comfortable, and potentially
natural ventilation can be deployed. Thus the month of
June is chosen as the simulation period for the study of
coupling between nodal model and the coupled model.

RESULTS
The airflow rates calculation method by the nodal

model in EnergyPlus, and the airflow rates calculation
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Figure 1: The SketchUp model of the Building 661 and
the surrounding buildings for the coupling study.

method by the coupled CFD model were described in the
following sections.

Airflow Rate Computation Method in Nodal Model
The AirflowNetwork model in EnergyPlus consists of

a set of nodes connected by airflow components through
linkages. Each zone is a node in the system, and openings
will be linkages between the nodes. The pressure and air-
flow is the relationship between the components (nodes,
i.e., the rooms) of the system. The pressure and airflow
calculations determine pressure at each node and airflow
through each linkage given wind pressure and forced air-
flows, (EnergyPlus 2011).

Newton’s method is used to solve for node air pres-
sures. Starting with an initial set of values for the node
pressures, an iterative process will be carried out till the
mass balance of each node is approaching to zero (less
than a convergence value).

Airflow Rate Computation Method in CFD Model
The CFD software Fluent deploys turbulence model

with Navier-Stocks equations to solve the flow field and
the temperature profile in the simulation domain. The air-
flow rate of a opening is calculated as the summation of
flow per unit area as shown in equation.

Q =
n

∑
i=0

vi ·Ai (2)

where:

Q the volume flow rate of the opening, m3/s
vi the velocity of mesh element i on opening surface, m/s
Ai the area of mesh element i on opening surface, m2

Airflow Rates Comparison
The airflow rates of each of the openings computed

from the airflow network model and the coupled CFD
model are shown in Fig. 2, and air change rates for the
5 zones are shown in Fig. 4. The following observations
were obtained:
• Airflow network generates same airflow rate for

openings with same area, on the same facade of the

same thermal zone.
• Airflow network model generally predicts smaller

airflow rates for the openings.
• Airflow network model generates better airflow rates

for openings on the south and east facade and inter-
nal openings, with difference ranging from −100%
to−200% from the coupled model of about 2.5m3/s
to 6m3/s.

• The difference between the airflow network model
and the coupled CFD simulation for openings on the
north facade and clear story openings are generally
bigger (600% for a clear story opening from the cou-
pled model of about 2m3/s, and −600% for an open-
ing on north facade from the coupled model of about
1m3/s). The reason for the bigger difference on north
facade is because that there is a very close adjacent
building to the north of the building which makes the
airflow pattern near the north facade more compli-
cated, which is hard to capture with airflow network
model. The percentage differences of airflow rate for
openings on north facade range from 100% to 770%
from the coupled model of about 1m3/s.

• Due to the differences in the predictions of airflow
rates of all the openings, the resulting air change
rates of all the zones are quite different. Especially
for zone Z2, which has clear story openings, the
airflow network generates relatively higher airflow
rates compared to the coupled simulation, therefore,
the air change rate prediction from airflow network
model of zone Z2 is higher than that computed from
the coupled model. Air change rates predicted by
nodal model for other zones are generally lower than
that predicted by the coupled model, as a result of
the differences in airflow rate calculation of the open-
ings.

CONCLUSION
A coupled simulation platform between nodal model

and Finite Volume Method (FVM) model for advanced
building thermal simulation was implemented and tested
with a live retrofit building project at the Philadelphia
Navy Yard.

From the study of airflow rates through openings under
natural ventilation, it is found that Airflow network model
in EnergyPlus generates same airflow rate for openings
with same area, on the same facade of the same thermal
zone. Airflow network model generally predict smaller
airflow rates for the openings. Airflow network model
generates better airflow rates for openings on the south
and east facade and internal openings, with difference
ranging from −100%to− 200% from the coupled model
of about 2.5m3/s to 6m3/s. Due to a very close adjacent
building to the north of the building, the difference be-
tween airflow network model and coupled CFD simula-
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Figure 2: The flow rates comparison between nodal air-
flow network model and coupled CFD model for windows
on the south (a), north(b) and east (c) facade. Airflow
rates comparisons for the clear story (d) and internal
doors (e).
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Figure 3: The averaged percentage difference of airflow
rate values during run period of June 1st to June 8th be-
tween values generated with nodal airflow network and
coupled simulations.

25

The Air Change Rates Comaprison Between Airflow Network Model and Coupled 
CFD Model Coupled_CFD_Z1

Coupled_CFD_Z2
Coupled CFD Z3

15

20

Ra
te
 (1

/h
r)

Coupled_CFD_Z3
Coupled_CFD_Z4
Coupled_CFD_Z5
AirflowNetwork_Z1
AirflowNetwork_Z2
AirflowNetwork Z3

5

10

Ai
r C

ha
ng
e 
R AirflowNetwork_Z3

AirflowNetwork_Z4
AirflowNetwork_Z5

0

40
:0
0

20
:0
0

00
:0
0

40
:0
0

20
:0
0

00
:0
0

20
:0
0

00
:0
0

00
:0
0

40
:0
0

00
:0
0

40
:0
0

20
:0
0

00
:0
0

40
:0
0

20
:0
0

40
:0
0

20
:0
0

00
:0
0

A

06
/0
1 
 0
9:
4

06
/0
1 
 1
1:

06
/0
1 
 1
3:
0

06
/0
1 
 1
4:
4

06
/0
1 
 1
6:

06
/0
1 
 1
8:
0

06
/0
5 
 0
8:

06
/0
5 
 1
0:
0

06
/0
5 
 1
2:
0

06
/0
5 
 1
9:
4

06
/0
7 
 0
7:
0

06
/0
7 
 0
8:
4

06
/0
7 
 1
0:

06
/0
7 
 1
2:
0

06
/0
7 
 1
3:
4

06
/0
7 
 1
5:

06
/0
7 
 1
8:
4

06
/0
7 
 2
0:

06
/0
7 
 2
2:
0

Figure 4: The Air Change Rate (ACH) values for the 5
zones during run period of June 1st to June 7th between
values generated with nodal airflow network and coupled
simulations.

tion for openings on the north facade are generally big-
ger, which is around −600% for openings on north facade
from the coupled model of about 1m3/s. The percent-
age difference of airflow rate for openings on north fa-
cade ranges from 100% to 770% from the coupled model
of about 1m3/s.
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ABSTRACT 

The need for precision data to support building perfor-
mance is growing exponentially, yet the quality and 
availability of weather data has not changed in decades.  
We present a new online weather data service with im-
mediate access to precision, localized weather history, 
current conditions and forecasts. The localized weather 
is created by integrating all available ground station 
observations with high-resolution datasets from NOAA 
from 1/1979 through seven-day forecasts. The system 
also accepts input from on-site private sensor(s). It is 
designed to support modeling and on-going monitoring, 
predicted vs. actual performance and to enable advanc-
es in monitoring and predictive control. The quality of 
the output has been verified in comparisons with sites 
with multiple weather stations. 

INTRODUCTION 

Accurately categorizing the climate at any location, 
essential for reliable simulation and analysis of energy 
systems, requires at least 30 years of statistically sta-
tionary hourly observation history. However, only a 
limited number of weather sensor stations have been 
operating for that period – less than 1000 in the world 
with over 80% complete data and only a small fraction 
of those include solar radiation. Nearly all of these sta-
tions capture the climate only at the airport and further 
the vast majority of global weather stations are clus-
tered in the larger cities of the United States and Eu-
rope.  This leaves vast areas of the world with either no 
data or weather data mathematically interpolated from 
stations that could be hundreds of kilometers distant.  
Early in 2010, after more than six years of research and 
development,   NOAA’s   National   Centers   for   Environ-
mental Prediction (NCEP) released numerical output 
from its Climate Forecast System Reanalysis (CFSR) 
model. This effort yielded a high quality 31-year global 
reanalysis of the ocean and atmosphere covering the 
whole world and the period 1979–2009 [1]. Included in 
this release is an hour-by-hour dataset consisting of 
over four dozen atmospheric and environmental varia-
bles at about 35-km horizontal resolution. In early 2011 
the CFSR datasets were expanded to 520 variables in-

cluding soil temperature, soil moisture at ground level 
and wind, temperature and other variables at altitude.  
This new full dataset covers the full period January 
1979 through current time and is kept up to date with 
continuous releases every 6 hours. 

There is a growing need for precision weather data for 
operations and decision support particularly in energy 
modeling, rating and management applications.  This 
contribution describes the efforts undertaken at Weather 
Analytics (WxA) to integrate this new CFSR data along 
with the output of the NOAA Global Forecast System 
with ground station observations to provide precision, 
localized climate profiles, recent history, current condi-
tions, and forecasts for any location in the world. The 
output is formatted for multiple modeling systems.  
Global online access is provided to engineers and ana-
lysts as are full API and web services support for mod-
eling, simulation, and energy management systems. 
Availability of this precise, localized climate and 
weather data anywhere should improve accuracy and 
consistency of energy use rating, modeling and simula-
tion and may also enable a range of other applications. 

HISTORICAL WEATHER AND CLIMATE DATA 

Brief Overview of the CFSR Model System 
NCEP’s   CFSR   system   is   a   special   application   of   nu-
merical weather prediction (NWP) modeling technolo-
gy which is based on the fundamental physical laws 
governing the evolution of the earth-atmosphere sys-
tem. Modern real-time NWP modeling operations are 
supported by the sophisticated Global Data Assimila-
tion System (GDAS). GDAS orchestrates the collec-
tion, quality control and preprocessing of raw in situ 
and remote sensor data from a wide array of sensor 
systems including ground stations, satellites, buoys, 
balloons, aircraft and ships. 

Traditionally, NWP models have been implemented as 
initial-value applications to provide forecast guidance 
products for weather forecasters. The initial condition 
analysis created from GDAS is extrapolated into the 
future with the future evolution of the earth-atmosphere 
system constrained by physics. In this case, the past 
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evolution of the earth-atmosphere was modeled starting 
at the end of 1978 through today with the historical 
GDAS observations continuously assimilated into the 
model as the model reaches the times corresponding to 
the observations. Figure 1 shows the NWP model mov-
ing through time and the various sensor systems (many 
satellite based) entering the model as they are commis-
sioned.  

 

Figure 1 When observation data types enter the CFSR 
stream. 

CFSR Data Processing and Integration 
Over 90 terabytes of native CFSR data was downloaded 
and transferred in its GRIB format. Next the infor-
mation was peeled from its month by month global 
structure to one which would support continuous hour-
by-hour time-series of weather variables for any loca-
tion selected. Then each weather variable was convert-
ed into its most useful form and the final completed 
dataset was assembled into a direct-access structure to 
facilitate rapid response to requests for any given loca-
tion. This process is schematically visualized in Fig. 2. 

 
 

Figure 2 Schematic of weather data processing 
 architecture 

This data was then integrated with the archived output 
of nearly 8,000 reporting METAR/ICAO stations using 
a modified Cressman algorithm with station observation 
influence based on both time and distance as shown in 
Figure 3.   

 

Figure 3 Integration of local observation data with 
NOAA CFSR area data using a modified Cressman 

algorithm. 

A MOS-based technique was used to fill in any gaps in 
station observations using the local CFSR data (Fig. 4) 
The data is then temporally and spatially aligned with 
the   output   from  WxA’s   forecast   system   into   a   single  
unified structure consisting of localized, hour-by-hour 
weather data from the beginning of 1979 through cur-
rent conditions, as well as a 7-day forecast. 

 
Figure 4 MOS-based techniques using local CFSR data 

to fill observation gaps for a station in Nigeria. 

Addition of Solar Irradiance Variables  
Among the variables in this CFSR hour-by-hour dataset 
is   Global   Horizontal   Irradiance   (GHI)   at   the   Earth’s  
surface. To extend the value of this output Weather 
Analytics calculated DNI from GHI using an appropri-
ate adaptation of the Perez separation algorithm [3].  

This methodology also produces Diffuse Horizontal 
Irradiance, which further enables the construction of 
Typical Meteorological Year (TMY), as well as single 
Actual Meteorological Year (AMY) EnergyPlus weath-
er (epw), .tm2, .tm3, and .bin format files to support 
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multiple engineering models and simulation systems in 
common use, such as EnergyPlus, TRACE, eQuest, 
IES, Bentley, SAM, or TRNSYS. 

LOCALIZED WEATHER FORECAST DATA 

The historical data output integrates the 35-km resolu-
tion CFSR data with stored observations. The WxA 
system uses a similar integration technique to increase 
the precision of current conditions and forecasts, partic-
ularly in the first 24 hours. The WxA forecast system 
contains an NWP  “column  model”   that   has   been   cou-
pled with a three-dimensional NWP model and is built 
on the full-physics land-surface model (NOAH-LSM) 
resulting from ongoing research and development by 
NOAA/NCEP, Oregon State University, the US Air 
Force Research Lab, and the Hydrologic Research Lab 
(OHD-NWS).  

Site-specific column model forecasts can be updated 
much more frequently and provide a higher sampling 
rate than the NOAA models, making column models 
particularly well suited for supporting specific sites and 
proprietary sensor networks. In this way, the meteoro-
logical variables that are available for the last 33-year 
period can also be part of 7-day forecast time series. 

By further augmenting the WxA forecast system with 
on-site or nearby sensor observations, site-specific col-
umn model forecasts can be precisely calibrated for 
individual sites as small as 1 sq km. They can also 
adapt to changes in local surface conditions.  WxA uses 
the global METAR/IACO weather station hourly output 
as its standard input plus can use private sensors, in-
cluding radiometers, with real-time remote data access. 
These on-site sensors enable short-term forecasts spe-
cific to that site. Since there is complete control of the 
observational data, frequent updates allow for even 
more precision.  Similar sensor-driven column model 
systems have been successfully deployed to support 
other weather-sensitive operations, such as those con-
trolling airport acceptance rates [4]. 

Forecast Output Accuracy and Verification  
Verification analyses have shown the WxA system data 
to be more accurate than NOAA/GFS-based models. By 
grounding a forecast to a specific point, leveraging lo-
cal direct observations and maximizing the forecast 
frequency, the system can produce high precision, lo-
calized forecasts, particularly in the first 12 hours 
where most management and control systems require 
very high accuracy.  Figure 5 shows the results of 150 
separate individual forecast runs over a 60 day period at 
the London City Airport comparing WxA (Sensor 
Point) forecast and a NOAA/GFS-based forecast with 
actual observations showed the GFS-based model ac-
cumulating over 37 % more error. 

 
Figure 5 Statistical verification of WxA (Sensor Point) 

forecasts compared to NOAA/GFS-based model 

WxA system forecasts are based on data and processes 
that are only 15 to 30 minutes old. If a proprietary, on-
site sensor is used the forecasts can be only a few 
minutes old.  The National Weather Service and nearly 
all NOAA/GFS based models provide updates on a 6 
hour cycle using data an additional 1-7 hours older. 

VERIFICATION OF HISTORICAL DATA 

Primary Variables: To verify the accuracy of the final 
output for historical data, we first compared the native 
CFSR data with two co-located weather stations. Com-
parisons of the CFSR data with actual on-site readings 
for selected conventional weather variables along with 
the CFSR-based GHI are shown below. 

Surface Temperature:  Figure 6 shows the measured 
observations for two separate weather stations co-
located at the airport in Burns, OR (blue and green) and 
the CFSR time series (in red). It can be seen that the 
CFSR time series mimics the station observations dur-
ing this 10-day period in July 2008. 

 

Figure 6 CFSR surface temperature output and two 
station observations at Burns, OR. 
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Figure 7 Comparison of two Burns, OR sensor stations 
with each other and with 35-km area CFSR output for 

surface temperature (2008–2009) 

Correlations covering the most recent two years of the 
CFSR dataset are shown in Fig. 7. As is the case for the 
sample time series, the agreement between the CFSR 
temperature and one of the station sensors is closer than 
between the two stations, which are approximately 10-
km apart and within 14 m elevation.  

Global Horizontal Irradiance (GHI):  Shown below are 
two representative periods for Eugene, OR (part of 
University   of   Oregon’s   monitoring   network   in   the  
northwest U.S.) containing several solar sensors during 
2008. One period is clear with low humidity (Fig. 8) 
and the other cloudy with high humidity (Fig. 9). The 
CFSR output (in red) tracks the measured GHI closely. 
Statistically, the difference in the total GHI for 2008 
between the CFSR and the average of the sensor meas-
urements is 1.6%. Over the period 1998–2005, this 
mean difference is 4.8% at Eugene, and 2.6% at Burns.  

 
Figure 8 CFSR output and four station observations at 

Eugene, OR – GHI in clear, low humidity period 

This is comparable to differences of 1.3% and -4.1%, 
respectively,   for   the   same   period   by  NREL’s  NSRDB  
data, derived from the SUNY satellite-based model.  

 
Figure 9 CFSR output and four station observations at 

Eugene, OR – GHI in cloudy, high humidity period 

Monthly average irradiance values are useful for check-
ing for long term bias. For Tamanrasset, southern Alge-
ria, where the solar resource is very high, the average 
WxA predictions of GHI are compared in Fig. 10 to 
actual high-quality (BSRN) measurements of the same 
for 113 complete months during the period 2000–2009. 
With only one exception, all monthly predictions are 
within ±10% of the reference measurements, with no 
significant long-term bias. 

 

Figure 10 Predicted vs. measured monthly mean daily 
GHI at Tamanrasset during the period 2000–2009 

Direct Normal Irradiance (DNI): Shown below are the 
DNI comparisons for the same two periods in 2008 as 
the GHI graphs in Figs. 8 and 9, one clear with low 
humidity (Fig. 11) and the other cloudy with high hu-
midity (Fig. 12). Note the WxA output (in red) tracks 
very well the measured DNI for multiple sensors, par-
ticularly on clear days. Statistically, the difference in 
the total DNI for 2008 between the WxA and the aver-
age of the sensor measurements is 15.8%. For months 
that were predominately clear this difference is 2.5%.  
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Over the period 1998–2005, the mean difference be-
tween the predicted and measured DNI is 7.9% at Eu-
gene and 0.2% at Burns, as compared to 10.7% and -
4.1%,   respectively,   for   the   SUNY  model’s   predictions  
used in the NSRDB. It is stressed that the WxA predic-
tions reported here   are   not   affected   by   the   “Eugene  
syndrome”   that   overestimates   the  winter  NSRDB  data  
at sites with significant cloudiness and snow cover [2]. 

 
Figure 11 WxA output and two station observations at 

Eugene, OR – DNI in clear, low humidity period 

 

 
Figure 12 WxA output and two station observations at 

Eugene, OR – DNI in cloudy, high humidity period 
 
 
WEATHER SERVICES ARCHITECTURE 

To facilitate use of this localized historical, current and 
forecasted weather data Weather Analytics created a 
architecture to integrate the data, keep it up to date and 
provide immediate and easy access.  The access tools 
support both direct users and systems and are designed 
to serve as a base to enable the development of new 
solutions and applications (Fig. 13). 

 
Figure 13 Diagram of the Weather Services 

 Architecture 

Users Access Interface 
To facilitate the usefulness of the data an interactive 
map-based user interface has been created, as part of 
the access and analytics layer of the WxA architecture. 
Using the Google Maps tools a user may locate their 
site anywhere in world by place, name, address or lati-
tude/longitude with immediate visual feedback and the 
ability to zoom in and fine tune the site or building lo-
cation. Figure 14 shows a site (yellow) placed outside 
of Nagpur India in the area of Tumsar. Also shown are 
the nearest official weather station (blue triangle) and 
the NOAA grid (red lines) which were integrated to 
produce the data for the site.  

 

Figure 14 Users site (in yellow) in Tumsar, India along 
with the closest ground station (blue) and the NOAA 

grid used to produce the data 
  
The user may view the weather for the site in tabular or 
graphical form for their period of choice as shown in 
Figures 15 through 17. The graphic view has a zoom 
frame that allows simultaneous viewing at both a 
monthly and hour-by-hour level.  
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Figure 15 Users may view current, forecasted or histor-

ical conditions in a table or graphical format. 

 

 
 
Figure 16 Period selectable table of hourly time-series, 

daily or monthly averages. 

 

 
Figure 17 Graphical review with zooming and user 

selectable variables  
 
After reviewing the site, the user may request detailed 
weather files for the site choosing between TMY2 or 
TMY3 files, calendar year or custom 12 month AMY 
files, up to 33 years of continuous historical time-series, 
or continuously updated current conditions and 7-day 
forecasts for the site.  

While TMY and AMY files come with the standard set 
of required variables, users may select additional varia-
bles if necessary, see Table 1 below. 

Table 1 List of available weather variables both stand-
ard and specialized. 

 
  
A requested 33-year hourly history, TMY or AMY file 
is either immediately available or completed within 30 
minutes and the user notified of its availability for di-
rect download. 

Data Delivery Templates 
The delivery templates in the access and analytics layer 
are set to deliver the variables required by the major 
simulation and modeling systems but users may request 
the full complement of variables in addition. This al-
lows users with special needs to take advantage of the 
TMY selection criteria yet conduct an evaluation on 
variables not included in the normal set. To support a 
variety of modeling and simulation systems the histori-
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cal output data is made available in multiple formats, 
including .CSV, .EPW, .TM2, .TM3 and .BIN.  Users 
may also request individual calendar years or custom 12 
month periods to match the energy use data available in 
the same formats, Figure 18 below. This is designed to 
support performance analysis and rating and allow 
comparative analysis of years with suspected highs and 
lows in their variables of interest.   

 

Figure 18 Custom single year on-site hourly weather 
data in model ready formats 

 
Web Data Services and API Interfaces 
For automatic systems and applications (including mo-
bile apps) full Web Data Services (WDS) access using 
REST is supported.  Variables of interest and if appro-
priate, the model-ready format are defined in advance 
with account set up and then the WDS query simply 
states the location, type of data (hourly, daily or month-
ly averages), and the time period required from current 
conditions to a full 33 years back and 7 days ahead. The 
data is delivered in most cases immediately in XML.  
API interfaces are also available to support direct calls 
from systems including energy monitoring, manage-
ment and control. 

CURRENT AND POTENTIAL APPLICATIONS 

The weather data service provides direct access to high 
precision weather and climate data to support current 
needs in modeling, planning, research, management and 
control and perhaps more importantly to enable a layer 
of advancement in these areas.  Systems and applica-
tions built on or interfacing to this system are already 
serving such functions as: 
 Building and energy modeling, simulation and 

analysis with on-location TMY files, detailed 33-
year hour-by-hour time series data, and single-year 
model ready input files 

 Current building efficiency assessments utilizing 
on-site weather data from the previous 12 – 24 
months in model ready formats 

 Detailed energy management system support with 
API and Web Data Services feeds of recent history, 
current conditions and short term forecasts 

In addition to new applications being developed the 
data sources and analytics toolkit are being extended.  
Under development are: 
 MOS based techniques for de-biasing the 33-year 

hourly historical output utilizing short-term on-site 
sensor readings to effectively extend a measured 
data record of as little as one year to a 33 year, sta-
tistically-stable profile.  

 Expansion of climate profiles (TMY) and recent 
history (AMY) files to include: 

o Integration with work on urban heat is-
lands to produce Urban TMY (UMY) files 

o Integration with Global Climate Model 
output to produce 30 and 60 year Future 
TMY (FMY) files 

o Collaborative work to leverage the 33 
year data to produce Extreme TMY  
(XMY) files 

 Broadly expanding the imbedded station network 
 Addition of statistical event probability distribution 

function tools 
 Specialized variables including the Environmental 

Heat   Content   Index™   (EHC™)   to   enable   ad-
vancements in building efficiency rating and pre-
dictive control. 

 
CONCLUSION 

The availability of precision localized climate and 
weather data to support simulation, analysis, planning, 
management and control has become a convenient re-
ality. Precise, dependable weather and climate data are 
now readily available for any location in the world for 
both full 33 year time series as well as typical and actu-
al year files in model ready formats. Both historical and 
forecast time series data are available for direct user 
access and application/system access through Web Data 
Services and API interfaces. 

The WxA historical database is based on the hour-by-
hour, 33-year, CFSR model output data integrated with 
the stored observations from the nearest ground station. 
The CFSR model uses raw sensor data and physics to 
provide for this period a detailed and accurate picture of 
the earth-atmosphere system conditions at a 35-km res-
olution across the globe. The WxA hour-by-hour, 7-
day, forecast system is built on the GFS model output 
data localized with Sensor Point™ column model tech-
nology to a resolution as fine as 1 km with higher reso-
lution and higher frequency forecasts available by add-
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ing on-site private sensor(s). Both WxA historical and 
forecast databases hold the same variables.  

Uses for the WxA data include site analyses, building 
modeling, simulations of building energy systems, re-
newable power production potential, and support for 
building energy use monitoring, management and con-
trol. Output data files are available in formats that can 
be immediately used as input to popular spreadsheet 
tools and software applications, such as the EnergyPlus 
‘EPW’  format.  Data  file  content  can  either  be  hour-by-
hour time series for periods up to 33 years or based on 
Typical Meteorological Year (TMY) statistical criteria. 
Single-year on-site, time series data can be provided as 
“Actual   Meteorological   Year”   (AMY)   EPW, TM2 & 
TM3, and .BIN format files.  
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ABSTRACT 

Current performance-based design of buildings is 

predominantly based on deterministic simulation, but it 

is being increasingly recognized that the analysis of 

uncertainty and risk is important for project success, 

especially in the design of ultra-low energy buildings. 

As they represent the boundary conditions in energy 

simulation, weather data significantly affect model 

outcomes, so the uncertainty of the meteorological 

conditions should be taken into account in a risk-

conscious design process. In the United States, Typical 

Meteorological Years are used extensively in the 

analysis of building energy performance, though they 

fail to account for any variation from typical weather 

conditions.  

This paper seeks to address this issue through the 

stochastic modeling of meteorological data as a Vector 

Auto-Regressive (VAR) process with seasonal non-

stationarity. We present a framework that characterizes 

the VAR process using historical meteorological data 

for any given location. Once defined, the VAR process 

is able to generate any number of Stochastic 

Meteorological Years (SMY) for use in simulation 

packages. The framework is validated with a case 

study examining predictions of the energy-performance 

of a solar decathlon competition home. 

INTRODUCTION 

Risk assessment and management has gained 

significant attention during the last several decades, 

spanning many disciplines and a variety of decision-

making processes. However, risk assessment of the 

energy performance is rarely conducted during the 

process of building design, operation interventions, or 

retrofit design. As a result, there is no inspection of the 

probability of underperformance or an assessment of 

its probable causes. For example, building energy 

consumption is projected to reduce by 35% over the 

next 20 years, but the level of confidence of this 

projection lacks rigorous validation. In practice, it has 

been demonstrated that buildings consume more 

energy than predicted by current deterministic models 

by an average of 30% and in some cases by up to 

100%. Many studies have shown the significance of 

risk analysis in the process of building design (de 

Wilde, et al., 2002, Hu, 2009), operation (Moon, 

2005), and retrofit (Heo, 2011). The major obstacles 

that hamper the broad scale application of risk 

assessment in this area can be summarized as follows:  

 The decision context in which risk assessments 

are to be developed are not well defined. 

 The sources of uncertainties that underlie risk 

assessments are not well understood.  

Among various uncertain sources, meteorological 

variability has been shown as an influential impact on 

building performance (Bhandari, et al., 2012, Hassan, 

2009). For example, Hu’s research found that the risk 

in the weather pattern dominated the risk level of off-

grid houses (Hu, 2009).  

In general, building simulations are conducted using 

reference years, such as the Typical Meteorological 

Year (TMY) in the United States, and Test Reference 

Year (TRY) in the United Kingdom. These reference 

years, developed from multi-year historical data may 

be adequate to calculate the average energy 

consumption, its variation, however, cannot be 

revealed.  Hence, they are not adequate for risk 

assessment. More importantly, for other performance 

indicators such as thermal discomfort hours reference 

years may even fail to predict the averages accurately.  

A recent study compared building energy consumption 

between using multi-years (1971-2000) and TMY’s in 

different climates in China (Yang, et al., 2008). They 

found that monthly heating load and cooling loads 

calculated from 30-year simulations differ from those 

using TMY’s by about 10% to 100% and 10% to 20%, 

respectively. A study in the UK demonstrated that 

reference years did not always represent the average 

energy use for certain architectural types and gave no 

indication of the expected range of energy use 
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(Kershaw, et al., 2010). In some cases they also found 

that TRY-based predictions of heating energy 

consumption, a dominant percentage of building 

energy usage in the UK, were off by as much as 40%. 

In response to the limitation of reference years in the 

application of uncertainty quantification and risk 

assessment, some stochastic weather models have been 

developed to capture the random behavior of 

meteorological conditions.  

A primary investigator in the field, Van Paassen (Van 

Paassen and De Jong, 1979) developed the Synthetical 

Reference Year to reduce the amount of simulation 

days required for analysis of building performance. 

The Synthetic Reference Year relies on derived 

correlation structures and Monte Carlo sampling to 

predict daily means of meteorological phenomena. 

These stochastically generated means are then applied 

to shape functions to determine hourly values. 

Multiple authors have developed similar Auto-

Regressive processes, attempting to predict one 

particular phenomena, such as solar radiation for use in 

analyzing photovoltaic panel sizing (Aguiar and 

Collares-Pereira, 1992, B.J, 1977, Goh and Tan, 1977, 

Gordon and Reddy, 1988, 1988) or wind speed for 

analyzing turbine sizing (Blanchard and Desrochers, 

1984, Chou and Corotis, 1981, McWilliams and 

Sprevak, 1982). 

Knight et. al. developed a more complex series of 

Auto-Regressive processes in which Temperature and 

Radiation are progressed simultaneously. However, 

cross correlations between the two phenomena are not 

considered (Knight, et al., 1991).  

Hong and Jiang (Hong and Jiang, 1995) took a more 

complex approach, in which several meteorological 

phenomena are considered in a Vector Auto-

Regressive process. In addition to daily means, 

measures of the daily variance of each phenomenon are 

predicted as well, such that the shape function used to 

develop hourly values is also stochastically generated. 

To make the model tractable, they made a particularly 

strong assumption of stationarity and separated the 

year into summer and winter seasons, treating all days, 

and therefore hours, identically. 

Of the models developed, few allow for consideration 

of more than one meteorological phenomena 

concurrently. Even less include cross-correlations 

between phenomena, none having done so at an hourly 

level. Rather, they rely upon shape functions. 

The remainder of the paper is outlined as follows. The 

next section briefly introduces the field of time series 

analysis and Vector Auto-Regression as a method for 

modeling the behavior and variability of 

meteorological phenomena in a given location. Then, 

the authors present a framework for generating  a set of 

Stochastic Meteorological Years (SMY), which serve 

to characterize variation of meteorological conditions 

at the location specified. The framework is validated 

on the simulation case study of an off-grid, zero-energy 

home. The differences between evaluations of the zero-

energy home using TMY3, historical meteorological 

data, and SMY are investigated, and concluding 

remarks are offered. 

BACKGROUND 

As defined by (Chatfield, 2004), a time series is "a 

collection of observations made sequentially through 

time." The analysis of time series, is then an attempt to 

better understand the relationships between 

observations for some purpose. Generally, the purpose 

is to encode these relationships into a model of some 

sort, such that future values can be predicted. An 

important, and quite beneficial property of time series 

models is that they are not purely deterministic. Rather, 

they also include a characterization of the apparent 

uncertainty or variability of the process as well. In 

addition to the ability to estimate the meteorological 

state at a given time, the ability to characterize the 

uncertainty in that estimate is of principal interest in 

this work. By modeling the meteorological state using 

time series analysis, different possible years can be 

generated to evaluate the effects of variability in the 

weather on the performance of a particular building.  

Auto-Regressive Processes 

A simple example of a model developed using 

principles from time series analysis is a Auto-

Regressive (AR) model. AR models take the form of 

Equation 1. 

                       (1) 

As implied by the name, an AR model is developed by 

performing a regression in which the indicator 

variables are the same variable's previous values. The 

fit produced by an AR model is linear in nature, as the 

     are not functions of     . When solving for the 

values of     , it is convenient to restructure Equation 1 

into the form of Equation 2, where    is the row vector 

of      with L entries.  

        

       

 
       

      (2) 

For the special case that       for all   and  , the 

correlation between the state at two different times is 

defined only by the amount of time between them. This 

property, which is known as stationarity, enables 

modelers to greatly reduce the complexity of the 

model. However, many time series cannot be 

adequately modeled as stationary.  Such is the case for 

meteorological data, which tend to have significantly 
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different statistical properties throughout the day and 

year. 

When stationarity cannot be exploited, then it may be 

possible for the weaker assumption of seasonality to be 

utilized instead. Seasonal data exhibit repetitive 

patterns of behavior, such as those arising from daily 

or annual cycles. For M seasonal observations of   , 
each complete with observations of     ,      , 

Equation 2 takes the matrix form of Equation 3. 

 

                  

                     

     
                     

 

               
 
                            

 (3) 

Using the linear least squares approach (Equation 4), it 

is possible to solve for the values of    such that the 

sum of the square residuals,   , is minimized.  

                    
        

  
  

  (4) 

Once the values of    have been determined, it is 

possible to then determine the vector of residuals as: 

                                   (5) 

Once the vector of residuals have been determined, a 

statistical characterization can be made. If it is assumed 

that the residuals are normally distributed, then the 

mean and variance of    can be estimated. Thus, with 

the regression parameters and the corresponding 

uncertainty defined, the model of the AR process is 

complete and ready for prediction.  

Vector Auto-Regression 

A simple extrapolation of AR process arises when the 

state at a given time is specified by more than one 

value. For example, the weather at a given time is not 

fully specified by the Dry Bulb Temperature, but must 

include information regarding the Wind Speed, 

Humidity, Barometric Pressure, etc. In these cases, AR 

models fail to capture the interdependencies between 

phenomena, and a Vector Auto-Regressive (VAR) 

model is required. For VAR processes, a similar 

progression is followed to determine the relationships 

between the current and previous states, and results in 

a similar structure for the regression coefficients and 

statistical properties of the residuals. The major 

changes include the notion that the regression 

coefficients now form a matrix    that reflect the 

relationships between current values of a state and 

previous values of all phenomena, not each 

phenomenon independently. Further, the covariance 

between the residuals in a given hour is also 

considered, rather than simply the variance of each 

individual phenomenon. These principles are further 

expanded in the next section, in which a framework for 

generating Stochastic Meteorological Years (SMY) is 

presented. 

GENERATING A STOCHASTIC 

METEOROLOGICAL YEAR (SMY) 

The framework for generating SMY (as shown in 

Figure 1) consists of three stages: Obtain Data for 

Location, Calibrate Model for Location, and Generate 

SMY for Location. The next sections will further 

describe the specifics of each stage.  

Obtain Data for Location 

The first stage in developing a SMY is to gather the 

required meteorological data. Strictly speaking, the 

minimum number of years of data required for a 

statistical fit is quite small. However, the model fit 

produced by a smaller sample size is not likely to be 

accurate. As such, it is recommended that longer 

datasets be used, similar to the 30 year dataset used to 

develop the Typical Meteorological Year (TMY) 

datasets. For reference, the dataset used in the case 

study introduced later contains 39 years of data for 

most phenomena, and at least 33 for all phenomena. 

This data can be obtained for several cities from 

several sources, including the National Climactic Data 

Center (NCDC, 2012) and National Renewable Energy 

Laboratory (NREL, 2012). Unfortunately, most 

datasets will not be serially complete. Often, data may 

be unavailable for one or more consecutive hours. It is 

important that each such occurrences be flagged, and 

not be used for model calibration.
1
  

The next step is to take advantage of the seasonality in 

the data, and gather a sufficient number of samples. 

This is done in two steps. First, the annual seasonality 

is exploited, such that if       years of data are 

available,       samples of each hourly phenomena are 

gathered. Next, the daily seasonality is exploited, such 

that for each hour in the year, the data from preceding 

and following      days is also included, resulting in 

                       available data 

points. 

As stated in the discussion of VAR processes, in order 

for the residuals of a linear process to be Gaussian, the 

measured values themselves should be Gaussian as 

well. In some rare situations, the   data points 

gathered in the last step may closely approximate 

samples from a Gaussian (normal) distribution. 

However, this is not generally the case, and the 

distributions tend to be skewed. For this reason, a 

Rosenblatt Transform is used to 'normalize' the data. In 

                                                           
1
 Data sets found via the databases mentioned include 

flags signaling the quality of data provided.  
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a Rosenblatt Transformation, sampled data are inverted 

through an approximate Cumulative Distribution 

Function (CDF), and then through the inverse standard 

normal CDF to obtain a set of samples that more 

closely approximate samples from a normal 

distribution (Rosenblatt, 1952). Once the data have 

been normalized for each hour and for each 

phenomenon, the data and information required to 

invert the data are stored in preparation for model 

calibration.  

Calibrate Model for Location 

A Vector Auto-Regressive (VAR) model can be 

specified in the form of Equation (6). 

  
  
 
  

 

 

    

 
 
 
 
 
 
 
 
 
 
         

 
         

 
 
 

         

 
          

 
 
 
 
 
 
 
 
 

  

  
 
  

 

 

  (6) 

Where  
  
 
  

 

 

correspond to the P different phenomena  

of interest at a given hour
2
,    is the PxLP matrix of 

coefficients defining the VAR model, multiplied by the 

vector of lagged values of the phenomena. For the 

model calibration to be complete, the modeler must 

define the matrix   , as well as the values of the means 

and covariance used to sample the residuals.  

The first step in calibrating the model is to determine 

the set of lags of interest. In this context, a set of lags is 

defined as the values [             that define which 

previous hours the current state is regressed upon. 

While this step may appear trivial, it is quite important 

to the proper calibration of the model. Because only a 

limited amount of data will be available at each hour, 

only a limited number of lags can be included. Using 

too many previous coefficients as predictors can lead 

to over-fitting, resulting in poor predictive capability.  

Before defining how a set of lags is chosen, we will 

first briefly digress to introduce how the model is 

calibrated given a set of defined lags. The reasoning 

will become clear later in this section. 

Once a particular set of lags has been chosen, the 

modeler creates a set of equations of the form shown in 

Equation (7). 

                                                           
2
 The authors chose to include Dry Bulb Temperature, 

Humidity, Wind Speed Magnitude along the East-West 

direction, Wind Speed along the North-South direction, 

Cloud Cover (in fourths), Barometric Pressure, Direct 

Solar Radiation, and Diffuse Solar Radiation. 

However, the inclusion of fewer or additional 

phenomena is allowed. 

Collect Data for Location  

• Retrieve hourly meteorological data of interest 

from database  

• Ensure that all missing or corrupted data are 

flagged, and not used for model calibration. 

• For each phenomenon,  

• For each hour, i 

• Collect the set of all instantiations, [Ai] 

• Normalize the data using a Rosenblatt 

transformation. 

• Store the transformed data set, [Y], as 

well as the information required to 

invert the dataset.  

Calibrate Model for Location  

• For each hour, i: 

• Collect the set of current and previous 

transformed observations, [Y].  

• For each possible set of Lags, [j(1), ..., j(L)]: 

• Using linear least squares approach, 

solve for the model coefficients, Φi.  

• Solve for the covariance matrix and 

means of the residuals. 

• Select the set of Lags that minimizes MSE 

of the residuals.  

• Store the set of Lags, model coefficients, 

covariance matrix, and means.  

Generate SMY for Location  

• Generate a ‘warm-up’ period of random white 

noise. 

• For each hour, i: 

• Generate      by multiplying the previous 

values of     by the model coefficients, and 

sampling    using the means and covariance 

matrix.  

• Using the stored information, invert the 

correlated noise [Y] via an inverse Rosenblatt 

Transformation into the proper domain for each 

phenomenon [Y] 

• Calibrate each complete Stochastic CDF by the 

CDF of the original data set.  

• Store the modeled meteorological phenomena in 

the appropriate format for the simulation tool of 

use.  
 

Figure 1. A Framework for the Generation of SMY 
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  (7) 

where the    operator denotes the vector defining the 

complete set of phenomena or residuals for each 

phenomenon, and there are M observations of the 

process where                        as 

previously discussed. Once the set of equations have 

been thusly defined,    can be defined via linear least 

squares using Equation 8. 

                        
    

 
    

       
    

 
 
  

  (8) 

The next step is to define the residuals in the fashion of 

Equation (9) and then to capture the vector of means 

and covariance matrix for each hour using standard 

statistical methods.  

                                        
     (9) 

Based on the amount of data available to the authors, a 

set of seven lags was chosen. The specific lags were 

selected based upon an algorithm considering iterative 

improvement. For each hour, each of the 48 preceding 

hours are considered as the sole predictor, and 

compared against each other based upon the Mean 

Square Error of the prediction residuals. After the 

single best predictor is chosen as the first lag, the 

process is repeated to find the second lag, third lag, and 

so on. It should be noted that the algorithm followed 

may not produce the truly optimal set of lags, since it 

follows an iterative, rather than all-at-once, 

optimization process. However, it was deemed that the 

difference in regression quality was not significant 

enough to merit the additional computational effort 

required for exhaustive search (~300 vs. ~1.2x10
10

 

function evaluations). Once performed for each hour of 

the year, the model is fully specified, and is ready to be 

implemented.  

Generate SMY for Location 

The final step in the process of creating an SMY is the 

generation of a time series of correlated noise using the 

model developed in the previous stage. First, a "warm-

up" period of uncorrelated white noise is generated. 

The uncorrelated white noise serves as the values of 

the previous states, and as such should be as long as 

the largest lag considered. Then, for each hour,      is 
determined by multiplying the linear model 

coefficients by the previous values and adding    , 
which is generated by sampling a multivariate normal 

distribution with means and covariance matrix 

specified by the model. The model should be allowed 

to "warm-up" by repeating this process for at least 10 

days, and then continued until the desired number of 

SMY years have been created. With the time series 

thusly generated, an inverse Rosenblatt Transform is 

used to convert the "normalized" time series into the 

original domain of the measured data.  

The final step is to calibrate the generated time series 

by the original historical CDF. In this step, a kernel-

smoothed approximate CDF is determined for each 

stochastically generated time series, and then 

transformed, via a Rosenblatt Transform, into the form 

of the CDF of the historical data. This ensures that 

particularly difficult to model phenomena, like direct 

radiation, have a distribution similar to that found in 

nature. When completed, the generated time series 

need only be stored into the correct formatting for the 

analysis tool of choice. In the next section, a case study 

is presented in which a set of 100 SMY's are generated, 

and then compared to TMY3 data and a historical 

dataset for the city of Atlanta, GA, USA. 

CASE STUDY - ANALYSIS OF AN OFF-

GRID HOME IN ATLANTA, GA, USA 

This section introduces a case study to demonstrate the 

impact of weather dataset selection on predicted 

building performance, especially in cases where 

occurrence of rare events, such as insufficient power to 

service the home, is of more concern than average 

performance. 

The case study building is an off-grid solar house 

designed and built by the Georgia Tech Solar 

Decathlon (GTSD)  team as their entry to the Solar 

Decathlon competition 2007 (Way, 2007). The GTSD 

house features a single family house, and is powered 

entirely by 39 photovoltaic (PV) modules with storage 

provided by 8 battery modules. Further details of the 

GTSD design and resulting performance have been 

reported previously (Choudhary et al., 2008). 

As the GTSD house is designed to be a zero energy 

home and completely powered by the installed PV 

system, power adequacy is one of the most critical 

performance aspects in design evaluations. There are 

three basic power adequacy performance indicators: 

failure rate, outage duration, and annual power 

unavailability (Billinton and Li, 1994). Failure rate 

refers to the frequency of power interruptions, which 

occur when insufficient power is available to perform a 

house function (such as cooking, shower, etc). This 

case study does not differentiate between different 

house functions and counts any time that the total 

house energy demand is not met as a power 

interruption. Outage Duration refers to the length of 

time a power interruption lasts. Specifically, this study 

will use the mean Outage Duration as the performance 

indicator for comparison. Annual power unavailability 

is an aggregated measure of total power outages within 
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a year, namely the percentage time of a year during 

which power is insufficient to meet the demand. In 

addition to the basic power adequacy indices, two other 

indices are also included to measure the energy 

performance of the GTSD house: Wasted Energy (due 

to finite energy storage capacity) and Energy Needed. 

The remaining performance indicator chosen for this 

study is the annual power production, considering the 

high correlation between PV production and available 

solar radiation in a location. Table 1 lists all 

performance indicators used in this research. 

Three weather datasets are compared in this study: 

TMY3, historical weather, and the SMY generated 

based on the approach described in previous sections. 

The historical meteorological data as obtained from the 

database includes several gaps when data are not 

available. These gaps must be filled in order for it to be 

possible to execute the simulation of the GTSD home. 

The process followed to fill the gaps in data is similar 

to that specified in the National Solar Radiation 

Database 1991-2005 Update (NREL, 2012). If three or 

less sequential data points are missing, they are filled 

using linear interpolation of the immediately preceding 

and following hours. For gaps of four or more, the data 

is linearly interpolated between the same times at the 

preceding and following days. In the few cases that 

remained, interpolation between already-interpolated 

values was allowed. While the techniques utilized 

allow for the possibility of discontinuities, they do not 

significantly affect the statistical properties of the 

meteorological data over the course of a year, and were 

deemed sufficient for this analysis. 

One hundred SMY were generated for the city of 

Atlanta using the 39 years of un-edited meteorological 

data from the Hartsfield-Jackson International airport 

(ISH ID# 722190). Seven lags were selected at each 

hour using the simple algorithm described previously. 

Results of the analyses using TMY3, historical, and 

SMY are presented in the next section.  

RESULTS AND DISCUSSION 

Table 2 compares the expected values of the 

performance indicators of the GTSD house for the 

three weather datasets. From Table 2, SMY seems to 

predict slightly more failures per year, but of lesser 

duration, such that the average percentage of time in 

which power is unavailable to meet supply is quite 

similar to the historical average. The TMY3, historical, 

and SMY-based predictions of average energy needed, 

produced, and wasted are also similar. 

While the averages are somewhat useful for making 

initial comparisons between the historical data set and 

SMY, they are less useful for comparisons against 

TMY3 or the occurrence of extreme events. Especially 

in the context of a risk-conscious decision making 

process, the mean of a performance indicator is not 

sufficient to describe acceptability. Rather, the 

variation away from the mean should also be captured, 

such that a proper risk analysis can be performed. To 

better analyze the effect of different types of 

meteorological years, the distributions of the various 

performance metrics are investigated as well.  

As shown in Figures 2a and 2b, empirical CDFs can be 

generated to visualize the spread of data around the 

average value. In figure 2a, note how even though all 

three meteorological year types result in similar 

averages, TMY3 fails to account for any variation 

away from mean. In figure 2b, note how the TMY-

based simulation fails to capture the Mean Outage 

Duration as predicted by historical or SMY. In order to 

make statistical comparisons, Kolmogorov-Smirnov 

hypothesis testing (Kolmogorov, 1933, Smirnov, 1948) 

can be applied to the CDFs to determine whether the 

two sets of samples could have been sampled from the 

same distribution. For a given confidence level α=0.05, 

the maximum vertical difference between the two 

CDFs is the only factor which determines whether the 

hypothesis is accepted (the samples come from the 

same distribution) or rejected (they do not).   

For the metrics considered in the case study, the results 

of the Kolmogorov-Smirnov hypothesis tests are 

shown in Table 3. When the p value is less than 0.05, 

the null hypothesis is rejected, else it is accepted. As 

seen in the hypothesis testing of the given samples, the 

null hypothesis is rejected for the Failure Rate and 

Mean Outage Duration in a given year. However, for 

the remaining factors, namely the Annual Power 

Unavailability, as well as the Energies Needed, 

Wasted, and Produced, the null hypothesis is accepted. 

A possible explanation as to why these particular 

attributes appear to match historical data closely, while 

the duration of failure (and therefore mean and 

frequency of occurrence) do not, concerns the nature of 

a stochastic prediction. 

Table 1. Summary of Performance Indicators  

PERFORMANCE 

INDEX 

DESCRIPTION UNITS 

λ Failure rate # /yr 

   Mean outage 
duration  

hr 

U Annual power 
unavailability 

% 

EN Energy needed kWh/yr 

EW Energy wasted kWh/yr 

EP Electricity 
production  

kWh/yr 
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When calibrating the model, the modeler assumes that 

any behavior not captured by the indicator variables is 

stochastic, and captures it using the residuals,   . In 

reality, there are some phenomena that could better 

explain these residuals, but are not considered in the 

model. When using a VAR model, such as that used by 

the authors, any phenomenon not captured is assumed 

to be completely stochastic, such that correlations 

between residuals at subsequent hours are not 

considered. As such, a stochastic replication of a 

natural process may appear 'noisy' in comparison. In 

the context of the meteorological data captured in the 

model, this is relevant to Temperature, which appears 

to not maintain sustained levels in the same manner as 

in reality. Future work to reduce and possibly eliminate 

this error could include: the incorporation of additional 

meteorological phenomena to serve as indicator 

variables (for example: Precipitation); the inclusion of 

additional lags, tailored to each phenomenon, or the 

inclusion of a Moving Average (Chatfield, 2004) 

process to consider correlations between sequential 

residuals.  

In light of the hypothesis test results, it is not advisable 

that the model, in its current state, be used for decision-

making when the duration of outages is of concern. 

However, when bulk annual percentage of power 

unavailability is of primary concern, especially when 

uncertainties beyond those regarding the 

meteorological surroundings are of interest as well, the 

use of SMY as the meteorological basis would allow 

the modeler to perform Monte-Carlo sampling without 

relying upon a finite set of historical years. Rare 

weather events, as generated in the production of 

SMY, could then be included. Future work should also 

further investigate the effect of uncertainty in 

meteorological phenomena relative to other 

uncertainties prevalent in the design of building 

systems. Such a comparison could identify scenarios in 

which the benefit gained by consideration of 

meteorological uncertainty does not fully offset the 

cost of doing so. 

CONCLUSION 

In this paper, the authors have motivated the 

consideration of uncertainty in the meteorological 

conditions surrounding a building in the design 

process. The Stochastic Meteorological Year (SMY) 

was introduced as a tool for quantifying the variability 

in the meteorological surroundings of a building, and a 

framework for its development was developed. 

Evaluations of an off-grid net zero energy solar 

decathlon house using three different meteorological 

year formats were performed as a case study.  Relative 

to historically and TMY-based predictions, SMY-

based predictions accurately represented the 

performance of the house with respect to power 

unavailability, among other design attributes. 
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NOMENCLATURE 

   - Regressed phenomenon 

    - Value of  , at current time, i 

      - Value of    at lag, j, of time, i 

    - Matrix of M observations of     for all j 

       - Matrix of M observations of        for all j 

Table 2. Average Performance attributes Using 

Different Meteorological Year Types 

 

 

 

Figure 2a. Comparison of Power Unavailability 

Predicted by Three Types of Meteorological Years 

 

Figure 2b. Comparison of Mean Duration of Failure 

Predicted by Three Types of Meteorological Years 

 

Table 3. Kolmogorov-Smirnov Hypothesis Testing of 

Similarity Between SMY and historic data sets 

 

  E(λ) E(  ) E(U) E(EW) E(EN) E(EP) 

Hist 41.5 8.91 4.20% 1911 236 9370 

SMY 50.4 8.01 4.70% 1894 270 9301 

TMY3 57 6.71 4.40% 1364 250 9531 
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λ E( r ) U EW EN EP

p Value 0.015 0.010 0.696 0.174 0.383 0.320

Test Value Reject Reject Accept Accept Accept Accept
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      - Coefficent relating    to      in a model 

    - Vector of Coefficients      for all j 

    - Matrix of coefficients      for all j, for all 

phenomena 

   - Residual between prediction and measured 

value of    

    - Operator denoting vector referencing all 

phenomena 
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ABSTRACT 

Natural ventilation has long been recognized as a 

sustainable design strategy to replace or reduce energy 

associated with fans or active cooling systems in 

buildings. When it comes to designing a passive system 

based concept that involves natural ventilation, a major 

difficulty for design teams is to reliably predict indoor 

ventilation rates especially in buildings located in a 

dense urban context. This manuscript proposes a new 

concept to model ventilation rates and hourly annual 

indoor temperature distributions using a combination of 

outside CFD (Computational Fluid Dynamics) 

calculations and indoor airflow network calculations. In 

the first step, CFD calculations for eight cardinal wind 

directions are used to populate a custom database of 

pressure coefficients for each window in an urban 

scene. In the second step, hourly wind data and 

pressure coefficients method have been implemented in 

Rhinoceros
1

 in combination with Phoenics
2

 and 

EnergyPlus
3
. Example results are presented for several 

typical cases, indicating the improvement of this 

workflow on simulation results, especially for building 

with particular shape and urban context. 

INTRODUCTION 

Buildings account for 40% of the energy used in the 

United States (James W.A.). Similar numbers can be 

found for other countries cross Europe and Asia. 

Natural ventilation has been considered viable 

techniques to replace or reduce active cooling loads 

and fan power in residential and commercial buildings 

alike. (Liddament M.W. 1986; Hagentoft C. 1996.) 

There is further mounting evidence that occupants in 

naturally ventilated buildings tend to accept higher 

indoor temperatures than air-conditioned spaces. This 

                                                           
1 Rhinoceros, a widely used NURBS (Non-uniform 

rational B-spline) modeling program for designers. 
2 Phoenics, a commercial CFD (Computational Fluid 

Dynamics) software used to simulate outdoor environment. 
3 EnergyPlus, a building energy simulation program for 

engineers, architects, and researchers. 

increased tolerance further increases the potential of 

energy-saving through natural ventilation. (Busch J.F. 

1992.) Prominent modern buildings that make use of 

natural ventilation are the Jubilee Campus of the 

University of Nottingham, UK and the Commerzbank 

Tower in Frankfurt a.M. in Germany. 

Despite of such examples the diffusion of natural 

ventilation, especially in US buildings, where air 

conditioning tends to be the norm, the application of 

natural ventilation is rare. Partly due to planning 

uncertainties. It is not easy for a design team and/or 

building owner to be confident about an impeccably 

functioning natural ventilation system.   Three hurdles 

come to mind; how are occupants going to operate 

windows and doors, what are the resulting air 

exchanges and are occupants going to accept the 

resulting indoor temperature and relative humidity 

levels? This manuscript is particularly concerned with 

predicting air exchanges and annual indoor temperature 

profiles in buildings located in urban environments. 

To tackle the problems, a range of methodologies are 

used in practice; experiments, measurements, 

simplified formulas, multi-zone airflow network 

calculations and CFD (Computational Fluid Dynamics). 

Out of the theoretical methods, CFD is considered the 

most complex and time consuming but also the most 

flexible technique. It can be used to predict detailed 

wind environments around buildings. However, the 

process is time-consuming and only a few typical wind 

situations, out of all possible cases, can practically be 

considered. This is why CFD is more commonly used 

to test the thermal behavior of a building under extreme 

conditions, say a hot summer afternoon. This practice 

is considered suboptimal because a designer needs to 

understand how a building performs all year round and 

how often occupants might be dissatisfied with interior 

conditions. Simplified simulation methods usually do 

not consider actual exterior microclimate conditions, 

especially for space near urban canyons, and are 

therefore not satisfactory because the simulations 

cannot necessarily be expected to be accurate. 
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This study aims to achieve more precise evaluation of a 

potential for natural ventilation by developing a work 

flow of annual simulation of natural ventilation that is 

based on detailed CFD-simulated wind environment 

database on site. Several case studies compare 

simulation results of the new method and the existing 

methods, showing the advance of this workflow. 

METHODOLOGY 

Wind Pressure Coefficient 

Wind is an important driving force for infiltration and 

ventilation because wind causes variable surface 

pressures on buildings that change intake and exhaust 

system flow rates, natural ventilation, infiltration and 

exfiltration, and interior pressures. Wind pressure is 

therefore an important boundary condition for 

calculation of natural ventilation. Wind pressure is used 

in a wide range of models, from building component 

heat, air and moisture transfer models to airflow 

network programs, which are either used as a stand-

alone program or coupled with building energy 

simulation programs. (Clarke J.A. 2001; Feustel H.E. 

1990;Dols W.S., George N.W. 2002;EnergyPlus. 2009.) 

Flow patterns and turbulence will influence the 

pressure on the façades of buildings. With the same 

wind pattern and turbulence, the wind pressure on the 

façades (ps) are proportional to local outdoor 

atmospheric pressure at the same level as in an 

undisturbed wind approaching the building (pv). Wind 

pressure on the building envelope is usually expressed 

by pressure coefficients (Cp), defining the proportional 

relationship of ps and pv as follows: 

 
2

,
2

s a H

p v

v

p U
C p

p


    (1)  

Where 

UH  is approaching wind speed at wall height H, m/s 

a  is ambient (outdoor) air density, kg/m
3
 

The influence of Cp on building performance is huge 

because several performance indicators for both energy 

consumption and thermal comfort, are often very 

sensitive to the air change rate, which depends on Cp. 

The high uncertainty associated with Cp values is 

caused by the wide range of influencing parameters, 

including building geometry, detail of façade (e.g. 

external shading devices, balconies), shelter elements 

(e.g. buildings, trees), windows position on the façade, 

variable wind speed and wind direction, and turbulence 

intensity. 

Cp Data Sources 

In practice, there are two different kinds of source of 

Cp data; primary sources, which include full-scale 

measurements, reduced-scale wind tunnel tests, and 

secondary sources like modeled data through CFD 

simulations (Costola D., Blocken B., Hensen J.L.M. 

2009.) Primary sources are generally considered to be 

more reliable Cp but are difficult to obtain. A brief 

review of the advantages and disadvantages of different 

sources is presented in the following text.  

On-site, full-scale measurements on real building 

façades are generally considered to be the most 

accurate description of Cp but they are expensive to 

obtain and – obviously – not available during the 

design of a new building. Measurement based Cps are 

hence, mainly used for validation purposes. A large 

amount of high-quality experimental data has recently 

become available through ultrasonic anemometers and 

pressure transducer measurements. (Richards P.J., 

Hoxey R.P., Short L.J., 2001; Richardson G.M., 

Robertson A.P., Hoxey R.P., Surry D. 1990; Levitan 

M.L., Holmes J.D., Mehta K.C., Vann W.P.. 1991.) 

Despite of these advances, measure Cp data for various 

urban settings largely remains elusive (Reinhold T.A. 

1982.) Wind tunnel experiments are generally 

considered as the most reliable source of pressure data 

for buildings during the design phase. While more 

affordable than on-site full-scale measurements, wind 

tunnel experiments are still unavailable for most 

projects. There also remains a scale issue related to 

wind tunnel experiments, even though recent studies 

that did pay attention to turbulence domains, 

demonstrated significant agreement between wind 

tunnel and on-site full-scale measurements (Richards 

P.J., Hoxey R.P., Connell B.D., Lander D.P. 2007). 

Secondary sources are used to provide Cp data for 

infiltration and ventilation studies with relatively low 

cost, when primary data sources are not available. 

Secondary sources of Cp data include Cp databases and 

analytical models. The previous ones are compilations 

of Cp data from one or more primary sources, 

classifying the data according to some parameters, such 

as building shape and orientation to the incident wind. 

Analytical models are equations to calculate Cp for 

specific building configurations, which is a more user-

friendly way to access the large amount of empirical 

data used in the model formulation. Two main Cp 

databases and three most widely used analytical models 

are introduced here. 

Two Cp databases are currently widely available and 

established; the AIVA database and the ASHRAE 

Handbook. These two data sets are also the ones used 

in popular building energy simulation programs. In 
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1986, a compilation of Cp data was published by the 

Air Infiltration and Ventilation Centre (AIVC), which 

rapidly became an important international reference. 

(AIVC. 1984.) AIVC database provides Cp data for 

low-rise buildings with tables of averaged data, which 

reference buildings with up to 3 storey, as well as Cp 

figures with vertical profiles for high-rise buildings. In 

the ASHRAE Handbook of Fundamentals, a chapter 

dedicated to airflow around buildings has information 

about Cp which is provided by reproducing data from 

several primary sources. (ASHRAE. 2009.) Surface-

averaged Cp data as well as examples of the distribution 

over the surface for low-rise and high-rise buildings are 

included. However, a main difference of ARSHRAE 

database is that instead of data for sheltered buildings, 

it provides correction factors for the reference wind 

speed based on sheltering factors. 

Analytical models are based on wind-tunnel and/or full-

scale experiments. They estimate Cp data for a broader 

range of building configurations including obstructions 

and the effect of different wind directions and speeds 

across a façade. Generally, analytical models use 

regression techniques to analyze large amount of Cp 

data from primary data. The reliability of these 

equations therefore depends on the quality of Cp 

experimental data used in the regression, and on the 

parameters considered in the analysis. The three main 

analytical models are the models by Swami and 

Chandra (Swami M.V., Chandra S. 1988.), CpCalc+ 

(Grosso M. 1992.) and Cp Generator (Knoll B., Phaff 

J.C., de GidsW.F.. 1995.). Swami and Chandra’s model 

provides one simple equation for low-rise buildings and 

another for high-rise buildings, indicating a normalized 

pressure coefficient compared to that with orthogonal 

wind. CpCalc+ was developed by COMIS to provide 

Cp data incorporating the effect of sheltered buildings, 

building shape and distribution of Cp on façade, by 

adding new parameters including the power-law 

exponent of the mean wind-speed profile, the plot 

density, the relative building height to the surrounding 

buildings, the width to height aspect ratio and the 

position at the façade. Developed by Dutch institution 

TNO, the Cp Generator is a web-based application. It 

is similar to CpCalc+, except improvement on 

sheltering effect by considering discrete block-shaped 

obstructions instead of the neighborhood plan area 

density, which is used in CpCalc+. 

In conclusion, except CFD simulation, all Cp data 

source are based on measurements, regardless of on-

site full-scale measurements or wind tunnel re-scale 

experiments. Several limitations exist because of the 

cost of measurements, among which there are two main 

aspects that cannot be fully covered by measurements 

and regression formulas from measurements; that is 

complex building geometry and sheltering effect by 

buildings and terrain. Some authors also mentioned the 

lack of data for complex building shapes such as L-

shape or U-shape. (Swami M.V., Chandra S. 1988; 

Grosso M. 1992.) However, the building geometry is 

one of the most critical factors in designing a 

ventilation strategy and the sheltering effect of urban 

context cannot be ignored in the real world. As one of 

the primary sources of Cp data, CFD simulation is the 

only way to solve these problems now, despite it being 

an time consuming and error-prone process for 

beginners. The advantage of CFD simulation and a 

methodology to build on-site Cp database for building 

simulation through CFD will be discussed next. 

CFD Simulation 

Due to the rapid development of software and hardware 

power, CFD simulations are becoming increasingly 

accessible to smaller design firms. As mentioned earlier, 

the main advantage of CFD simulation is that they are 

not limited by any particular urban scene geometry or 

complexity and can yield wind pressure values on each 

window in a scene. Analytical pressures only provide 

Cp values for rectangular building variances. Instead 

programs use one Cp value for every window in a 

façade and thus estimate an average, constant air 

exchange rate for a whole building. For a multistory 

building that boarders a narrow urban canyon, this 

approximation is evidently wrong.  

Several studies about reliability of CFD simulation 

results were conducted. AIJ (Architectural Institute of 

Japan) carried a series of study on CFD simulation of 

outdoor environment. Akashi Mochida and other 

researchers compared wind velocity of CFD simulation 

result with wind tunnel experiment data, as well as 

turbulence strength, indicated by turbulent kinetic 

energy and turbulent energy dissipation rate, for a 

single high-rise building, with various k-ε models. 

(Mochida A., Tominaga Y., Murakami S. and etc. 

2002.) The results showed that there were high 

agreements on CFD simulation results and wind tunnel 

experiment data, with appropriate settings. After that, 

cross comparisons of CFD simulation results with wind 

tunnel experiments data around a high-rise building and 

within a building complex, were conducted by 

Yoshihide Tominaga. (Tominaga Y., Mochida A., 

Shirasawa T. and etc. 2004.) Though the cases in this 

study were quiet complicated with a building complex 

in an actual urban area, relatively high agreements were 

achieved, with special attention to CFD simulation 

settings. 

Also some studies on comparison of wind pressure 

were conducted. Morimasa Watakabe and his 
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colleagues compared wind pressure measurements on 

tower-like structure obtained from full-scale 

observation, wind tunnel test, and the CFD simulation 

results. (Morimasa W., Masamiki O., Hisashi O. and 

etc. 2002.) Both mean wind pressure coefficients and 

wind pressure coefficients are compared in the study. 

The results are shown as Figure 1. For descriptions of 

model and measurement methods, please refer to the 

original paper. Lou compared wind pressure on a plate 

cantilevered roof of an exhibition building, with wind 

tunnel data and CFD simulation result. (Lou W.J., Sun 

B., Lu D. and etc. 2007.) The study showed that the 

wind pressure can be predicted by CFD simulation 

even in complicated models. In previous research, the 

author simulated the wind pressure for a tall building, 

to compare simulation results of different turbulence 

model with wind tunnel data cited in ASHRAE. The 

comparison of wind pressure coefficients data for front 

wall is shown in Figure 1. (Wang B., Lin B.R. 2011.) 

 

Figure 1 Comparison of Cp Data  

All these studies showed that CFD simulation can 

predicted the wind environment well, including wind 

flow velocity and turbulence strength, as well as wind 

pressure, compared to wind tunnel experiment data and 

full-scale measurement data. 

Methodology 

Building performance programs could simulate hourly 

natural ventilation for the whole year and then evaluate 

the potential of natural ventilation, by airflow network 

model, which calculate air flow rate based on pressure 

network. (EnergyPlus. 2009.) Normally a Cp database 

or an analytical model is used to provide the pressure 

of each window for the calculation of airflow network. 

Though the limitations of these methods and advantage 

of CFD simulation were clear to everyone, however, it 

is not common to use CFD simulation as source of 

custom Cp data for building performance simulation. 

The main reasons are the required level of expertise 

and the high cost of these simulations, both in terms of 

computational resources and user time. IES <VE> is 

the only tool that at present includes a prototype of this 

integration, but at present it is less useful due to the 

limited number of options for the CFD simulation, 

limited grid options and lack of integration in the post-

processing stage. (Integrated Environmental Solutions 

Limited. 2009). However, it does indicate a possible 

direction to improve the use of CFD as source of Cp 

data and the limitation can be overcome by the 

integration of pre-processing and post-processing 

between building energy simulation and CFD. 

To overcome the limitation for using CFD simulation 

as a Cp data source in building simulation tool, A 

workflow of simulating detailed natural ventilation in 

building was developed in this paper. Phoenics was 

used as the CFD simulation tool, which is one of the 

most widely used commercial CFD software in 

simulating outdoor environment. (Ludwig J.C., 

Mortimor S. 2010.) EnergyPlus was used for building 

energy calculations by the simulation tool. Rhinoceros,  

the widely used NURBS modelling tool, was employed 

for data transfer between the two models, by self-

developed tools. This workflow presented here could 

be used as a guideline for simulation of natural 

ventilated building, and also for future software 

development. 

The first step of the workflow was to build a model in 

Rhinoceros that was exported as a source for Phoenics. 

After that, 8 CFD simulation cases were run to generate 

a complete wind environment. Then the pressure 

information of all cases was imported into Rhino. This 

step could be conducted automatically by using a 

Rhino plug-in. The next step was to locate each 

window in Rhino model and obtain pressure data to 

calculate Cp values of each window from the 8 cases. 

Then the Cp database were added into EnergyPlus case 

file and assigned to each window, replacing the original 

Cp values, by a text editor software, manually or 

automatically by scripts. The steps were clear but 

difficult to carry out manually and complex for 

beginners. Hence, several Rhino plug-ins and script 

were developed to conduct all the processes. 

Simulation-based Cp database 

As established, hourly Cp database or formula to 

calculate Cp is required in building simulation 

programs. The simulation-based Cp database will 

provide a set of Cp value for each window in 8 wind 

directions, based on CFD results. As indicated in the 

definition, Cp values are independent from approaching 

wind speed. However, this conclusion is made based on 

an assumption that the air flow pattern will stay almost 

the same with the same wind direction and the wind 

velocity is linear to the approaching wind speed. In this 
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paper several CFD simulation cases were designed to 

verify this assumption. 

Pheonics 2009 is used in this study as the CFD 

simulation tool. Detailed settings followed the CFD 

simulation guideline provided by AIJ (Architectural 

Institute of Japan), which is concluded by several 

studies on cross comparison of CFD simulation results 

and wind tunnel experiment data. (Tominaga Y., 

Mochidab A., Yoshie R. 2008.) The grid number is 

around 2,000,000 in an adequately sized domain. The 

inflow boundary condition has a vertical velocity 

profile, as well as the vertical distribution of turbulent 

energy, both of which are usually given by power laws. 

For lateral and upper surfaces of computational domain 

and downstream boundary, the normal velocity 

component and normal gradients of tangential velocity 

components were set to zero. A logarithmic law with 

roughness parameters was used in setting solid surface 

boundary conditions. Steady simulation with Simple 

solution algorithm and Quick differencing scheme were 

used in this study. The turbulence model is MMK 

model (a revised standard ke model). Also, grid 

independent study was conducted for all the cases.  

Sheltering effect is the most critical factors influencing 

the wind environment around buildings. As explained 

above, there are two main considerations for 

surrounding buildings. First is the density and second is 

the relative height to surround buildings. Hussain M. 

studied the influence of density on flow pattern around 

buildings, indicating that three different flow patterns 

could be presented by three models with different 

distances between buildings: half of building height, 

same building height and two times of building height. 

(Hussain M. 1988.) Similar categories were used for 

relative building height. Therefore, five different urban 

models were chosen in this study. Shown as Figure 2 

and Table 1. 

 

Figure 2 Sketch and Labels of an Urban Model 

Table 1 Different Urban Models 
 

NO. L×W×H(M) R(B/H) D (M) SKETCH 

1 20×20×20 1 1 

 

2 20×20×10 2 1 

 

3 20×20×40 0.5 1 

 

4 20×20×20 1 2 

 

5 20×20×20 1 0.5 

 

Because of the symmetry of the model, only two 

approaching wind directions, 0 degree and 45 degree, 

were tested instead of all 8 wind directions. For the 

first model, three wind speeds were simulated (1m/s, 

3m/s and 5m/s at 10m height) while two were used in 

all the other cases (1m/s and 3m/s at 10m height). 

Comparison of air flow at 10m height was conducted in 

the entire domain. Relative speed was defined as ratio 

of speed at a certain point in different cases with 

different approaching wind speed. For example, 

contour of wind speed and relative speed for 

comparison of 1m/s case and 3m/s case in model 1 is 

shown in Figure 3. As we can see, the flow pattern 

stays almost the same and the ratio of wind speed at a 

certain point in two cases is constant.   

Similar comparisons of different wind speed were 

conducted for other wind directions and urban models. 

As example, relative speed of three different 

approaching wind speed for model No.1 with two wind 

directions are shown as Table 2. The results show that 

the relative speed of different cases are stable in the 

whole domain. The main differences exist in the 

turbulence area behind buildings. Turbulence is also 

causing more difference for 45 degree wind direction 

than that of 0 degree. The comparison of other urban 

models have a similar principle that in most areas of 

the domain the wind speed has a roughly linear 

correlation with the approaching wind speed, with a 

10% maximum relative error, which is acceptable in 

application. This verifies the assumption that the air 

flow pattern will stay almost the same with the same 

wind direction and the wind velocity is linear to the 

approaching wind speed. Therefore, we can run 8 CFD 

simulation cases and calculate a set of Cp for each 

window, for any shape of building in any urban context. 

After that we input this Cp database into building 

simulation tools and link it with weather data to get 

accurate hourly wind pressure on each window, which 

leads to a detailed natural ventilation simulation. 
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(a)wind speed in 1m/s case (b) wind speed in 3m/s case (c) relative speed 

Figure 3 Wind Speed and Relative Speed for Two Cases with Different Approaching Wind Speed 

Table 2 Relative Speed of Three Different Approaching Wind Speed 
 

URBAN 

MODEL NO. 

WIND 

DIRECTION 

RELATIVE SPEED 

(1M/S AND 3M/S) 

RELATIVE SPEED 

(3M/S AND 5M/S) 

RELATIVE SPEED 

(1M/S AND 5M/S) 

1 0 

   

1 45 

   

CASE STUDY 

Several typical cases were teset for the workflow, to 

compare the influence of natural ventilation and indoor 

thermal condition by changing the wind pressure 

coefficients. The building model was a 20m×20m×20m 

cubic box model. It was modeled as a 6 floors office 

building in DesignBuilder (a graphical user interface of 

EnergyPlus), with a simplified floor plan shown as 

Figure 4. The building was heated but not cooled. 

Natural ventilation were set available all the time, to 

evaluate the highest potential of natural ventilation. 

The weather condition was set as Boston, MA, U.S.A. 

Annual average indoor air temperature and air change 

rate (ACH) of each room were used in the comparisons. 

 

Figure 4 3D Model and Floor Plan of Basic Model 

 

 

Figure 5 Comparisons of Different Cp Settings 
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First comparison was conducted between default 

EnergyPlus Cp setting and proposed CFD based Cp 

setting. shown as Figure 5. As introduced above, the 

default Cp setting in EnergyPlus is call Average-surface 

Calculation, which is calculated based on analytical 

model developed by Swami and Chandra. Instead of 

giving average Cp values, the proposed CFD based Cp 

model assigned different Cp values for each window.  

As we can see from the results of comparison,  the 

default Cp setting in EnergyPlus underestimate the 

potential of natural ventilation by ignoring the widn 

pressure difference of windows on the same façade. 

Also, the simulation result with default Cp setting 

showed that the annual average air temperature in 

rooms on top floor will be higher, however, it was not 

true because the top floor rooms had better natural 

ventilation with higher approaching wind speed. 

According to this comparison, with CFD based Cp 

model we can achieve more accurate and detail 

information of natural ventilation. 

Another comparison was conducted between different 

urban models. Simulation results of building with no 

urban context and with urban model 1, 4 and 5 (see 

Table 2) were shown as Figure 6. 

 

 

Figure 6 Comparisons of Different Urban Models 

From this comparison we can easily see the influence 

of urban context on natural ventilation. Obviously the 

denser the urban context, the worse potential of natural 

ventilation. In the urban model 5, when the distance of 

buildings is twice as the building height, the urban 

context had almost no influence on natural ventilation, 

which agreed with the study of urban of density on flow 

pattern around buildings conducted by Hussain M.  

(Hussain M. 1988.).  

As we can read form the case study results, the 

proposed CFD based Cp model could provide detial 

performance simulation of naturally ventilated 

buildings, with any building shapes and any urban 

context condition. What’s more, this workflow has 

great improvement in informing the architect with 

detail simulation data, for example different natural 

ventilation performance of each room. But the most 

critical improvement of this workflow is the capacity of 

simulating buildings with particular shape and urban 

context. 

CONCLUSION 

Natural ventilation is one of the most widely used 

methods to reduce energy consumption as well as 

improving thermal comfort. However, the Cp values 

used now in most of the energy simulation software are 

based on Cp database or analytical models, which 

ignores the effect of urban context and form of building 

itself. A methodology to analyze natural ventilation in 

detail with CFD simulated Cp database was developed 

in this paper. Also several case studoes were 

introduced, indicating the great improvement in 

informing the architect with detail data. Studies show 

that the proposed CFD based workflow has great 

advantage in detail simulation, especially the capacity 

of simulating buildings with particular shape and urban 

context. 

However, more research remains in accurate simulation 

of natural ventilation. For example, in DesignBuilder 

the control strategy of natural ventilation opens the 

windows when outdoor temperature is lower than set 

point of indoor temperature, which results in a waste of 

energy by having cooling system at the same time with 

opened window. This is one of the directions of a 

future study.  
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ABSTRACT 

Contemporary high-rise buildings can have complex 
façade configurations, but existing building simulation 
programs may not have either the capability or user-
friendliness to help architects make better decisions 
early in the design process that could reduce energy 
use for these forms. This is especially true with faceted 
and curvilinear building facades where the glazing is 
not necessarily vertical. Building codes and software 
often cannot handle these more unusual curtain wall 
constructions and dynamic geometries. Consideration 
of these aspects will become increasingly important as 
parametric forms become more common. 

Advances in technology have been improving the 
building design process. One of the important 
competencies of building professionals is controlling 
the tremendous amount of data and information that is 
now associated with buildings. Intelligent software 
programs allow architects to study design parameters 
in the design phase, and some of the programs can 
even suggest design solutions. The ability to use the 
appropriate software programs and integrate them with 
design intuition has become one of the most important 
criteria for a technology-savvy architect in the 
burgeoning filed of computational design. 

This paper focuses on tilted glazing and the effect of 
its angular dependence on direct solar heat gain 
(DSHG). Spreadsheet calculations were conducted, 
and the results were linked to an algorithm developed 
in Grasshopper to demonstrate form refinement of 
faceted building facades with an emphasis on the 
angle-dependent DSHG of glazing. This tool can be 
used at the outset of design or later as one of the 
components of an energy simulation program where 
architects can fine tune their initial ideas for the 
massing of a building. It can help them determine a 
better tilt angle of glazing for the building and its 
overall geometry in a specific climate.  

INTRODUCTION 

With complex geometry in architectural design, it is 
often difficult to predict the energy performance of the 
building accurately. This is because most simulation 
programs are designed for box-shaped buildings. Even 
building codes or standards, such as ASHRAE, do not 
take specific requirements for complex geometry 
issues into account (Ko, 2012). Therefore, sometimes 
there is no feasible way to consider the code or energy 
simulation, even if architects and building engineers 
are willing to do so. Although standardized values for 
solar heat gain coefficient (SHGC) are determined for 
normal incidence, this is actually a very rare 
occurrence during energy simulations, in which the 
windows experience relatively high incidence angles 
the vast majority of the time (Arasteh and Kohler, 
2009). This procedure addresses the topic of 
converting normal incidence SHGC to angular 
dependent data (Arasteh and Kohler, 2009).  

Futhermore, there is still a huge gap between building 
energy performance prediction and sustainable 
building design. Many contemporary architects would 
like to apply sustainable design strategies in the early 
design process, but current energy simulation programs 
may not have sufficient capability to do so in a 
meaningful way. Many building simulation programs 
are not user-friendly, and sometimes the energy 
calculating process is not flexible enough to apply it 
directly in the schematic design phase. This makes it 
more difficult to integrate building performance 
simulation within the design process even when 
sustainable design is the goal. In addition, to make 
better decisions, architects may need the iteration 
studies of their design, but their energy simulation 
program may not have features to make this easy to 
accomplish. 

As an initial step towards mitigating this problem for 
facades with tilted glazing, a spreadsheet was created 
that followed the ASHRAE Fundamentals Handbook 
calculation Standards. The results from the spreadsheet 
can be more accurate than some of the energy 
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simulation programs as the user can actually input the 
effective SHGC values from the Window5 program. 
Simulation programs such as Ecotect and eQuest either 
do not have the capability to apply accurate effective 
SHGC values, or even if they do have this capability, 
they do not automatically input the Window5 value if 
the user did not select the method (Ko, 2012). Based 
on the spreadsheet, a potential way to integrate 
building energy simulations and form-refinement 
processes of faceted buildings in the schematic design 
phase was introduced. This algorithm can serve to be 
one of the functions of future building simulation 
programs that can be more intuitive and user-friendly, 
thus affecting the overall building shape design with 
regard to the efficient use of direct solar heat gain. 

 

INTEGRATION BETWEEN ENERGY 
CALCULATION AND SCHEMATIC 
DESIGN PHASE 

As briefly mentioned in the previous section, energy 
simulation programs either do not have any or enough 
capability to take the complex geometry of tilted 
glazing of buildings into account, as the DSHG for 
those buildings is a critical part of the building energy 
performance prediction (Ko, 2012). Also, the process 
of the energy calculation in simulation programs is 
quite different from design tools such as Rhino. One 
method to integrate DSHG (a main factor in 
determining cooling loads) and faceted building design 
(with tilted glazing) was developed. Based on the 
generative algorithm in Grasshopper, using the raw 
data from the spreadsheet calculation and conducting 
real-time iteration studies. 

SPREADSHEET CALCULATION OF 
DIRECT SOLAR HEAT GAIN 

1. Direct Solar Heat Gain Calculation 

Peak solar gain through a window and its associated 
cooling load can be a major component in determining 
the application and evaluation of low-energy systems 
(Waddell 2010). It is therefore vital to predict the solar 
gain and the time when peaks occur accurately in order 
to make decisions about the façade measurements and 
system selection even at a conceptual design phase 
(Waddell 2010). SHGC is the one of the main factors 
for Direct Solar Heat Gain (DSHG) and DSHG is 
directly related to cooling load estimation which 
always comes with energy consumption issues. The 
solar energy flow through a fenestration may be split 
into two parts, opaque and glazing portions, qop and qs, 
respectively, as given in Equation 1 (ASHRAE 2005).  

 Qsol = Aopqop + Asqs  (Eq. 1) 

where,  Aop refers the area of the opaque part and As 
means the area of the glazing. The glazing portion of 
the solar energy can be divided into three parts: direct 
beam radiation (qb), diffuse sky radiation (qd), and 
radiation reflected from the ground (qr). The equation 
for incident solar flux to glazing is defined as 
 qs = qb + qd + qr   (Eq. 2)  
Direct normal radiation is one of the main contributors 
of solar heat gain through fenestration. It can be 
obtained by multiplying the direct incident solar 
radiation (ED) by SHGC. ED can be calculated by 
direct normal solar radiation (EDN) and cosine Ɵ. Ɵ 
represents the angle of incidence. Figure 1 shows the 
effect of incident angle on incident solar radiation. 
DSHG is obtained from EDN, cos Ɵ, SHGC (Ɵ).  
 qb = EDN * cosƟ * SHGC(Ɵ) (Eq. 3) 
One should note that the incident angle has an effect 
on both the cosine and SHGC. The angle-dependence 
in DSHG is critical and ignoring it can make for a huge 
difference from reality.  
 
 
 
        
 
 

Figure 1 Cosine law and surface incidence 
 

2. Spreadsheet for Direct Solar Heat Gain 
Calculation 

The DSHG calculation is not straightforward in 
building codes and energy simulation software when 
the project has glazing that is not necessarily vertical. 
This can lead to errors in the building performance 
prediction especially in complex faceted facades. To 
improve the DSHG calculation, a master spreadsheet 
that includes incident angle calculation based on the 
specific location, time, and surface azimuth was 
developed.  The effect of incident angle was reflected 
in the DSHG calculation based on perpendicular direct 
incident solar radiation and the effective SHGC to 
produce the spreadsheet. Using this spreadsheet, one 
can predict the amount of DSHG from each area of 
tilted glazing, with time-dependence throughout the 
year. 
 
The spreadsheet calculation was conducted from 5am 
to 7pm in January to December on an hourly-basis. It 
consists of ten different tables and each table refers to 
AST, the hour angle H, solar altitude, solar azimuth, 
incident angle, surface solar azimuth, direct solar 
radiation (EDN), cosine (incident angle, Ɵ), SHGC, and 
DSHG in that order. The last table with colored cells 
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represents the DSHG that the spreadsheet ultimately 
calculates. Figure 2 is the overall configuration of the 
spreadsheet. 
 
 
 
 
 
 
 
 

 
Figure 2 Master spreadsheet  

 
Figure 3 is the DSHG values given as monthly 
averages, it is intended to clearly show the values of 
the DSHG for comparison between months the specific 
time of day. In Figure 3, inputs are in light-green cells: 
location (altitude, latitude) and orientation (0° south, 
90° west, 180° north, and 270° east). Tilt (0° is 
horizontal, 90° refers to vertical, and over 90° 
represents tilt towards the outside of the building) and 
effective SHGC are also input. The outputs represent 
hourly-base DSHG values, the average for a year, and 
peak gain. The cells are colored with light yellow to 
dark brown; lighter colors mean higher values of 
DSHG and white cells indicate no direct solar heat 
gain at that time.  
 
 
 
 
 
 
 
 
 
Figure 3 Spreadsheet results, South Façade, Phoenix, 

Arizona 
 

FORM-REFINEMENT PROCESS IN 
GRASSHOPPER 

This section introduces an algorithm developed in 
Grasshopper (a plug-in for Rhino 3D), that links to the 
master spreadsheet. This algorithm can extract the 
surface azimuth and tilt angle of any surface from a 
given faceted form of a building in Rhino, and the 
surface information is input back into the spreadsheet 
to calculate the DSHG of the surface. Based on this 
process, one can easily see the total DSHG of a whole 
building. 

In order to show the possible contribution of the form-
refinement process, a faceted building design was 
studied (Figure 4). The use of the parametric tools 
allows not only for accurate results, but also almost 
instant variation of direct solar heat gain performance 
when each of the surfaces has a different angle and 
orientation. The complexity of this study lies in real-
time linkage of the spreadsheet calculation and 
geometry iteration, which resulted in DSHG data 
exchange within various forms of the faceted building. 
The form-refining process was designed by using 
Rhino as a modeling tool, Grasshopper as a parametric 
interface, the spreadsheet for DSHG evaluation, and 
Galapagos for problem solving. 

 

 
Figure 4 A case project; a faceted building design 

 

1. Genetic Algorithm in Grasshopper 

With the introduction of generative and parametric 
systems for architectural design, the amount of 
iterations an architect can produce has become 
limitless (Miller, 2010). However, as architects 
continue to negotiate complex design problems 
requiring iterations, variations, and alternatives, it 
becomes necessary to simultaneously formulate 
systems for evaluation and validation. Genetic 
algorithms and evolutionary systems provide a 
framework by which optimal (locally optimal) 
solutions can be searched for within an infinite 
generative field of variation. Using these tools, the 
parametric system becomes the genome, the field of 
alternatives becomes the population, and the architect’s 
design goal becomes the fitness criteria.  

An examination of the evolutionary system shows that 
it uses principles of natural selection to automate the 
search for optimal solutions. One can use evolutionary 
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systems to look for design solutions that meet specific 
criteria. 

 
Figure 5 Galapagos, an evolutionary component in 

Grasshopper 
 

Grasshopper is one of the parametric tools used by the 
contemporary architectural design industry (Davison, 
2009). It is becoming popular with both architecture 
students and building professionals. The widely-
acclaimed Grasshopper is used not only for 
architectural design, but also for building engineering 
and research. Designers who are already using Rhino’s 
3d modeling tools can explore new shapes using 
generative algorithms with Grasshopper, tighly 
integrated graphical algorithm editor. Unlike some 
other parametric tools, one can use Grasshopper 
without a serious background in computer 
programming. A component of Grasshopper, called 
Galapagos, deals with problem-solving evolutionary 
systems based on the generative algorithm. 

For this study, the evolutionary component was 
designed for form-refinement processes of faceted 
buildings, with an emphasis on the angle-dependent 
DSHG of glazing, a key factor for determining cooling 
and heating load. Without visual programming 
software such as Grasshopper, this process would have 
been possible only with time-consuming calculations 
for the multiple iterations. At the present time, 
technical innovation allows such studies to be 
conducted in an easy, quick and accurate way. The 
intent is to provide a visual tool where architects could 
fine-tune their initial ideas for the massing of a 
building and help them determine a better angle of 
glazing for the building and its overall geometry in a 
specific climate zone. 

2. Linking Grasshopper to the Master Spreadsheet 

Figure 6 shows how the form-refinement process is 
conducted with Grasshopper and the spreadsheet. As a 

starting point, a faceted building model in Rhino was 
set up in the interface.  

 
Figure 6 Grasshopper Linked to Spreadsheet 

 

This algorithm can extract the surface azimuth and tilt 
angle of any surface from a given faceted form of a 
building in Rhino. The surface information is 
automatically input back into the spreadsheet to 
calculate the DSHG of the surface, and then the 
calculated DSHG value from the spreadsheet is 
extracted and exported to the Galapagos solver. The 
solver determines if the value is an optimal solution 
under the design constraints of Galapagos (such as 
minimum or maximum value) or not. This algorithm 
acts as a feed-back loop so architects can have iteration 
studies without manually inputting options in the 
simulation programs every single time. 

3. Design Tool Documentation 

This section documents the proposed design algorithm 
that can be used to determine an optimized 
configuration for the faceted building for better DSHG 
performance. The algorithm is applied to a base case 
project composed of 70 faceted surfaces. The 
definition utilizes the master spreadsheet as the 
calculation engine for DSHG. The definition has been 
divided into screenshots, each screenshot describes one 
part of the definition. 
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Figure 7 Grasshopper definition structure 

 
Figure 8 shows the geometry construction process. The 
vertices of the faceted surfaces move along the 
assigned ellipse. The slider in Grasshopper represents 
the position of each vertex. If the value in the slider 
changes, the location of each vertex on the ellipse will 
consequently move. In addition, the surface that is 
created based on the three vertices will also change. 
These changes will be directly applied to the geometry 
of the faceted building. 
 
 

  

 
 
 

Figure 8 Geometry construction process 
 

Each time that the slider value changes, an iteration 
will be conducted, and the Galapagos solver will find 
the best solution which meets the certain constraints 
that a user inputs. The vertices of the faceted surfaces 
move along the assigned ellipse. The slider in 
Grasshopper represents the position of each vertex 
(Figure 9). 

 

    
Figure 9 Sliders in Grasshopper and consequence 

geometry change  

3.1 Base Tower Outline 

The basis of this design was originated from seven 
typical floor plans. There were two different ellipses 
for the boundary for plans; the smaller one represents 
the minimum boundary and the larger one is the 
maximum boundary. The first, the third, the fourth, 
and the seventh typical floor used the big ellipse as 
their floor boundary and the others were applied to the 
small ellipse. At first, two boundaries were assigned as 
“Ellipse” components to one of the definitions shown 

in Figure 10, and were duplicated using “Move” 
components in Grasshopper. Prior to the ellipse 
duplication, the number of duplications and the offset 
distance input to a “Series” component (Figure 10). 
Then, the whole building outline is defined (Figure 11). 

 

 
Figure 10 Grasshopper definition: base tower outline 

 

 
Figure 11 Base tower outline in Rhino 
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3.2 Faceted Surfaces Construction 

Using a “List Item” component, all of the duplicated 
ellipses can be retrieved from a list: “0 to 6” for “i” 
value in the component; each “List Item” component 
indicates each ellipse. Then, the “List Item” 
component was connected to five “Evaluate Curve” 
components to separate the ellipse into five sections. 
Each section was assigned one vertex and the vertex 
can move on the any location within the section. The 
slider value shows that the location of the vertex 
ranges from 0 to 0.2, 0.2 to 0.4, 0.4 to 0.6, 0.6 to 0.8, 
and 0.8 to 1. (1.0 is the same as 0: the starting point 
and end point are same as the base curve is an ellipse) 
A “Polyline” component connects these five vertices 
and finally, it can be a configuration of the typical plan. 
 

 
Figure 12 Grasshopper definition: vertices of each 

surface 
 

Through the resultant poly lines, a “Loft” component 
created a lofted surface, and then that surface was 
deconstructed into faceted surfaces. In this process, 
several components were used:  “Explode” to 
decompose the loft, “Divide Domain” to divide a loft-
surface domain into equal segments, “Isotrim” to 
extract an isometric subset of each surface, and “4Point 
Surface” to create a surface connecting three vertices 
(Figure 13). 
 

 
Figure 13 Grasshopper definition: surface 

construction 
 

3.3 Surface Azimuth and Tilt Angle Extraction 

This section of the definition has two different parts: 
“Surface Azimuth Extraction” and “Tilt Angle of the 
Surface.” Each surface was assigned with an “Evaluate 
Surface” component to set up the normal vector of the 

surface. The z-vector from “Plane components” was 

selected and input to the “Vector Decompose” 
component.  Based on the resultant vector, other 
components such as “Reverse Vector” were used to 
calculate the surface azimuth and tilt angle of the 
surface.  
 

 
Figure 14 Grasshopper definition: surface-angle 

information extraction 
 

3.4 Linking the Master Spreadsheet to Grasshopper 

Surface-angle information that was obtained from the 
previous definition was input to an “Excel Write” 
component to send the information to the master 
spreadsheet. In Figure 15, two of the light green cells 
are input cells. When the Grasshopper definition grabs 
the surface information, the “Excel Write” component 
directly sends the data to the spreadsheet and the 
values to these input cells. Then, the spreadsheet 
automatically calculates the DSHG throughout a year 
and the DSHG average value. After that, the “Excel 
Read” component reads the average DSHG value from 
the spreadsheet and the DSHG value of each surface is 
multiplied by its surface area. Finally, the total DSHG 
value is sent to a “Galapagos” component (Figure 16). 
If the model changes, the spreadsheet result will 
automatically trigger and update within Grasshopper.  
 

 
Figure 15 Master spreadsheet input cell location 
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Figure 16 Grasshopper definition: Excel write and 

read 

3.5 Galapagos; Form-Refining Process 

As a final step of definition, Galapagos was added to 
find a locally optimal solution given the input 
constraints by users. This algorithm acts as a feed-back 
loop so architects can have iteration studies without 
manually inputting numerous options in the simulation 
programs that may not even be the best solution. 
 

 
Figure 17 Grasshopper definition: Galapagos 

 

4. Result and Observation 

By using the algorithm, a simple test with the first ten 
floors (20 faceted surfaces) of the building was 
conducted to check how this system works. The 
building was located in Phoenix, Arizona and 
Minneapolis, Minnesota. Figure 18 shows the two 
resulting geometries of the building for two climates 
with different criteria: maximum DSHG and minimum 
DSHG. This form-refinement process is under certain 
design criteria, (in this case, the building geometry 
constraints) such as the vertices need to move along 
with the given ellipse, and there are five vertices on 
each ellipse. Therefore, this algorithm follows the 
architect’s design intention but at the same time, it 
gives her a better geometrical design decision by 
refining the overall shape and tilt of the faceted 
building. 
 

 
Figure 18 Form-Refining Trial with the First Ten 

Floors (20 faceted surfaces) 
 

FUTURE STUDY 
There are several methods that could be improved in 
the next version of the study including more climate 
specific optimization and keeping the surface area of 
the building constant. 

One issue regarding the maximum and minimum 
amounts of DSHG should be addressed due to its 
complexity. DSHG can be added or subtracted based 
on energy consumption for cooling or heating. For 
example, the climates of certain places, such as Denver, 
CO, have relatively hot outdoor temperatures over the 
summer months, whereas the indoor space needs 
heating from November to March. In cases like these, 
DSHG should be minimized only for the summer 
months and maximized for the winter months. A multi-
objective Galapagos study could be conducted that is 
based on the balance point temperature concept of 
weighting methods. The balance point is the outdoor 
air temperature, causing building heat gains to be 
dissipated at a rate that automatically creates a desired 
indoor air temperature. For the multi-objective study, a 
weighting system also needs to be developed 
congruently and this weighting value for each month 
can be applied (Figure 19). 

 

 
Figure 19 Overall Concept of Building Balance Point 
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The program could also allow the user to keep the total 
surface area constant when creating the refined forms. 
Currently, this algorithm can find a form that has 
minimum/maximum DSHG among various iterations. 
However, the total surface area is not exactly same in 
all forms. If the algorithm cannot keep the total surface 
area the same, the heat gain/loss from conduction 
would be different from each of the forms. A multi-
objective study can be added in regards to this issue. 

CONCLUSION 

This paper shows a possible integration between a 
genetic algorithm and the schematic design process.  

Rhino, Grasshopper and Galapagos were used to 
demonstrate one possible method of combining 
parametric design and energy simulation. Based on the 
accurate DSHG values calculated from a master 
spreadsheet, the algorithm acts as a feed-back loop in 
Grasshopper. By using it, architects can perform 
iteration studies without manually inputting options in 
the simulation programs. One of the difficulties in 
applying energy simulation results to design decisions 
is that the user cannot do parametric studies easily. The 
algorithm can show results in real-time iteration 
studies, while being faster, more user-friendly, and 
perhaps more intuitive, thus affecting the overall 
building shape design with regard to the efficient use 
of DSHG.  

The algorithm focused only on the DSHG aspect to 
find out the refined-form for specific building designs. 
This approach has several limitations. Energy 
simulations have to consider many other issues, for 
example, HVAC systems, schedules, properties of 
materials such U-value, etc. However, the approach 
demonstrated in this paper is a first step towards 
integrating schematic design and energy simulation 
programs. Future work could focus on the additional 
layers to the algorithm considering the complex 
climate conditions and enhancing the user-specified 
constraints such as geometrical conditions or shaded 
effect from adjacent buildings. 
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ABSTRACT 
Building energy modeling and analysis is currently a 
time-intensive, error-prone, and nonreproducible 
process. From mundane file management tasks, to 
repeated entry of model parameters, to the application 
of often-used design transformations, to the execution 
of large-scale analyses, workflow automation via user-
defined scripts has the potential to reduce costs and 
improve the quality of energy modeling. Many 
sophisticated building energy modelers already know 
this and regularly create various scripts to automate 
portions of their workflows; however, each practitioner 
must create custom solutions from scratch, which lead 
to new inefficiencies and potential errors. This paper 
describes the scripting platform of the OpenStudio tool 
suite (http://openstudio.nrel.gov) and demonstrates its 
use in several contexts.  
Two classes of scripts are described and demonstrated: 
measures and free-form scripts. Measures are small, 
single-purpose scripts that conform to a predefined 
interface. Because measures are fairly simple, they can 
be written or modified by inexperienced programmers. 
Because measures have a known interface, they can be 
shared among users and selected for use at several 
places in the OpenStudio tool chain. We demonstrate 
the use of measures in an interactive mode from the 
OpenStudio SketchUp plug-in and in a noninteractive 
mode from the OpenStudio application. More 
experienced users can design and write free-form 
scripts to automate their work. We demonstrate the 
advantages of conducting large-scale analysis using 
free-form scripts through a case study. Finally, a vision 
for future work in which measures are shared through 
online libraries is described. 

INTRODUCTION 
The state of the art in building energy modeling and 
simulation requires the coordinated use of graphical 
user interfaces (GUIs), spreadsheets, and text editors. 
Most users prefer to use GUIs when the interface meets 
their needs. A GUI application may not, however, 
provide all the functionalities a user needs to modify 

input data, present output data, and create and compare 
multiple related models for a particular project. A GUI 
tool may also make it easy to execute a particular task 
once and in one place, but not provide a good workflow 
for repeating that task across a wider range of situations 
or systems. When a GUI comes up short in one or more 
of these areas, the user is forced to perform some 
manual steps in a spreadsheet or with the command 
line, which often takes additional time, introduces 
transcription errors, and results in a nonreproducible 
process.  
Expert users may cobble together their own sets of tools 
for generating models, running simulations, and 
tracking results for many building energy simulations. 
This involves writing code for interacting with the 
simulation engine’s inputs and outputs, invoking the 
simulation engine, and comparing results from multiple 
models. Most practitioners choose to implement such 
solutions using an interpreted scripting language (e.g., 
batch files, Python scripts, Ruby scripts, or MATLAB 
scripts) rather than a compiled language (e.g., C, C++, 
C#, or Fortran). This preference is attributable to the 
ease of use and rapid development/test cycles of 
interpreted languages. Furthermore, interpreted scripts 
can be deployed to multiple platforms without having to 
build a new package for each type of system. One 
disadvantage of scripting languages, however, is that 
there is no compile step to catch argument type 
mismatches and other common problems that can lead 
to runtime failures. 
Such homegrown systems, which often involve a 
combination of manual and automated steps, certainly 
provide time savings, reduce errors, and improve 
reproducibility for the individual investigator. These 
custom solutions do, however, trade the manual 
transcription errors for the unavoidable syntatic and 
semantic errors of computer programming (bugs), 
especially for code that is not thoroughly tested. The 
proliferation of homegrown systems also wastes effort 
across the building energy simulation community, as 
opportunities for code reuse are lost. 
Several software systems aim to fill this niche by better 
empowering building energy modelers and researchers 
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to 1) easily and reproducibly perform oft-repeated 
tasks; and 2) run large-scale analyses. GenOpt provides 
a library of optimization algorithms, a mechanism to 
associate variable values with particular manipulations 
of a text input file, and configuration settings that point 
to the simulation engine and establish a protocol for 
exchanging data (Wetter 2001). A generic software tool 
for multidisciplinary design optimization, Phoenix 
Integration’s ModelCenter, has been applied to building 
design problems in which energy efficiency, as 
predicted by EnergyPlus, is one of the objectives to be 
optimized (Flager, Welle et al. 2009). Both tools 
automate some low-level tasks, such as file 
management and new model generation based on 
algorithm requests, but require users to define low-level 
manipulations of simulation input files to set up their 
problems. GUI tools are also available for running 
large-scale analyses. BEopt optimizes residential 
building designs simultaneously over an energy and an 
economic metric. As a GUI tool, it constrains the user 
by specifying exactly what and how features of the 
design can be manipulated. This makes the tool easy to 
use but sacrifices flexibility (NREL 2012).   
In this paper we describe the OpenStudio scripting 
environment specifically designed for building energy 
modeling and analysis (BEMA). The OpenStudio 
scripting environment is integrated with the OpenStudio 
GUI applications so users can combine the benefits of 
graphical data representation and customized task 
automation. In particular, measures, which are scripts 
that follow a certain structure, can be used directly from 

the GUI applications, which then exercise the set 
structure to provide on-demand user interfaces. Free-
form scripts may also be written and then run outside 
the GUIs, that is, from a command line. Because the 
scripting framework contains a formal mechanism for 
using measures as discrete or continuous variables, 
measures can also be used within free-form scripts.  
In the following sections we describe the architecture of 
the system and the technologies that enable BEMA 
scripting. We then describe measures in more detail, 
giving examples that span several use cases. Next we 
provide a case study about how free-form scripts were 
used to develop and revise a Web tool in support of the 
U.S. 179D federal tax deduction. Finally, we provide a 
vision for future work in which measures are shared in 
an online repository and can be used to compose 
problem definitions for large-scale analysis, including 
design optimization. 

ARCHITECTURE AND TECHNOLOGIES 

The software architecture of the OpenStudio project is 
shown in Figure 1. At the center of the project is the 
OpenStudio software development kit (SDK), which is 
an open source (GNU lesser general public license) 
collection of reusable libraries implementing BEMA 
functionality. The building model library (Building 
Modeler) is at the center of SDK, and provides classes 
and methods for creating and modifying building 
energy models. For instance, the building geometry is

 

 
Figure 1: OpenStudio software architecture 

Credit: Marjorie Schott/NREL 
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represented by a set of spaces, each of which is 
bounded by a collection of surfaces. Thermal zones are 
defined by grouping spaces. Each such class (Space, 
Surface, and ThermalZone) has methods for inspecting 
and modifying low-level data and relationships. Classes 
often also define high-level methods which modify 
many low-level data fields and relationships. As an 
example, the Surface method for setting window to wall 
ratio will be described later in this paper.  
The building model library is built on top of utility 
libraries for accessing the input and output data at a low 
level, opening and parsing related file types, performing 
geometric operations, etc. These low-level utility 
methods are also included in the SDK.  Finally, the 
SDK includes modules for running simulations 
(EnergyPlus, EnergyPlus auxilliary programs, and 
Radiance), defining and running analyses, and storing 
results for multiple models and simulations (DOE 2011; 
Ward 2011). The OpenStudio SDK can be used to build 
additional applications and projects. Some current 
examples are shown in Figure 1. Several of these GUI 
tools are available directly from the OpenStudio 
project. 
The OpenStudio SDK is implemented in C++. The 
functionality of the SDK is tested by an automated 
system that regularly checks out the source code, builds 
the project on several platforms, runs a series of unit 
tests on each, and posts results to a Web-based 
dashboard. Documentation for the SDK is generated 
using Doxygen and is posted to the OpenStudio project 
website for each release (van Heesch 2012). 
Functionality from the C++ SDK is then exposed to 
other languages using the Simplified Wrapper and 
Interface Generator (SWIG) (Beazley, Ballabio et al. 
2009). SWIG enables export of C++ code to 
approximately twenty different languages. We have 
chosen to support Ruby as our primary scripting 
language in order to integrate with the Ruby plug-in 
architecture provided by Google SketchUp. We also 
export bindings to the C# language because several of 
our collaborators program in C#. Because C# is a 
compiled language, we will not discuss it further in this 
paper. Ruby, on the other hand, is an interpreted 
language, and we have made significant use of it 
beyond the basic need for communicating with 
SketchUp. 

PHASES OF A BEMA PROJECT 
A building energy analysis typically consists of four 
phases: 1) define the seed model or models; 2) define 
the problem to be investigated; 3) run the simulations 
supporting the analysis; and 4) generate, interpret, and 
incorporate tables and figures based on the simulation 
results into reports. The OpenStudio scripting 

environment exposes portions of the OpenStudio SDK 
relevant to each phase. 
The seed model can be created with the GUI tools, the 
scripting environment, or a combination of both. In 
each case, classes and methods exposed in the 
OpenStudio SDK building model library are used to 
create objects relevant to the simulation study, assign 
values to their parameters, and define relationships 
between objects. A key feature of the building model 
library is that the objects and their methods are 
responsible for maintaining model validity. Other 
models in the analysis are generated from the seed 
model as described below.  
Once the seed model is complete, the analysis problem 
must be defined.  The problem consists of a parameter 
space, a number of response functions, and a prescribed 
simulation workflow. The parameter space is a list of 
variables, each of which defines how the seed model 
should be mainipulated to set the value of that variable. 
If the variable is discrete, it is a list of discrete (perhaps 
even unrelated) changes that can be made to the model; 
if the variable is continuous, some method for setting 
the variable to a particular value must be defined. 
Discrete and continuous variables may be defined using 
Ruby scripts (measures or free-form scripts). These 
scripts typically use methods from the building model 
library. For example, the building model library 
contains methods to loop over all surfaces in the model 
and set the window to wall ratio to a particular value. 
Response functions are typically high-level outputs 
such as site energy use; however, these may also be 
implemented using free-form scripts and can be 
configured to compute any value the user wants to 
analyze in detail. The simulation workflow consists of a 
string of jobs to be executed on each new model, such 
as: 1) translate to EnergyPlus syntax; 2) simulate with 
EnergyPlus; and 3) run the basic postprocess job to 
extract high-level results. 
Once the problem has been defined, the user may select 
an algorithm to apply. Two algorithms are currently 
available directly in OpenStudio: a full factorial mesh 
over discrete variables, and a bi-objective optimizer 
over discrete variables. We are also creating an 
interface to relevant DAKOTA algorithms (Adams, 
Bohnhoff et al. 2009). We have exposed several 
sampling algorithms from the DDACE library, 
including Latin hypercube sampling, orthogonal array 
sampling, and grid sampling. Once the problem and 
algorithm are in place, OpenStudio functionality from 
the analysis driver portion of the SDK may be used to 
run the analysis. This functionality makes heavy use of 
the run manager library to queue jobs and keep 
communications synchronized. After each new building 
model is generated and simulated (by setting the 
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variable values and running the simulation workflow), 
the results are pushed to a database. 
When the analysis is complete, the final phase of work 
begins, that is, figures and graphs are generated. The 
OpenStudio scripting environment includes 
functionality for making database queries to pull out 
high-level and detailed results for each data point, and 
for automatically preparing figures, graphs, and tables. 
Repeatability is a key benefit of using scripts in each 
BEMA project phase. If an error is found in some part 
of the process, the seed model changes, a new variable 
is proposed, or a different algorithm is to be 
investigated, the analysis can be rerun with minimal 
effort. In the following sections we will discuss the use 
of measures and free-form scripts in automating a 
BEMA project. 

MEASURE SCRIPTS  
In OpenStudio, measures are scripts that implement a 
formal interface. This interface provides a way for host 
applications to get the name of the measure, identify the 
required and optional arguments, and run the measure 
with a given set of argument values. In this section, we 
provide two examples of applying measures. In the first 
example, the user works within the OpenStudio 
SketchUp plug-in and applies a measure interactively to 
the model. In the second example, the user defines a 
measure that is applied noninteractively each time the 
model is simulated. In both examples, the simplicity of 
the code snippets is directly traceable to the use of high-
level methods implemented in the (documented, tested, 
and open source) C++ code base. These methods are 
responsible for all low-level tasks, such as file parsing, 
input file editing, and input file saving, thereby freeing 
the user to work with higher level abstractions. 

Interactive Measures 

Measures were initially developed for integration with 
the OpenStudio SketchUp plug-in, where they are 
referred to as user scripts. The purpose of these scripts 
is to allow users to automate tedious portions of their 
workflows. For example, a user may want to apply 
some property to each surface in a model. Rather than 
visit each surface individually and set the property 
through the GUI, the user can write a script that loops 
over all surfaces and sets the property in one step. To 
create a new user script, the user writes a Ruby script 
containing a class that implements the formal measure 
interface and places this script in the designated folder. 
The next time she launches SketchUp, the new script 
will show up next to all the others in the “OpenStudio 
User Scripts” menu. The user can then run this script at 
any time by selecting it from the menu, as shown in 
Figure 2. 
 

 
Credit: David Goldwasser/NREL 

Figure 2: Menu showing available user scripts 

 
Several example user scripts are packaged with the 
plug-in. The packaged examples include a “Hello 
World” template script illustrating the syntax at its 
simplest, a summary table generator, a script that blends 
the OpenStudio and SketchUp APIs to create 
architectural plan views, and several single-task 
manipulations of the underlying energy model. In the 
latter category, the “Set Window to Wall Ratio” 
example user script removes any existing windows 
from the selected surfaces, and then replaces them with 
new windows matching the window to wall ratio and 
offset (from floor or ceiling) parameters given by the 
user. Each time the script is run, an input dialog, as 
shown in Figure 3, is dynamically generated to request 
argument values from the user. 
The code that affects these changes in the model, with 
error checking code removed for brevity, follows: 
def run(model, runner, arguments) 
 wwr = arguments["wwr"] 
 offset = arguments["offset"] 
 application_type =  
     arguments["application_type"] 
 

 heightOffsetFromFloor = nil 
 if (application_type.valueAsString ==  
     "Above Floor") 

   heightOffsetFromFloor = true 
 else 
   heightOffsetFromFloor = false 
 end 
 

 model.getSurfaces.each do |s| 
   next if not runner.inSelection(s) 
   next if not (s.outsideBoundaryCondition == 
                "Outdoors") 
   new_window = s.setWindowToWallRatio( 
   wwr.valueAsDouble,  
   offset.valueAsDouble,  
   heightOffsetFromFloor) 
 end 
end 
 
The script makes it easier to perform this modeling task 
in at least two ways.  First, the user’s selection within 
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the host application determines to which surfaces the 
transformation is applied. This allows the measure to 
take advantage of particular features of the host 
application which are useful for selecting objects of 
interest. Second, the processes of removing the old 
windows, and creating new ones of appropriate size 
(balancing the user’s inputs and what is physically 
possible), is encapsulated in one high-level function, 
setWindowToWallRatio. Because this method is 
written, tested, and documented as part of the SDK, the 
user can simply use it without worrying about 
implementation details. Additional SDK methods and 
functions can be discovered for other tasks by browsing 
the building energy model documentation (Ball, Benne 
et al. 2012). 
 

 
Credit: David Goldwasser/NREL 

Figure 3: Dynamically generated input dialog for a 

“Set Window to Wall Ratio” measure 

Noninteractive Measures 

The interactive measures can be used to automate 
certain portions of a user’s workflow; however, this 
method of running measures requires user input each 
time the script is invoked. In contrast, the OpenStudio 
application can run the same measure many times with 
the same set of arguments. To use this noninteractive 
mode, the user fills out the input dialog once and then 
saves the argument values for future use. The window 
to wall ratio script example can be run in this 
noninteractive mode with minor modifications that use 
a different mechanism for selecting the appropriate 
surfaces. In this section we will focus on another 
example. 
Like the OpenStudio SketchUp plug-in, the OpenStudio 
application is built on the OpenStudio SDK; both 
applications use the run manager library to manage 
simulation workflows. The OpenStudio run manager 
library defines a simulation workflow as a tree of jobs 
in which the output of each job is available as input to 
any child jobs. The jobs in the basic workflow that the 
OpenStudio application uses to perform simulations 
are: 

x ModelToIdf: Translate the OpenStudio model 
(OSM) into an EnergyPlus input data file 
(IDF). 

x ExpandObjects: Call the EnergyPlus auxiliary 
tool ExpandObjects if necessary. 

x EnergyPlus: Run an EnergyPlus simulation. 
 
The scripts tab of the OpenStudio application, shown in 
Figure 4, allows users to call scripts (measures or free-
form) at three points in the simulation workflow. Model 
scripts are run before the ModelToIdf job. At this point 
in the workflow, the building model library 
functionality may be applied to the input model. IDF 
scripts are run after the ExpandObjects job. At this 
point in the workflow, the input model has already been 
converted to EnergyPlus IDF and building model 
functionality cannot be used. The IDF file can, 
however, be modified using low-level data 
manipulation methods in the OpenStudio SDK. Finally, 
Post-EnergyPlus scripts are run after the EnergyPlus 
simulation, and may be used to generate reports or other 
outputs from the final OSM model, final IDF model, or 
the EnergyPlus simulation results stored in SQLite 
format (eplusout.sql). 
 

 
Credit: Elaine Hale/NREL 

Figure 4: OpenStudio application scripts tab 

 
The particular script shown in Figure 4, 
ImportImfSection.rb, allows users to access their legacy 
EnergyPlus input macro files (IMFs). This feature is 
useful to advanced users because it allows them to work 
on their models in the OpenStudio format using the 
OpenStudio GUI tools, and directly access EnergyPlus 
features not yet available in the OpenStudio model. 
The motivating example for this section is the need to 
include utility rate information in the energy simulation. 
The OpenStudio application does not yet have an 
interface to enter utility rate information, but many 
users have utility rate models in IDF or IMF format. To 
incorporate these utility rates in an OpenStudio model 
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simulation, the user drags the “Import IMF Section” 
measure into the model from the application’s script 
library. The user then presses the button labeled 
“Refresh User Script Arguments”. This action 
dynamically generates input dialogs that the user can 
use to set arguments for the script. Unlike the previous 
interactive example, the arguments for the measure are 
now stored for later use. Each time the model is 
simulated, this script is executed with the saved 
arguments. The code this particular script runs to 
import objects from a named section in an EnergyPlus 
IMF into the EnergyPlus IDF, with error checking code 
removed for brevity, is: 
def run(workspace, runner, arguments) 
 imf_file_path = arguments["imf_file_path"] 
 imf_section_name =  
     arguments["imf_section_name"] 
 

 imfFile = ImfFile::load( 
     imf_file_path.valueAsPath,  
     "EnergyPlus".to_IddFileType) 
     imfFile = imfFile.get 
 

 objects = imfFile.section( 
     imf_section_name.valueAsString) 
 

 wsObjects = workspace.addObjects(objects) 
end 

FREE-FORM SCRIPTING APPLICATIONS 
The examples in the previous section show the potential 
for measures to extend the capability of OpenStudio 
GUI applications without touching the underlying 
application code. More advanced users may require 
solutions that do not fit into the measure script 
paradigm. They may thus opt to write free-form Ruby 
scripts that use the OpenStudio scripting environment. 
These scripts run outside the OpenStudio GUI tools and 
are designed to meet specific user needs. 

179D Case Study 

Figure 5 depicts the workflow used to construct a Web 
tool for prescreening buildings to see if they might be 
eligible for the Federal 179D tax deduction. This 
analysis has now been run twice, once in spring 2011, 
when this analysis was the first large-scale project to 
use the scripting platform; and again in winter 2012.  

In both cases, about 250,000 simulations were run on 
cluster resources in the span of one to two weeks, after 
about a month spent developing, testing, and debugging 
the scripts set up to do the analysis. The scripting 
platform was key to enabling such a large-scale study 
and resulting Web application to be set up and run in 
such a short time by two to three full-time modeler-
developers plus one Web developer. Scripts developed 
on Windows machines were easily adjusted to also 
work on a Linux cluster; energy simulation data were 
fit to regression models using another freely available 
software program, R, with communications between the 
energy models, R, and the website done using comma 
separated value (CSV) files (Deru, Griffith et al. 2012). 

The study was rerun in 2012, primarily to add variable 
speed fans and heat pumps, which could not be 
included the first time because of severe time 
constraints. Although the scripts were updated to catch 
up with changes to the SDK during the intervening 
year, most of the modeling logic was directly preserved 
and reused. Because the initial study was completed 
before the building energy model was sufficiently built 
out, this work uses EnergyPlus IDF (specifically the 
DOE Commercial Reference Buildings (Deru, Field et 
al. 2011)) as the primary input. Then, 576 distinct 
analyses are constructed, run, and evaluated, one for 
each combination of building type (12), climate zone 
(16), and system type (envelope, lighting, and HVAC). 

 
 

 
Credit: Daniel Macumber/NREL 

Figure 5: Workflow for 179D analysis
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For each building and system type, a problem is defined 
from discrete variables whose values are either null 
(which leaves the seed model unchanged), or defined 
by a Ruby script with some particular argument values 
set ahead of time. Examples of script arguments include 
heating coil efficiency, roof U-factor, and lighting 
power density multiplier. Each simulation workflow, in 
addition to the normal simulation steps, is concluded by 
a custom postprocess, also written as a Ruby script. 
Each analysis runs a full mesh of all the options using 
our full factorial design of experiments algorithm. 

Once the analysis is run, another set of Ruby scripts 
extracts results from the database populated by the 
analysis driver, and places them in a CSV format. 
These files are then consumed by R scripts that 
calculate one data fit per CSV file. The data fits are 
then compiled and pushed to the Web application for 
use in estimating proposed building performance 
relative to the 179D requirements. Quality control data 
are also collected and evaluated along the way, which 
routinely prompts tweaks in one or more scripts, and a 
partial rerunning of the analysis. 

FUTURE WORK 
As the OpenStudio SDK matures, more capability will 
become available for use in measures and free-form 
scripting. As this functionality increases, we expect that 
more users will become familiar with the OpenStudio 
scripting environment and begin to author their own 
measures and free-form scripts. The next transformative 
step will then be to add measure scripts to the content 
available from the online Building Component Library 
(BCL), currently hosted at http://bcl.nrel.gov. When 
this is complete, users will be able to search for 
measures to download and apply using the OpenStudio 
GUI tools. In this way, one user can benefit from scripts 
written by another. Similarly, we also envision users 
downloading measures to compose BEMA problem 
definitions, which they can then apply to their own seed 
models.  

The problem formulation concept is depicted in Figure 

6. In this example, the user’s model is placed in an 
eight-dimensional parameter space. Each axis is defined 
by a measure, or set of measures, downloaded from the 
BCL. Each point on each axis corresponds to a 
particular discrete measure or a particular input 
argument value. Once the parameter space has been 
defined, the user can choose to run one of OpenStudio’s 
built-in algorithms or one available from the DAKOTA 
library (Adams, Bohnhoff et al. 2009). In this way, 
many more users will be able to perform advanced, 
customized analyses. 

 
Credit: Marjorie Schott and Elaine Hale/NREL 

Figure 6: Measure scripts used to compose a parameter 

space 

CONCLUSION 
Building energy modelers and analysts typically use 
several tools. Most projects use a mix of GUIs, 
spreadsheets, and text editors. Expert users may write 
custom scripts to implement portions of their workflow. 
These custom solutions are usually written from scratch 
and result in significant duplication of effort across the 
BEMA community. 

In this paper we demonstrated the use of a BEMA 
software platform accessed through the Ruby scripting 
language. Measures are scripts with a defined interface 
that allows them to be used in several contexts. Users 
can also write free-form scripts using the portions of the 
OpenStudio SDK exposed to the scripting environment.  

Both types of scripts give the user more flexibility and 
power than are typically provided by a GUI, and 
minimize the risks typically associated with software 
development. Because the platform is built on modular 
code for modeling, algorithm-driven model generation, 
data management, and run management, the amount of 
code that must be written to do a particular task is 
greatly reduced. Because the core code is written in 
C++, documented, tested, and freely available, the 
scripts run quickly and are widely shareable. Finally, 
the available functionality will grow over time as 
functionality is added to the OpenStudio project, 
reducing duplicate efforts in the BEMA community. 

In addition to adding functionality to the underlying 
code base and enhancing application support of 
measures, planned work includes extending an online 
database of building energy data, the BCL, to contain 
measures. This will allow users to easily search for and 
apply measures to their own models. Eventually, users 
will be able to construct customized parameter spaces 
using downloaded measures, and explore this parameter 
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space using their own seed models along with advanced 
optimization, uncertainty quantification, and other 
analysis routines.  
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ABSTRACT 

This paper explores a new method for providing 
designers with relevant, comprehensible information 
about potential design variation at appropriate stages in 
the design process. We propose leveraging both modern 
CAD software, which allows digital models to be 
controlled parametrically, and modern computational 
architectures, which allow access to massive amounts 
of computing cycles through the use of computation 
clusters and clouds, to quickly create, enumerate, 
simulate and analyze large populations of design 
alternatives. Analysis of these populations is 
accomplished through the use of both graphical and 
statistical treatment of the simulation output.  

INTRODUCTION 
The current practice of high efficiency building design 
usually sees a strict division of labor between design 
and technical personnel. Given that most simulation 
tools have come to reside on the engineering side of the 
traditional architecture/engineering design team 
structure, and that engineering consultants are often 
minimally involved in early stage design processes, 
Building Energy Simulation (BES) is typically 
conducted after a building design has been developed in 
detail.  This is unfortunate, since the earliest stages of 
design development are in fact the locus of many 
decisions that have significant consequences for the 
eventual performance of the constructed building. More 
specifically, we have argued that a lack of access to 
comprehensible, information-rich, design spaces in the 
earliest stages of the design process leads to the over 
application of rule-of-thumb methodologies and a 
reliance on generalized design guidelines on the part of 
even the most well-intentioned design teams (Pratt & 
Bosworth 2011). Given the complexity of many 
contemporary design problems, this prevents design 
teams from discovering and exploring viable design 
alternatives that do not obviously follow well 
established normative strategies that are part of what 
might be called the sustainable design "playbook", such 
as the heliocentric section, or the use of seasonally 
tuned shading systems. 

This paper explores one potential method for solving 
this problem and providing designers with relevant and 
comprehensible information about potential design 
variants at all stages of the design process. We propose 
leveraging both modern CAD software, which allows 
digital models to be controlled parametrically, and 
modern computational architectures, which allow 
access to massive amounts of computing cycles through 
the use of computing clusters and clouds, to quickly  
create, enumerate, simulate and analyze large 
populations of design alternatives.  

The ultimate goal of this line of research is to develop 
tools and techniques that will allow architects to 
understand the effects of design decisions at a variety of 
scales of detail and without inherently privileging 
qualitative or quantitative analysis.  The simultaneous 
and interactive display of the simulated energy use of 
both an individual building and of high-dimensional 
populations of similar buildings defined by a 
parameterization process provides insight into the 
effects of design decisions.  Goals are three-fold: 

1) Continued development of integrated CAD and BES 
tools that allow experienced but not necessarily expert 
users to create and simulate parameterized models. 

2) Development of statistical methods of analyzing a 
parameterized model space to expose the level of 
impact of each parameter.  Such an analysis provides 
opportunities for potentially shrinking very large 
parameter spaces and providing design decision insight 
to architects at very early stages of design. 

3) Development of graphically oriented statistical tools 
for navigating and understanding the fully simulated 
design space with the intent of understanding the 
interactions and impacts of design decisions. 

The statistical tools presented were developed from 
strategies typically used by scientists and engineers to 
design experiments.  Even though we present here the 
application of ideas from the field of scientific 
experimental design to architectural design problems, 
some critical differences between architectural design 
processes and design of experiments should be pointed 
out.  In experimental design one would like to choose 
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the factors that are most likely to have the largest effect 
on the responses of interest.  Experimenters go to great 
lengths to separate and control the circumstances of the 
experiment such that there are no factors external to the 
project that can have major effects on the responses.  In 
contrast, architects must always consider factors outside 
the bounds of quantifiable simulation that nonetheless 
place important pressures on the decisions being made.  
Thus we present here techniques to aid in understanding 
the responses of buildings to quantifiable design 
choices, which can be computed and simulated, with 
the understanding that the decision context is larger 
than that represented by the experimental design.  The 
intent of these tools is not to function as an expert 
system in the decision-theoretic sense, capable of 
making decisions, weighing the value and sensitivity of 
information (Russell & Norvig, 2003), but rather to 
provide a clear and understandable context in which the 
designer can make better holistic decisions. 

GEOMETRY CREATION AND MODEL 
PARAMETERIZATION 
For the purposes of this research we have utilized 
Sustain, a Java-based software suite for BES  
management developed at the Program of Computer 
Graphics at Cornell University, and Rhinoceros 3D 
(McNeel, 2011), a commercial NURBS modeling 
package frequently employed by architectural 
designers. The parametric modeling capabilities are 
provided by Grasshopper (McNeel, 2011), a visual 
scripting plug-in available for Rhinoceros. Grasshopper 
provides parametric access to the geometric modeling 
capabilities of Rhinoceros via a graphical interface that 
allows methods and functions to be "wired up" to pass 
variables (both geometric and non-geometric) between 
discreet components, which are, in fact small chunks of 
code that are analogous to functions or procedures in 
traditional programming languages. 

A typical parametric design workflow in Rhinoceros 

and Grasshopper intended for BES includes three stages 
(Figure 1).  First, a set of parameters is defined (Figure 
1 A,B.)  Second, the parameters drive the generation 
and modification of a building model described by 
curves, surfaces, and solids, represented as polygon 
meshes or as NURBS geometry (Figure 1 E,F).  Finally, 
geometry and meta-data are exported to Sustain for 
simulation either as single buildings or batched as large 
parametric sets (Figure 1 C,D,G,H).  We have 
developed a set of add-on components for Grasshopper 
which integrate with typical parametric modeling 
workflows in order to output geometry to the Sustain 
analysis package (Pratt et. al. 2011). 

Preparing a model for a batch simulation requires 
specifying which parameters should be varied in the 
simulation, and assigning those parameters names and 
units. Numeric parameters in Grasshopper are 
frequently defined with the use of number sliders (see 
Figure 1 A), which provide a user interface for the 
selection of a single parameter value within a defined 
range. Connecting these sliders to additional 
components for generating geometry allows quick 
visual feedback about the effect of variation of a 
particular parameter. The workflow in Grasshopper 
requires two additional components to go in between a 
parameter slider and its driven geometry, but still 
preserves this visual feedback, providing a minimal 
interruption to the operation of the parametric model. 
The first of these components, the Batch Variable, 
(Figure 1 B) takes a slider as input and extracts its 
numeric range, current value, and name label. It also 
requires the definition of a unit name and a number of 
steps across the range to test in the simulation. The 
output from this component is passed to the second 
component (Figure 1 D), the Batch Driver, which 
accepts an arbitrary number of such Batch Variables. 
The driven geometry that was previously controlled by 
the slider can now be connected to an output of the 
batch driver, restoring its dependence on the value of 

 

 
Figure 1 Grasshopper definitions for the creation of simulation compliant geometry and metadata export 
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the slider. Variables for the batch simulation need not 
be defined as even steps along continuous ranges; an 
additional Batch Variable component will accept an 
arbitrary list of values to move between, along with a 
name and unit definition.  These are used to specify 
non-geometric parameters like assembly definitions. 

The Batch Driver component, when switched to "run" 
mode (Figure 1 C), outputs a complete set of Sustain 
files for every possible combination of the input 
variables through the Export Component (Figure 1 H.) 
The Geometry Translation Components (Figure 1 G) 
convert standard Rhino geometry into material and 
assembly definitions appropriate for simulation. 

Example Parametric Model 
Figure 2 shows a completed parametric model in the 
Rhinoceros environment and the corresponding 
Grasshopper definition that generates the building 
geometry and controls the parametric variation. The 
model enumerates potential design variants of the 
recently completed Milstein Hall at Cornell University, 
designed by the Office of Metropolitan Architecture for 
the university's college of Architecture, Art and 
Planning (Figure 3).  

 

 
Figure 3 Milstein Hall, Cornell University 

The model is parameterized in six dimensions, meaning 
that six inputs control the following variables: 

1. Building volume shift between existing 
buildings immediately East and West of the 
building site. 

2. Second floor slab to slab height. 
3. Percentage glazed of the vertical surfaces. 
4. Percentage glazed of skylights. 
5. Skylight position. 
6. Window glazing type (triple, double and single 

pane units). 

When processed by the Sustain Grasshopper 
components the parameterized model produces 8,400 
variants, which are ready to be read, simulated and 
analyzed. A subset of these variations can be seen in 
Figure 4.  Obviously, the intent of this model was to 
study the effects of envelope configuration, material 
composition and siting on the potential performance of 
the building.  To this end it was prepared for simulation 
by EnergyPlus V.7.0.0.23 (EERE 2011) as a two zone 
model with a default purchased air mechanical system. 
The simulation produces a single dependent variable for 
analysis: yearly carbon footprint in kg-CO2/m

2. All 
simulations were controlled and managed by the 
Sustain software, as described in (Pratt & Bosworth 
2011).  

PRE-PROCESSING FOR PARAMETER 
REDUCTION 
Design for Experiments is a field of research in 
statistics that enables one to understand large trends in a 
population or system with relatively few samples.  
Election polls, for example, are designed to expose 
opinions in a large population without having to ask 
every single individual.  When every individual who 
cares is asked (an election) it is considerably more 
expensive, and no conjectural statistics are required 
because one has sampled the entire field.  Our use of 
experimental design techniques to inform architectural 

   
Figure 2 Model and Grasshopper definition of Milstein Hall, Cornell University 
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design decisions is unusual and condensed in that the 
analysis of experimental error, particularly instrument 
and recording errors, is not applicable to analysis of 
simulations.   

An experiment is composed of a system that will have 
treatments applied and the responses recorded.   The 
treatments are the independent variables: the variables 
under manipulation by the experimenter.  The responses 
are the dependent variables: the variables not under 
direct control, but of interest to the experimenter.  By 
analogy, parameterization of a building model requires 
a number of independent variables to be declared, each 
with a range and a number of discrete values as 
described earlier.  By simulating the building model the 
system reacts and a result of interest (carbon equivalent 
footprint, energy use intensity, or site energy use, for 
example) is recorded as the dependant variable. 

Analyses of Variance (ANOVA) are mathematical 
techniques used to discern how effective and significant 
experimental treatments are on experimental responses.  
They allow for better understanding of the impact of 
individual treatments than simple one-dimensional 
sensitivity analyses where a single variable is changed 
while keeping the rest constant.  The goal of ANOVA 
analysis is to describe how likely it is that a group of 
measured samples reflect the statistical mean and 
variation of the full population.  The use of ANOVA 
analysis requires that a null-hypothesis is assumed 
which states that measured samples with a treatment 
applied have the same mean and variation as samples 
that might have been taken without the treatment 
applied.  In short, the null-hypothesis assumes that the 
treatment had no effect.  Means and standard deviations 
of groups of measured samples are processed producing 
a metric called the F value.  This F value is the ratio of 

two independent random variables each divided by its 
degrees of freedom (Reddy 2011).  Box et. al. relate the 
F value to the familiar engineering metric of signal to 
noise ratio: the numerator of the F value is a measure of 
signal and noise combined while the denominator is a 
measure of noise alone (Box, Hunter & Hunter 2005.)  
Thus, the higher the F value the higher the signal to 
noise ratio.  The calculated F value is normally 
compared to critical values of the F distribution at 
various significance levels (Figure 5).  The null 
hypothesis is concluded as false if the F value is above 

 

  
Figure 5 F-Chart Distribution 

a critical value defined by a significance level.  For 
example, in Figure 5 the treatment is concluded to have 
an impact at a significance level of 25%, but would fail 
at the 5% and 1% significance levels.  Details of the 
calculation methods associated with ANOVA analysis 
are beautifully treated in both (Reddy, 2011) and (Box, 
Hunter & Hunter, 2005). 

In applying ANOVA to a parameterized model we will 
consider each value of each parameter as a treatment. 
The F value of each parameter provides a means of 
comparing the overall impact of each parameter on the 
outcome of the simulations.  Sampling is done by 
sequentially locking the value of each step of the 
parameter and randomizing the remaining parameter 

 
Figure 4 Parametric variation of the Milstein model, shown in the Sustain environment 
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values.  For example, In a five dimensional parameter 
space, and considering the second parameter with four 
possible values, the sequence is {*0***}, 
{*1***},{*2***}, and {*3***} where * represents a 
random value chosen within the range of possible 
values of that parameter.  The number of samples 
required to reach an F value that is satisfactorily 
discernable from the critical value depends on the 
actual strength of the effect of the parameter, the 
significance level chosen, and the number of steps in 
the parameter space.  In our experiments we have found 
that high impact parameters can have F values an order 
of magnitude larger than the critical F value, even at 
significance levels of 1% with only around 20 samples 
for each parameter step.  More sampling raises the 
calculated F value and reduces the Critical F Value.  
Parameters with lesser impact may require 60 or 120 
samples per parameter step before they can be judged to 
disprove the null hypothesis with reasonable 
significance levels.  We consider a parameter inert or 
ineffective if it cannot be shown to disprove the null 
hypothesis with a reasonable significance level after 
120 samples.   

This analysis divides parameters into three broad 
categories.  We consider a parameter very active if the 
F value is a factor of 10 or more above the 1% critical 
significance level after only 20 samples.  Intermediate 
parameters will require 60 to 120 samples to reach F 
values a factor of 2 above the 1% critical significance 
level.  Inert parameters cannot disprove the null 
hypothesis at the 1% significance level after 120 
samples at each parameter step. 

In practice an energy modeler or architect is typically 
very careful to restrict the number and steps of the 
parameterization to those that are known (or assumed) 
to be important with the intention of restricting the 
number of simulations and associated cost and time.  
Imagine a parameterization with 10 parameters, each 
with 10 steps: 1010 possibilities, a very large design 
space indeed!  Using an ANOVA pre-screening process 
20 samples can be taken from each parameter: 
10x10x20=2000 simulations, a quantity easily within 
the reach of modern computing infrastructure.  Judging 
the relevant and high impact parameters can be done 
based on information instead of rule-of-thumb or best 
guess with very little overhead.  Parameters with very 
high impact (high F values) should be included, 
parameters with low impact are left to the discretion of 
the myriad other forces that influence architectural 
design but may not be quantifiable. 

Example ANOVA analysis 
ANOVA analysis applied to the Milstein 
parameterization shows that the percent glazed on walls 
parameter is a very active parameter with F values 

nearly an order of magnitude greater than the critical 
value even at sampling levels of 20.  The slab height 
parameter, percent glazed skylights parameter, and 
window material parameter are classified as 
intermediate parameters with unconvincing F values at 
the 20 sample level, but having a clear impact at 120 
samples.  The skylight position parameter is distinctly 
an inert parameter displaying F values well below 
critical levels even at the sampling rate of 120.  The 
volume-shift parameter falls in a grey area between 
intermediate and inert classification as it just barely 
passes the critical threshold at 120 samples. 

 

Table 1: F Value (Critical F Value) at 1% significance 

 
 

SEARCH SPACE NAVIGATION 
Once the design space has been trimmed to include 
only the most relevant parameters, the fully enumerated 
simulation of the reduced design space is executed.  
Instead of automated algorithmic search, which tends to 
produce a narrow band of solutions, or even more 
unhelpful to a design team, one single optimized 
answer, viewing and understanding the structure and 
topography of the entire design space has been shown 
to be beneficial to architectural "wicked" problems 
(Pratt & Bosworth, 2011.) 

Methods have been demonstrated that begin to enable 
holistic graphical understanding of the topography of 
design spaces.  Three graphical user interfaces are used 
simultaneously to display the parameterized design 
space (Figure 6)  In the Main Console one version of 
the building is displayed (one single point in the design 
space) and detailed analysis of hourly energy use and 
daylighting is available.  In the Voxel Plot  colorized 
voxels (volumetric pixels) display simulation results 
from three dimensions of the design space 
simultaneously.  In the Sustain Batch Controller a 
parallel co-ordinate plot is used to display the entire 
design space within a cutoff slice to allow for better 
understanding of clusters and trends in the data.  The 
current model is displayed simultaneously as a 
highlighted voxel within the voxel plot, as a white line 
trace in the parallel co-ordinate plot, and in full detail in 
the Main Console (Pratt & Bosworth, 2011.)  
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Figure 6 Main Console, Voxel Plot & Parallel Co-

ordinate Plot (Pratt & Bosworth 2011) 

Nearest Neighbor Display 
Although the colorized voxel plots and the parallel co-
ordinate plots provide clues to the location of clusters 
of high performing variants and the nature of global 
trends in parameter effects, they do not provide a great 
deal of insight into the topography of the design space.  
It is useful to know, for example, if the area of design 
space under investigation is generally flat, implying that 
changes in the parameter in that area will have 
relatively little effect on simulation results, or if the 
current building is located on a point of inflection or 
singularity like a ridge, peak, or saddle.  These features 
can be easily understood graphically by displaying 
nearest neighbor slope vectors at every current building 
value of the parallel co-ordinate plots (Figure 7).   

 

 
Figure 7 Nearest Neighbor Slope Vectors Displayed on 

Parallel Co-Ordinate Axis 

 

Nearest Neighbor slope is the difference between the 
current result and the result of each of the adjacent 
values in one parameter dimension. A peak is 
recognized by a situation where all of the parameters 
have a V shaped pair of nearest neighbor vectors all 
pointing in the same direction.  A saddle is recognized 
by some nearest neighbor vectors being V shaped and 
pointing up, and others V shaped and pointing down.  A 
ridge is visible when one nearest neighbor vector pair is 
flat while another is V shaped.  Finally, relative flatness 
of the immediate terrain is understood by the flatness 
and direction of the nearest neighbor vectors. 

Main Effects Display 
The ANOVA analysis leads to an understanding of the 
impact of each of the parameters as a whole.  A fine-
grained analysis of the effects of individual steps in 

parameter space is possible through factorial 
experimental design, specifically statistical analysis of 
main effects.   

In the immortal words of George Box, factorial design 
is there to determine "Which Factors do What to Which 
Responses" (Box, Hunter & Hunter 2005.)  A 23 

factorial design is one in which three factors are 
considered (A,B, and C), each with two possible states 
(1 and 2), and it is desired to know which has the 
largest (or smallest) impact on the simulation outcome 
response.  Eight experiments are required to fill in the 
result space, often visualized as a cube plot (Figure 8a).  
Each corner of the cube plot represents the result of one 
experiment.  Each face of the cube plot represents four 
experiments in which one variable was held constant 
(Figure 8b).  The main, or average, effect of one factor 
is calculated by averaging the differences between two 
parallel faces of the cube.  The main effect represents 
the average global effect of changing that particular 
variable from one fixed point to another. 

 

 
 

Figure 8a Cube Plot, Figure 8b Cube Plot with 
Variable A Constant at Values  of A1 and A2 

Implementation 
There are key differences between the typical use of 
factorial experimental design techniques and this 
application to architectural design problems.  First, 
doing one experiment (one simulation) is considered 
cheap.  In fact, by this stage we have already simulated 
the entire design space.  Blocking methods, meant to 
reduce the number of experiments needed while 
maintaining statistical significance, are therefore not 
needed.  Second, the usual analysis of errors is not 
needed.  Simulated results do not require an analysis of 
instrument precision and accuracy errors, or 
experimenter recording errors. 

For use in parametric analysis we often have many 
more variables than three and many more levels than 
two.  As we are interested in the effects of step changes 
in parameter space, the problem is divided into a series 
of 2k hyper-cube factorial designs, where k is the 
number of parameters.  The main effects are calculated 
for each step in each parameter by considering the 
change between the current state of the parameter and 

a b 
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its neighbor (Figure 9a).  For each position of the 
sliders in the Batch Controller the impact of moving 
away from that position is calculated. 

Graphic Representation 
The main effects for each step in the parameter space 
are displayed on the parallel co-ordinate plot as vertical 
bars originating from each step node normalized and 
mapped to fit within the distance between bars (Figure 
9b).  The whole display allows the user to quickly 
assess which steps in parameter space will have the 
largest and smallest global effect on the outcome, and 
quickly guides the eye toward areas to be avoided and 
areas of design importance.  

Parameter nodes with large positive or negative main 
effects reflect points and regions of significant 
influence from that parameter, while low main effect 
values reflect regions in design space where changing 

the value of the parameter at that location will have 
very little effect on the results. The combined and 
interactive display of main effects and nearest neighbor 
slopes provides a navigation tool that allows the user to 
understand the effects of moving through parameter 
space from a very local result and from an intermediate 
understanding of the global effects of moving locally. 

Example Analysis 
Main Effect analysis applied to the Milstein 
parameterization shows that there are distinct areas of 
the parameter space where changes have a high impact 
and other areas where changes are insignificant (Figure 
10).  The percent glazed walls and skylights parameters 
have high impact when moving from low percentage 
glazed, and the impacts of changing the parameters 
become less significant as the percent glazed grows 
larger.  The placement of the skylights has small main 

 
Figure 9 Main Effect Calculations (a) and Main Effects Display (b) on Parallel Co-Ordinate Axes 

 
Figure 10 Nearest neighbor slope and main effects shown in batch controller interface. Note peak topology 

indicated by downward nearest neighbor slopes in both directions at point (A), large main effects associated 
with enlarging windows beyond a certain percentage (B), and relatively minimal effects of changing glazing 

from triple to double pane units (C).  

a b 

A 

B 

C
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effects across the entire parameter space.  The main 
effects display provides a higher level of detail than the 
ANOVA analysis.  From the ANOVA analysis we 
knew that the percent glazed parameters are important 
and that the skylight position parameter was 
unimportant; through the main effects analysis we can 
see that within those overall results there are areas of 
the percent glazed parameter space where decisions are 
critical, and other areas where, once pressed into that 
portion of design space, decisions are not as critical. 

CONCLUSION 
A (relatively) user friendly method for the design and 
analysis of high dimensional parametric building 
energy models has been demonstrated. The 
combination of effective tools for both the visualization 
and statistical analysis of the design space holds 
promise in enabling the creation of sustainable design 
processes that make use of the information rich early 
stage design spaces described herein. It is our 
expectation that such tools will do more than simply 
make quantitative assement of variation available in 
early stage design. Current modes of practice in the 
sustainable design community, specifically the division 
of labor described in the introduction, tend to reinforce 
the perception that the resolution of the quantitative and 
qualititive aspects of a design are separate yet 
unfortunately related problems, and that the 
prioritization of one inevitably results in the neglect of 
the other. Our hope is that by creating simulated spaces 
where both aspects of a design can (to some extent) be 
evaluated, simultaneously, by an integrated design 
team, the binary subdivision of the larger design 
problem can be avoided in the interest of pursuing 
holistic solutions.  

Still, the incorporation of such tools into actual design 
workflows remains dependent on the dissemination of 
tools currently available only in BES research labs, thus 
the study of actual design process "in the wild" remains 
necessary to gauge the real world effectiveness of such 
techniques. Furthermore, the use of these tools and 
techniques, cannot, perforce, occur in a vacuum, and 
although parametric CAD tools are in fact becoming 
commonplace in the design professions, the minimal 
understanding of statistical methods necessary for the 
appropriate interpretation of the results of the type of 
analysis described is not part of the typical engineer or 
architect's mental toolkit. Thus the development of 
effective tools remains only one, albeit critical, part of 
the larger problem of creating effective methods of 
designing a sustainable built environment. 
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All the ways of meeting a target: Calculating a solution surface using GenOpt
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ABSTRACT
Energy efficiency consultants are often asked to find a

variety of ways of meeting an energy target, from which
the client would select the most suitable by considering
installation costs, aesthetics and other concerns. Clients
are usually presented with just a few discrete options, but
in most cases there are actually infinite ways of meeting
the target. Given an n-dimensional space of options de-
fined by n design parameters, the set of options that ex-
actly meet a particular target is generally a surface of n�1
dimensions. This paper describes methods to calculate a
grid of solution points on this surface by selecting one
design parameter xi, defining a grid of values for the re-
maining design parameters (x j,8 j 6= i) and for each grid
point using GenOpt to find the value of xi that exactly
meets the target (if a solution exists for that grid point).
The technique may also be used to describe trade-offs be-
tween design parameters around some reference point. A
case study is used herein for illustration. The result is a
more comprehensive description of options, and can lead
to a richer interaction between designer and analyst, and
more designer insight into the energy-related aspects of
their project.

INTRODUCTION
Building simulation tools have gained popularity

through their applications in code compliance and build-
ing design rating systems. However, they are often con-
sidered as a once-per-design or once-per-phase exercise,
rather than being more integral to the design process in
the way that CAD software often is. As such, much of
simulation’s potential for aiding in low-energy building
design is not being used.

This may be due in part to a discrepancy between for-
ward simulation (taking a fixed building description and
weather file and calculating energy consumptions) and
the types of questions that designers tend to be grappling
with. In particular, a designer can often benefit from a
better understanding of the energy trade-offs between dif-
ferent design parameters; there is a complex relationship
between some set of design parameters and energy con-
sumption metrics, and the focus of their questions is often
more on the relationship between design parameters than

it is on how any one particular configuration of design pa-
rameter values relates to the energy metrics. A single sim-
ulation run, however, is just for a single set of parameter
values, and building simulation users manually operating
GUIs tend to settle into finding energy metric results of
some set of discrete “energy efficiency measures” (each a
particular set of parameter values), compared to a “base-
line” (an agreed upon set of parameter values, usually de-
fined by code or the rating system).

Much more is possible when the building simulation
user shifts their attention from manually running single
simulations to intelligently orchestrating many simula-
tions to investigate particular aspects of the problem. A
simulation may be conceived as a complex function that
relates design parameters to energy metrics; the goal of
the analyst is to map out important parts of that function,
and to do so in such a way that clarifies the nature of the
design problem at hand. Filling this role could simply
mean mapping the energy consumption impact of increas-
ing or decreasing a particular parameter (or set of param-
eters) over some range of values. It could mean using
sensitivity analysis to find which variables have the most
impact on energy use. And/or it could involve using an
optimization algorithm to find the lowest energy configu-
ration within some region of the search space.

This paper describes a concept and calculation proce-
dure that can be added to this set of analytical tools for
using simulation to clarify design decisions. It places the
focus squarely on the trade-offs between design parame-
ters, given a desired energy metric value.

In the interest of keeping the paper brief, the authors
have elected not to provide a full explanation of opti-
mization; there is a large volume of literature available
on the use of single- or multi-variable optimization with
building simulation (e.g. (Wetter and Wright 2003; Wet-
ter and Wright 2004; Wright and Alajmi 2005; Char-
ron, Athienitis, and Pasini 2005; Magnier and Haghighat
2010)). What is described in this paper is not optimization
per se, but rather the calculation of a continuous surface
within the design space that contains all the possible ways
of of meeting a particular energy metric target - a calcula-
tion that happens to require the iterative use of optimiza-
tion. In the methods herein, GenOpt (Wetter 2009) is used
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for these optimizations, but any optimization tool or algo-
rithms could be used. To the authors’ knowledge, such a
calculation procedure has not be described in the building
simulation literature. The methods are first described in
general below, followed by an illustrative case study and
discussion.

METHODS
Given some set of design parameters xi, i = 1..n, and a

particular energy metric of interest y, a building simula-
tion may be considered generically as shown in Equation
1. The energy metric may be annual site energy consump-
tion, or annual energy cost, or summer cooling load, or
anything similar.

y = fsim(x1,x2, ...,xn) (1)

Consider a target ytarget , such as some percent more ef-
ficient than an ASHRAE 90.1 baseline, or simply some z
kWh/m2 ·yr, or similar. Given ytarget , we wish to define all
of the design configurations [x1,x2, ...,xn] for which Equa-
tion 2 is true.

the set of all vectors [x1,x2, ...,xn]
such that fsim(x1,x2, ...,xn) = ytarget (2)

That is, we wish to define all of the possible ways of
meeting the energy target. (From the result of this be-
gins the process of selecting the most suitable option(s)
by considering installation costs, aesthetics and other con-
cerns.) Note that if any of the parameters xi are continuous
variables, there are usually an infinite number of possible
ways of meeting the target: the solution is generally a sur-
face of n� 1 dimensions. The goal is to solve for this
surface.

Because the building simulation fsim is generally non-
linear and complex, and because we usually do not have
direct access to the underlying equations, we cannot de-
rive this solution surface analytically. However, we can
approximate it to any arbitrary level of precision by solv-
ing for it over a grid as follows.

• Select one design parameter xi

• Define a grid of values for the remaining design pa-
rameters (x j,8 j 6= i)

• For each grid point use an optimization algorithm to
find the value of xi that exactly meets the target (if a
solution exists for that grid point)

• Repeat the above three steps, if more precision in the
surface definition is desired, for the remaining design
parameters xi

The computational time required is a function of the
simulation run time, the optimization algorithm efficiency
and precision, and the number of grid points, as discussed
in more detail below. It is recommended that the process
be carried out first for a relatively coarse grid, the results
graphed and interrogated, and then after necessary debug-
ging or refinement of either the model, constraints or op-
timization algorithm, re-run the study for a higher resolu-
tion grid.

Visualization of the solution is very important. If n > 3,
then it cannot be visualized all at once, but rather can be
viewed through interactive 3D graphs (with the axes able
to change and fixed values for the unshown parameters)
or animations.

It should be noted that many design parameters may be
discrete variables rather than continuous (for example, in-
sulation level is often dependent on wall thickness, which
is often constrained by what material dimensions are com-
monly available). With discrete parameters, the solution
surface is generally not continuous. This can be dealt with
in one of two ways: (1) if there is at least one continuous
variable, that one variable can be used as the selected de-
sign parameter xi, and the grid of values for the remaining
parameters can be set to only consider feasible values for
those parameters - the results are then to be interpreted as
a set of lines rather than as a continuous surface; or (2)
perform the analysis with the fiction that all of the dis-
crete variables are continuous, and calculate the solution
surface - this divides the search space into two volumes,
on one side of the solution surface is the set of all points
that more than meet the target, on the other side is the set
of all points that do not meet it. Approach (1) would pro-
vide specific points that exactly meet the target, whereas
approach (2) would show a volume of possible ways of ex-
ceeding the target (only some of which are possible given
the discrete variables); which approach is best for a par-
ticular design project depends on the problem under con-
sideration, the psychologies of the design team members
and how the analyst relates to them.

Selecting design parameters to be interrogated may re-
quire some judgement on the part of the analyst. Including
too many parameters may make the visualization process
too cumbersome for the client and may take effort away
from where it should be focused, too few may leave out
important aspects of the design. Some parameters may be
best lumped together, such as using a common insulation
level for all walls instead of considering each separately.
One may also wish to include parameters as ‘design pa-
rameters’ that may not be directly manipulable by the de-
sign team but yet have significant effects on the influences
of other parameters, as a way of helping the design team
with decision-making under uncertain conditions. The
simulation tool itself may also play a role in selecting the
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design parameters, as some parameters (in the case study
below, for example, the infiltration air change rate) may
be much more straightforward to model and discuss than
individual parameters or sets of parameters (e.g. air leak-
age rates for walls, windows, etc) that have similar effects.
In short, as with most any good design analysis process,
there is a bit of an art to framing the analysis in order to
make it as meaningful as possible to the design team and
the design problems at hand.

CASE STUDY: PCM VS INSULATION
As part of the design development phase for a small en-

vironmental education center in Pittsburg, PA, an analysis
was undertaken to aid the client in deciding if they should
consider embedded phase change materials (PCM) in the
building. A simple whole-building EnergyPlus model
(Figure 1) had already been created and set up for para-
metric analysis during the schematic design phase, where
it was used to map the relative performance of a variety
of design options and to highlight sensitive design param-
eters, to aid the design team as they worked towards a
net-zero energy building. This model was modified to in-
clude a PCM layer on the interior of the opaque portions
of the envelope1. The thickness of the PCM layer was
treated as a design parameter. Because of the climate and
the low internal loads in this building, the annual heating
load is much more significant than the cooling load; the
total annual heating load was used as the model output of
interest.

Figure 1: EnergyPlus model geometry

The first stage of analysis simply mapped out the an-
nual heating load as a function of PCM thickness, holding
the various other design parameters (e.g. insulation thick-
ness, infiltration rate, window-to-wall ratio, various win-
dow properties, etc) fixed at some values, and then repeat-
ing the process for different fixed values. Two examples
of the resulting diminishing-returns curves are shown in
Figure 2.

1Other PCM locations were analyzed as well, but for simplicity only
these results are considered here. Various types of PCM were also
considered, but the results discussed here are only for one particular
commercially-available PCM material with a phase-change temperature
of approximately 23oC.

Figure 2: Annual heating load savings vs PCM thickness

The analysis suggested that the most cost-effective
PCM thickness to consider would likely be in the range of
1/4”, and that it could reduce the annual heating load by
roughly 5% (depending on the values of the other design
parameters). The analysis also showed the annual heating
load to be very sensitive to the insulation thickness and the
infiltration rate (as expected given the previous sensitivity
analysis in schematic design). As such, it would be useful
to understand and quantify the trade-offs between these
three design parameters. For example, the client may want
to know how much added insulation (or decreased infiltra-
tion) would provide the same annual heating load reduc-
tion as a certain added thickness of PCM. These trade-off
questions can be answered very generally for a target an-
nual heating load level by calculating a solution surface as
described above.

Consider the point highlighted in Figure 2, which has
a PCM thickness (xpcm) of 1/4”, and some fixed values of
the remaining design parameters, including an insulation
thickness (xins) of 4” and an infiltration rate (xach) of 0.20
air changes per hour. The annual heating load associated
with this point will be used as our target (ytarget ).

The goal is then to map out all of the possible values
of the design parameters2 vector [xpcm,xins,xach] that pro-
duce the desired output ytarget . The design parameter xpcm
is selected arbitrarily as the first for consideration, and a
grid of values for [xins,xach] is defined as shown in Figure
3. For each point in this grid, an optimization is carried
out to find the value of xpcm that minimizes the differ-
ence between the model output (ymodel) and ytarget . The
end of the EnergyPlus bat file is modified to call a script
that calculates (ymodel�ytarget)2 as the objective function,
and GenOpt is used for the optimization with the GPS-
Hookes-Jeeves algorithm. The existing open-source java
code in SimCon (Coffey 2011a) is used to set up and run
the grid of optimizations, although this could also be eas-

2Note that the air change rate is in fact a function of other param-
eters (some of which, such as construction quality, are only indirectly
manageable by the design team), but it is much more straightforward to
model and to explain than the alternatives.
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ily done through custom scripting. The resulting solutions
over the grid are shown as points in Figures 4 and 5, and
interpolated as a 3D surface in Figure 4 or as a series of
2D lines in Figure 5. The starting point highlighted in
Figure 5 is the same point as was highlighted in Figure 2.
The 3D graph shows the surface as a whole, while the flat
description of 2D lines makes for easier reading of quan-
tities.

INSULATION THICKNESS (INCHES) INFILTRATION RATE (ACH)

2

4

6 0.19

0.20

0.21

Figure 3: Grid points
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Figure 4: Solution surface in 3D

Figure 5: Solution surface viewed as lines in 2D

The graphs of the solution surface show a number of
important analytical results concerning the potential use
of PCMs in this particular project. Where the curves in
Figure 5 intersect with the horizontal axis are instructive:
increasing insulation thickness from 5” and not using the
PCM would result the same annual heating load as the
case with 4” insulation and 1/4” PCM; similarly, decreas-
ing the infiltration rate from 0.20 ACH to 0.19 ACH would
have the same effect on annual heating load as the 1/4”
PCM. Also note the general shapes of the curves: if the in-
sulation thickness was decreased to less than 3” or 4” (de-
pending on the infiltration rate), then a very large amount
of PCM would be required to produce the same annual
heating load. As such, the advice to the clients is to not
think of the PCM as a substitute for their existing insula-
tion plans of roughly 4”, but rather as an addition, and to
compare the estimated costs of 1/4” of the PCM to those
of an additional 1” of insulation or of a 5% decrease in
infiltration.

Note that the volume above the surface is where the an-
nual heating load would be lower than the target level, and
the volume below the surface is where it would be greater
than the target. In this analysis, the PCM thickness and
insulation thickness were treated as continuous variables,
but as other aspects of the design solidify (and as a brand
of PCM gets selected), either or both of these two may
actually be only be feasible for particular discrete values
(such as a PCM thickness of either exactly 0.25 inches or
0.5 inches). If this turns out to be the case, the analysis is
still useful in that it divides the possible options into those
that do better than the target (ie. those above the surface)
and those that do worse than it. It could also be easily
re-run, with xach selected as the first variable considered,
and the grid of values for [xpcm,xins] set only for feasible
values of those two parameters.

DISCUSSION
This approach can be used in a wide variety of appli-

cations. In early design phases it can be used with sim-
plified models to map out possible strategies for meeting
a particular energy target, and/or used to investigate the
feasibility of different targets. It can also be used in work-
ing out design details, such as those shown in the example
case study.

The selection of an appropriate grid is an art that re-
quires some understanding of the problem at hand and
a knowledge of the computational time requirements and
trade-offs in the configuration. How fine the grid must be
depends on the problem at hand, and on what level of pre-
cision is needed to aid the design. In general, it is best to
start with a relatively coarse grid, and then refine it where
necessary after investigation of the results. The grid need
not be regular, and as shown in the case study above, it
can often be rather coarse and still be very useful.
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The computation time required (tcomputation) is a func-
tion of the simulation time (tsimAve), the precision and
efficiency of the optimization algorithm (which deter-
mines the average number of simulations per optimiza-
tion, OoptAve) , and the number of grid points (NgridPoints),
as shown in Equation 3.

tcomputation = NgridPoints ·OoptAve · tsimAve (3)

If a regular grid is being used, and ci is the number
of values of considered for variable xi, then NgridPoints is
defined as shown in Equation 4.

NgridPoints =
n

’
i=1

ci (4)

In the case study, each simulation required approxi-
mately 3 min (the model was simple, but PCM simula-
tions in EnergyPlus are slow), the average optimization
required approximately 50 simulations, and there were
9 · 3 = 27 grid points, so approximately 135 processor-
hours were required. In this case, the computations were
completed on a single two-processor machine, allowed to
run first overnight and then, after some grid refinement,
over a weekend. The solutions for the grid points can
be easily computed in parallel, which makes it amenable
to cloud computing; at $0.10 per processor-hour (the ap-
proximate current cost for small users of cloud virtual
machines), the example would have cost about $13.50.
For problems with a higher number of parameters n,
the computation time requirement grows exponentially:
this dilemma is nearly identical to that faced in defining
lookup table approximations to model predictive control
(Coffey 2011b), which has been shown feasible for prob-
lems with 5-6 parameters with 5-10 values each, but more
parameters or finer grids would likely require trade-offs in
optimization precision or model complexity.

The result of using this approach is a more compre-
hensive description of the design options available. What
then becomes a key part of the analyst’s role is translating
the information in this solution surface into understand-
ing among the design team. If this task is performed well,
then the approach of calculating solution surfaces like this
can lead to a richer interaction between designer and an-
alyst, and provide the design team with more insight into
the energy-related trade-offs of their project.

CONCLUSION
A computational technique is presented to define a n�1

dimensional solution surface that describes all of the ways
of exactly meeting a particular energy target given n de-
sign parameters. The solution surface shows trade-offs
between design parameters. As such, it can be used to
help navigate the design process towards better design de-
cisions.
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ABSTRACT 

This paper presents an analysis of the energy saving 

potential for a typical US office building by primarily 

optimizing the control strategies. The resulting 

efficiency strategies are assumed to be low or no-cost 

measures and are modeled and analyzed using a 

whole building simulation (EnergyPlus version 7.0).  

Conclusions and recommendations are developed for 

reducing the all-air system energy consumption under 

the premise of maintaining and even improving the 

thermal comfort for occupants.  

INTRODUCTION 

Buildings account for around 40% of total primary 

energy consumption and over 39% of carbon dioxide 

(CO2) emissions in United States (DOE, 2008).  

 

Figure 1 U.S. Primary Energy Consumption 

The Department of Energy (DOE) summarized the 

primary energy end-use in buildings in 2005: 

Heating, Ventilation and Air-Conditioning systems 

(HVAC, shown as Space Heating, Space Cooling and 

Ventilation in the chart) consume the most energy in 

a building. These components take up more than 43% 

of energy use in residential buildings and 33% in 

commercial buildings. 

Among all buildings, commercial office buildings 

make up 17.4% (1,134 trillion Btu) of the total 

energy consumption and 17.0% (12,208 million sq. 

ft.) of the total floor space. (CBECS 2003) Therefore 

it is vital to focus on potential energy savings in 

commercial buildings, especially office buildings. 

According to the DOE benchmark buildings (NREL, 

2011), which represent approximately 70% of the 

commercial building stock in the U.S., the majority 

of American HVAC systems predominantly use air to 

heat and cool their buildings, placing the heating and 

cooling in the air handler units (AHU, normally one 

AHU supplies one floor or more). This system 

combines heating and cooling with the ventilation, 

through an amount of air at a sufficiently warm or 

cold temperature to maintain the desired room 

temperature. Thus it is referred to as “air system” in 

this paper. 

 “Water systems” are more common in Germany and 

other European countries. This HVAC system 

consists of a dedicated outdoor air system (DOAS, 

which may be even constant air volume) in 

combination with a hydronic radiant cooling and 

heating system. 

According to the DOE Technical Support Document, 

water systems, namely DOAS with hydronic cooling 

and heating are the first energy conservation 

measures (ECM) chosen when trying to reduce 

energy in a typical American system by 50% in both 

medium and large offices. (Thornton et al., 2009; M. 

Leach et al., 2010) 

 There are several reasons why separate ventilation 

and conditioning systems can be more efficient: 1) 

the rate at which air is circulated in air systems is 

normally much greater than that needed for 

ventilation to remove contaminants, because the 

heating and cooling load is considered in calculating 

the air flow rate. (B. Metz et al, 2008) 2) When 

combining heating and cooling with ventilation, 

conflicts can occur, namely cold air being delivered 

to a space requiring heating.  

To improve efficiency performance, some 

conventional ECMs are usually applied. In HVAC 

systems, heat recovery, economizer devices, demand 

control ventilation, and programmable thermostats 

are commonly used, while higher efficiency bulbs 

and day-lighting controls are often used to reduce 

lighting energy. Optimizing the building envelope is 

also a common choice. (SECO, 2009; M. Leach et al. 

2010) 

This paper will look at existing buildings, namely 

applying ECMs to retrofit the HVAC systems.  

Transportation, 
28%

Residential 
buildings, 22%

Industry, 32%

Comercial 
Buildings, 18%
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This paper will also focus on the problems inherent in 

an all-air system. It will look for the potential energy-

savings, while maintaining the comfort of the indoor 

environment.  

5 typical systems (4 air systems and 1 water system 

for comparison) in commercial office buildings have 

been selected for a baseline comparison. After 

analysis of the baseline comparison, efficiency 

measures without cost will be considerred first, then 

minor system adjustments will be considered. All 

system ECMs are combined properly to obtain the 

best energy performance.  

SIMULATION 

Description of the Building  

The building used in this research is a typical office 

built in the 1980s.  

Table 1Building Information 

Location Reston, Virginia, US 

Area 28,666 m2 (288,000 ft2) 

Window-Wall Ratio 48.5% 

Number of Floors 8 

 

Figure 2 3D Model of the Building in Google 

SketchUp 

Thermal zones shall be defined by similar internal 

load densities, occupancy, lighting, thermal and space 

temperature schedules, and in combination with 

ASHRAE guidelines. 

 

Figure 3 Zones in the Building 

Boundary Conditions 

Construction values are assumed according to typical 

projects in the 1980s and ASHRAE Standard 90-75 

(1975). 

Internal gains consist of occupancy, electricity 

equipment and lighting. The loads and profiles are set 

up according to ASHRAE Standard 90.1-2007. The 

air tightness of the building was assumed at 0.3 air 

changes and hour. 

Weather  

Based on the American climate zones, the building is 

located in Zone 4a, where the system requires heating 

in winter and cooling in summer. There is high 

humidity in the summer. For the EnergyPlus 

simulation, the weather file of the nearest location,  

called “USA_VA_Sterling-

Washington.Dulles.Intl.AP.724030”
1
, was used. 

Systems 

In order to accurately reflect the typical American 

HVAC system for office buildings, 5 systems are 

chosen according to DOE Benchmark Buildings and 

ASHRAE standards. 

Two of these five systems come from ASHRAE 90.1 

Appendix G, these are called “System 7” and 

“System 8” in this standard. These are used as the 

baseline building models when modelling for LEED 

certification. “System 7” uses gas as the fuel for 

heating, whereas “System 8” uses electricity. The 

other three systems are: a chilled beam system 

(SCB), this is meant to reflect a modern american all 

water system; a chiller system (SC) with variable air 

and a reheat at the zone; and a condensor water 

system (SCO) which uses heat pumps to condition 

the air. 

Table 2 Main Characteristics of the 5 Models
2
 

System 

Name 

Zone 

Equipment 

Fan 

Control 

Cooling 

Type 

Heating 

Source 

System 7  
VAV with 

Reheat 
VAV 

Chilled 

Water 

Natural 

Gas 

System 

Chilled 

Beam 

Chilled 

Beam, 

Radiator 

CAV 
Chilled 

Water 

Natural 

Gas 

System 8 
PFP with 

Reheat 
VAV 

Chilled 

Water 
Electricity 

System 

Chiller 

VAV with 

Reheat 
VAV 

Chilled 

Water 
Electricity 

System 

Condenser 

VAV with 

Reheat 
VAV 

Condenser 

Water 
Electricity 

Temperature Set Points are set according to current 

Virginia code, International Energy Conservation 

Code and ASHRAE Standards. 1.1°C (2°F) is chosen 

as the temperature tolerance according to the project 

design team. 

                                                           

1
http://apps1.eere.energy.gov/buildings/energyplus/cfm/we

ather_data3.cfm/region=4_north_and_central_america_wm

o_region_4/country=1_usa/cname=USA#VA 
2VAV: variable air volume; CAV: constant air volume; 

PFP: parallel fan-powered box. 
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For the System Chilled Beam, the supply chilled 

water for chilled beam is set at 14°C (design return 

water temperature 17°C) according to manufacturer 

instructions. 

Table 3 Set Points in the Systems 

Type Temperature 

Set Point Summer 23.9°C±1.1°C 

Set Point Winter 21.1°C±1.1°C 

Setback Summer 29.4°C 

Setback Winter 12.8°C 

Supply Air Set Point 12.8°C 

Fresh Air Rate is calculated according to ASHRAE 

Standard 62.1-2007. 

Table 4 Fresh Air Flow Rate 

Zone Type Flow Rate 

Core 0.375 L/s•m2 

Office 0.6875 L/s•m2 

Equipment Settings: To make all systems 

comparable, the same components should have the 

identical settings. The equipment is set in compliance 

with ASHRAE 90.1-2007 Appendix G. Unmentioned 

settings are given according to manufacturers’ 

specifications. 

Methodology 

Normally it is hard to approach both aims of energy 

and comfort. Pure thermal comfort could mean high 

cost. When judging each system, the indoor 

environment should be kept comfortable within an 

acceptable range. However, focusing on energy use is 

the main task for this comparison.  

Unmet Load Hours from ASHRAE 90.1 Appendix 

G are used for judging the thermal comfort in this 

research. Unmet load hours, defined as occupied 

periods where any zone is outside its temperature set 

points, may not exceed more than 300 hours. 

Therefore, 300 hours (5% of the occupied time) is 

regarded as the comfort limit in this research. As the 

set point has a ±1.1°C tolerance, the unmet load 

hours will also be counted taking into account the 

±1.1°C tolerance. 

Yearly Site Energy Consumption/ Intensity is the 

energy directly consumed by the building. This 

includes the energy use for heating, cooling, fans, 

pumps, heat rejection, interior lighting and interior 

equipment. The energy intensity is defined as the 

annual site energy use per conditioned building area. 

Most devices use electricity, while natural gas is only 

used by boilers for heating in System 7 and the 

System Chilled Beam. 

Building Energy Modeling Methodology: Models 

are conducted in EnergyPlus for an annual simulation 

under the selected weather file to gain the essential 

data for analysis and comparison. (Timestep: 15 min) 

INITIAL RESULTS ANALYSIS 

Initial Results 

In order to determine ECMs for better performance 

of the models, the initial results of the 5 baseline 

models are necessary. The data below is generated by 

the annual simulation from EnergyPlus. 

 

Figure 4 Annual Energy Consumption 

 

Figure 5 Annual Energy Breakdown 

Table 5 Site Energy Intensity and Unmet Load Hours 

of Baseline Models 

Systems S7 SCB S8 SCH SCO 

Energy Intensity 

(kWh/m2) 
227 153 207 200 200 

Unmet Load 

Hours 
82 80 174 84 67 

The figures and tables above show the initial results 

for the 5 baseline systems. 

Analysis 

The unmet load hours of the 5 baseline models are 

within the comfort limit. The System Chilled Beam, 

as the alternative water system in the U.S., uses about 

50 kWh/m
2
 less than the other four typical air 

systems. From the energy breakdown in Figure 6 it 

can be seen that the System Chilled Beam uses less 

energy in every category. The reason is that this 

system adjusts itself to each zone’s load as required, 

whereas the AHU units can only adjust itself to the 

total floor load.  

One of the reasons why the four air systems modelled 

in this paper use more energy than the chilled beam 

system is the control of the air handeling unit. When 
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an AHU delievers conditioning air to more than one 

zone simultaneous heating and cooling will often 

occur as one zone reheats the cool air which another 

is requesting.  

 

 

Figure 6 Scatter Chart for Heating and Cooling 

According to Outdoor Air Temperature in the System 

Chiller and the System Chilled Beam 

Figure 7 shows that when the outdoor air temperature 

is between 0°C and 20°C, the energy is 

simultaneously used by heating and cooling. (The 

darker points show the energy demand when both 

heating and cooling are larger than 50 kW.) 

To show what is happening more clearly, a specified 

time is chosen when the outdoor air temperature is 

within the limit, 0°C to 20°C, to see how the air is 

processed on its way to the zone. This research is 

conducted in the System Chiller model. 

 

Figure 7 Air Procedure Temperature at 17:00 on 

Feb.17th in 03A Offices in the System Chiller 

 

Figure 8 Air Procedure Mass Flow Rate at 17:00 on 

Feb.17th 03A Offices in the System Chiller 

From Figure 8 it can be seen that the cooling coil 

cools the air to 12.8°C in the AHU while some reheat 

coils in the zones heat it up to about 19°C, which 

results in simultaneous heating and cooling. 

To determine the exact rate when the AHU cools and 

reheat coils heat together in a year, a simultaneous 

working time percentage is created for the research. 

Simultaneous working time is defined as the time 

when heating and cooling devices are working at the 

same time. The simultaneous working hours are 

divided by heating hours, which shows the 

simultaneous working time during heating/winter 

period. 

Three zones facing different orientations are chosen 

for further study. (Office1: north zone, office4: south 

zone, office7: interior zone.) 

 

Figure 9 Selected Zones for Simultaneous Working 

Time Study (Red Spots) 

Table 6 Yearly Simultaneous Working Time 

Percentage 

Systems 
Cooling During Reheat Coil Heating3 

03A office1 03A Office4 03A Office7 

S7 98.6% 98.0% 98.5% 

SCB 11.4% 10.5% 13.4% 

S8 95.4% 93.4% 92.8% 

SCH 96.0% 94.4% 93.7% 

                                                           
3 For SCB, the zone equipment (radiator and chilled beam) 

rarely work at the same time. This percentage shows the 

chilled beams on while heating coil in the AHU is on. 
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SCO 96.0% 94.4% 93.8% 

Table 6 indicates that the heating and cooling 

equipment in four air systems work simultaneously  

more than 90% during the heating period.  

According to the comparisons, the assumptions as to 

the cause of the simultaneous-energy-use problem in 

typical office building air systems could be:  

1. The supply air temperature is low at 12.8°C, 

which leads to reheat. This is often required for 

dehumidification in the summer but 

dehumidification is not necesarry in the winter. 

2. A low percentage of fresh air requires the 

cooling coil to work in winter (approximately 

10% of maximum supply air), which means 

when combined with the return air the 

temperature is higher than 12.8°C (cooling coil 

set point). However, the outdoor air does not 

need to be conditioned. 

3. Cooling equipment is only located in AHU units, 

but different zones have different loads, so it is 

hard to control them all with one AHU at the 

same supply air temperature set point. 

The ECMs for control optimization (Table 7) 

consider these three parts and are designed to reduce 

simultaneous heating and cooling in air systems.  

Table 7 ECM Assumptions 

ECM1 Change Supply Air Set Point 

ECM2 Air Side Economizer 

ECM3 Separate Air Handler Units 

Additional Remarks: When an ECM has an unknown 

variable (e.g. the temperature is uncertain), the study 

will first be conducted in the System Chiller to obtain 

the optimal parameter.  

CONTROL OPTIMIZATION 

ECM1 Change Supply Air Set Point 

The ASHRAE 90.1-2007 Appendix G suggests a 

supply-air-to-room-air temperature difference of 

11.1°C (20°F). The aim of this regulation is to 

control humidity. 

According to ASHRAE standards, the indoor 

humidity should be kept below 0.012kg water/kg air
4
 

or 65%
5
. It can be concluded that the supply air 

temperature does not have to be kept at 12.8°C to 

ensure humidity comfort if the humidity is within the 

limit. For this reason, ECMs can be created with new 

set points: 

Table 8 Description of ECM1s 

                                                           
4 ASHRAE Standard 55, Chapter 5.2.2. 
5 ASHRAE Standard 62.1 2007, Chapter 5.10.1. 

ECM1A Change set point in winter (Oct.01 to Mar.31) 

ECM1B Change set point according to humidity ratio 

ECM1C Separate dehumidification from cooling with 

another cooling coil in AHU  

ECM1A Set Point in Winter 

To change the set point in winter, it is necessary to 

check the humidity to see which period permits the 

set point change. 

 

Figure 10: Annual Humidity Ratio 

Given the humidity ratio from the weather data, it 

seems that dehumidification is not necessary during 

the winter period. To prove this assumption the 

statistical results were calculated as follows: 

Table 9 (Occupied Hours during Jan 1
st
 to March 

31
th

, and October 1
st
 to December 31

th
) 

OA Humidity Ratio (kg water/kg air) <0.010 <0.012 

Percentage 95.6% 99.1% 

The short time during which dehumidification is 

needed is less than 5%, which was stated earlier as 

acceptable comfort measured in this paper (section: 

Unmet Load Hours). The first ECM is to increase the 

supply air set point during winter time (Oct 1
st
 to 

March 31
st
 the next year), which is costless. 

To optimize the temperature set point change in the 

winter, temperatures from 12.8°C - 21.1°C (while 

21.1°C is the zone air set point) were investigated. 

Nothing else in the system was changed. 

 

Figure 11 Energy Intensity and Unmet Load Hours 

for ECM1A in SCH by Variants in °C6 

                                                           
6
 Green dot line is the 300 h limit for Unmet Load Hours in 

ASHRAE 
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According to the energy intensity and unmet load 

hours chart, the variant with 16°C is the acceptable 

optimal point without exceeding the comfort limit.  

Table 10 Simultaneous Working Time of ECM1A in 

SCH 

Variants 

(°C) 

Cooling During Reheating 

03A Office1 03A Office4 03A Office7 

12.8 96.0% 94.4% 93.7% 

14 93.1% 90.7% 89.8% 

15 89.0% 84.9% 83.7% 

16 79.9% 73.0% 74.4% 

17 66.1% 61.2% 60.5% 

18 54.2% 47.8% 44.5% 

19 45.7% 40.9% 34.0% 

20 38.0% 35.8% 29.2% 

21.1 32.8% 35.1% 28.1% 

From the decrease in simultaneous working time 

percentage it can be inferred that when winter supply 

air temperature is 21.1°C the value almost 

approaches that of the SCB water system. 

Note that comfort cannot be ignored since some of 

the interior and south zones still need cooling, even 

in winter. This problem can potentially be solved by 

resizing the fan and the flow rate according to the 

new set point. However, this would lead to more fan 

energy use and the fans would need to be replaced in 

the real project. Therefore, 16°C is chosen as the final 

selection of ECM1A. 

 

Figure 12 Energy Intensity and Unmet Load Hours of 

ECM1A 

ECM1A is applied in each system and saves total 

energy by 6-9%. However, the comfort level in 

System 8 is beyond the acceptable limit. The only 

exception is the System Chilled Beam, which uses 

more energy. The chilled beam system conditions the 

air at zone level so increasing the temperature of the 

outdoor air coming to the chilled beams means that 

they have to work harder to cool the room. The 

chilled beams themselves use more energy to cool the 

air than a centralized chiller  

ECM1B Set Point Automatically 

The second ECM is to control the supply air set point 

according to the outdoor air humidity ratio, which 

can be more precise and avoid humidity issues in 

winter. 

The humidity sensor detects the outdoor air humidity 

ratio. When it is higher than 0.012kg water/kg air, the 

set point should be set at 12.8°C; when it is lower 

than 0.010kg water/kg air, the set point should be set 

at 16°C, the same as ECM1A, which makes ECM1B 

comparable. 

 

Figure 13 Energy Intensity and Unmet Load Hours of 

ECM1B 

Figure 14 shows that ECM1B has a similar impact on 

every system as ECM1A. However it does save an 

average 2% more energy, which means the period 

during which the set point changed in ECM 1B is 

longer than in ECM1A. Meanwhile, it can avoid a 

humidity problem in winter. However, it is also more 

uncomfortable because the smaller temperature 

difference requires a larger flow rate to meet the 

loads. 

ECM1C Two Cooling Coils 

ECM1C separates the cooling from the 

dehumidification functions through the use of 

desiccant dehumidification. This means the first 

cooling coil is set to cool the supply air to 16°C, 

while the second is set to dehumidify to 0.010kg 

water/kg air. (16°C would make ECM1C comparable 

to the other two ECM1s.) 

 

Figure 14 Schematic Diagram of Two Cooling Coils 
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Figure 15 Energy Intensity and Unmet Load Hours of 

ECM1C 

From Figure 16 it is clear that the comfort is 

unacceptable with ECM1C. This is because the 

humidity ratio of 0.010kg water/kg air does not 

guarantee a temperature of 12.8°C, thus it cannot 

meet the loads with the former air flow rate. With 

energy consumption ECM1C saves 4-9%. 

Summary of ECM1s 

Table 11 Comparison of Energy Savings for ECM1s 

Energy Savings (%) S7 SCB S8 SCH SCO 

ECM1A 9.0 -1.9 6.6 7.2 6.2 

ECM1B 11.5 -2.0 7.9 8.8 7.4 

ECM1C 8.7 -2.5 4.0 5.0 2.4 

Table 12 Comparison of Total Unmet Load Hours for 

ECM1s 

Unmet Load Hours  S7 SCB S8 SCH SCO 

ECM1A 258 88 357 262 262 

ECM1B 334 88 455 338 338 

ECM1C 490 89 722 513 514 

 

Figure 16 Energy Breakdown for ECM1s in SCH 

Given not only the comfort and energy savings 

(Table 11) achieved through but also the investment 

required for each ECM1, ECM1A is chosen for 

further comparison and combinations. 

ECM2 Air Side Economizer 

To improve the percentage of fresh air (thus saving 

cooling energy), an air side economizer is applied to 

the system.  

The air side economizer will bring in more outdoor 

air when the outdoor air temperature is right for the 

supply air set point. But in the case of humidity 

issues, the upper limit of the economizer is 23.9°C, 

thus reducing the latent burden on the cooling coils. 

If the outdoor air temperature is higher than the upper 

limit, the outdoor air flow rate will be kept at the 

minimum. 

 

Figure 17 Schematic Diagram of Air Side 

Economizer 

23.9°C is the reasonable limit but whether it is the 

most optimal temperature for energy use is uncertain. 

The System Chiller is used for the upper temperature 

limit research. The upper limit temperature in 

variants varies from 23.9°C to 16°C. (Supply air 

temperature is still kept at 12.8°C as originally 

determined.)  

 

Figure 18 Energy Intensity and Unmet Load Hours of 

ECM2 in SCH 

Figure 19 shows that 20°C is the best upper limit 

temperature for air side economizers. The cooling 

energy use plays the main role in total energy 

savings. 

Table 13 Simultaneous Working Time of ECM2 in 

SCH 

Variants 
Cooling During Reheating 

03A Office1 03A Office4 03A Office7 

Baseline 96.0% 94.4% 93.7% 

23.9 61.9% 59.0% 57.9% 

21.1 61.9% 59.0% 57.9% 

20 61.9% 59.0% 57.9% 

18 61.9% 59.0% 57.9% 

16 61.9% 59.0% 57.9% 
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Table 13 shows that once the economizer is applied, 

the simultaneous working time is reduced to a 

constant value. This means that the critical outdoor 

air temperature under which the cooling coil is to turn 

off is below 16°C, since then the variants do not 

make a difference. 

The System Chilled Beam is not suitable for this 

ECM because of its constant air volume system. 

 

Figure 19: Energy Intensity and Unmet Load Hours 

of ECM2 

This ECM saves an average of about 5% of total 

energy. 

ECM3 Separate AHUs 

From the previous investigation it can be seen that 

simultaneous heating and cooling can be due to the 

layout of the AHUs. ECM3 investigated different 

AHU layout options as well as different temperature 

set points for these AHUs. Figure 21 shows the areas 

of the building which require more cooling, south 

facing areas and core areas. These are seperated out 

and put on to a different AHU. 

 

 

Figure 20 Selected Zones for Second AHU (Blue 

Spots) 

16°C is applied in the south and interior zones as the 

supply air temperature in winter, and 20°C in the 

other zones.  

 

Figure 21 Scatter Chart for Heating and Cooling 

According to Outdoor Air Temperature in the System 

Chiller with ECM3 

 

Figure 22 Energy Intensity and Unmet Load Hours of 

ECM3 

Table 14 CO2 Emission Savings for ECM3 

System S7 S8 SCH SCO 

CO2 

Emission 

[ton] 

Baseline 2,498 2,846 2,748 2,749 

ECM3 2,225 2,510 2,402 2,417 

CO2 Emission Savings 

Percentage 
10.9% 11.8% 12.6% 12.1% 

Actual CO2 Emission 

Savings [ton] 
273 336 346 332 

 

From Table 14 above it can be found that ECM3 for 

can save about 12% site energy, more than 10% of 

energy costs and reduce CO2 emissions by more than 

10% compared to the baseline systems. 

Table 15 Comparison of Air System with ECM and 

Water System Baseline 

System 
SCB 

Baseline 

Air System  

(Best Case) 

More Use  

(% divided by Air 

System) 

Energy 

Intensity 
[kWh/m2] 

153 175 SCH 22 12.6% 
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Energy 

Cost [$] 
364,639 464,478 S7 99,839 21.5% 

CO2 
Emission 

[ton] 
1,748 2,225 S7 477 21.5% 

When compared to the best case of the air systems 

with the ECMs, the water system still has an obvious 

advantage, using less than 12.6% site energy 

compared to the SCH with ECMF and costing just 

78.5% compared to S7 with ECMF.  

CONCLUSIONS 

Table 16: Summary of ECMs 

ECMs Description 

1A 
Change supply air set point from 12.8°C to 

16°C in winter 

1B 

Change supply air set point from 12.8°C to 

16°C when humidity ratio lower than 0.010 

kg water/kg air 

1C 

Change supply air set point from 12.8°C to 

16°C, add cooling coil to control humidity 

ratio under 0.010 kg water/kg air 

2 
Add economizer with high limit OA 

temperature of 20°C 

3 

Add AHU to supply south and interior 

zones separately from north zones, raise 

supply set points to 20°C in the north 
zones. 

This paper aims to optimize the typical US HVAC 

systems through improved controls. The object of 

study is a typical American office building in climate 

Zone 4A. 

The results of this research show that in this office 

building the problems with this air system mainly lie 

in simultaneous heating and cooling, which is caused 

by the low supply air temperature and inflexibility of 

AHU control.  

Optimizing the control of the system can reduce site 

energy by more than 10%  whilst staying within the 

comfort limit in typical air systems. Although the 

ECMs have greatly improved the energy performance 

of the air systems, the water system still uses much 

less energy. The precise zone control and the 

advantage of high heat capacity are the main factors 

for this. 
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MODELING HVAC OPTIMIZATION CONTROL STRATEGIES
FOR HIGH PERFORMANCE BUILDINGS

Patrick Wilkinson, PE, CEM, BEAP, LEED AP
Chris Olmsted, BEAP

Trane Engineering Services - Ingersoll-Rand, Los Angeles, CA, USA

ABSTRACT

High efficient equipment selections and advance
system designs do not necessarily lead to high
performance buildings. In order to truly be a high
performance building, the building must operate
effectively to maximize the potential energy cost
savings for the building owner. Producing these high
performance building results requires the
implementation and proper use of HVAC optimization
control strategies. This paper will prove that equipment
should be specified through the use of energy
simulation optimization to insure that the greatest
potential energy savings can be achieved.

INTRODUCTION

Most designers specify HVAC equipment based on
design full load efficiency and or non-standard part
load value (NPLV). Once they have completed a
building load calculation in simulation software, such
as Trace 700 or Hourly Analysis Program (HAP), they
turn to equipment representatives to provide selections
based on the capacity required at design conditions.
This potentially leads to highly efficient equipment
selections and the building performance may even meet
LEED requirements, but does not maximize the
potential energy cost savings for the building owner
responsible for the utility bills.

Building optimization controls take into account
current HVAC design, load profile, ambient conditions,
utility rate structures and programs such as auto
demand response (ADR), which allow the building
HVAC system to operate at the most ideal conditions
for energy savings and utility costs. Advanced control
strategies have changed the way individual pieces of
equipment interact with the system. Specifying
equipment based on a complete optimized building
energy model rather than full load equipment efficiency
and or NPLV will increase the building potential
energy savings and can even reduce initial equipment
costs.

An energy simulation of HVAC optimization controls
will show that the energy savings from an optimized
building greatly outweigh those achieved by an
efficient chiller selection alone; regardless of the
criteria used in the selection process. Furthermore, an
energy simulation model will enforce why the
equipment selections should be made based on the
optimized energy simulation model to achieve the
greatest energy cost savings for the building.

BACKGROUND

Poor controls can waste more energy than great
equipment can save. A car driven with a lead foot may
achieve 10.0 mpg but if the driver changes his or hers
aggressive driving style, the mpg rating can be
dramatically increased. This is the same principal used
in HVAC optimization. Even the most efficient chiller
on the market cannot create a high performance
building if not controlled properly. All systems have
their “sweet spots” and when they run outside these
desired conditions, efficiency can be dramatically
reduced.

RELATED WORK

Current building mechanical HVAC design is
complimented with equipment selections based on
individual component efficiency. The selection is
usually specified based on full load efficiency or
IPLV/NPLV at design conditions. This potentially
leads to highly efficient equipment selections for
perhaps higher performance buildings, but does not
maximize the potential energy cost savings for the
building owner responsible for the utility bills.

The part load equipment ratings for chillers, integrated
part load value (IPLV) and non-standard part load
value (NPLV) are easy ways to compare the
performance of two machines beyond the full load
design-efficiency. Many discussions have taken place
on whether to selection a chiller based on full load
efficiency or NPLV. The HVAC&R Engineering
Update by Johnson Controls titled “Use Only NPLV to
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Specify Chiller Efficiency” outlines the benefits of the
NPLV rating and why they believe NPLV is the correct
approach for equipment selection. The 2009 ASHRAE
journal published an article “A Closer Look at Chiller
Ratings” which compared the IPLV/NPLV rating
assumptions to the actual operation of equipment and
found that the NPLV and full load efficiency are highly
inaccurate at predicting actual performance and only
help compare the unloading characteristics of similar
chillers and do not infer economic savings. The
author’s further suggested that equipment selections be
based on a full year 8,760 hour energy simulation
model rather than IPLV or NPLV criteria, especially in
multi-chiller applications.

The energy simulation model approach uses 8760 hour
yearly weather data, and the correct building load
profile to allow for a true analysis of energy use and
chiller performance. This idea can be expanded to look
at the HVAC system as a whole, analyzing building
energy consumption, demand and utility costs at the
meter level.

HVAC OPTIMIZATION CONTROL
STRATEGIES

There are numerous ways a building can be controlled
when it comes to the building automation system.
Ultimately, it is the sustained strategy that saves the
most energy and money for the owner that is the
winner. The following HVAC optimization control
strategies were implemented in the energy simulation
model to prove why the use of energy simulation
optimization to aid equipment selections will maximize
a building’s overall energy performance.

Cooling Tower Optimization

Condenser water reset measures adjust the condenser
water temperature set point based on ambient
conditions. Raising the condenser water set point will
typical lower the cooling tower fan and pump energy,
but will also increase lift on the chiller compressor
resulting in an increase of chiller energy usage.
Conversely, lowering the set point will typically have
the opposite effect; raising energy use at the tower and
pumps but lowering it at the chiller.

Cooling tower optimization will automatically reset the
condenser water temperature set point to provide for
optimum system operation, minimizing the total energy
consumption of the cooling tower fan and chiller
combination. This strategy takes into account the
performance curves of the centrifugal chillers, outdoor
wet bulb temperatures and the cooling tower fan energy
efficiency. During part-load and favorable outside air
conditions (cool/dry), the cooling towers can be used to

reduce chiller energy demand by reducing the
condenser water temperature. As load increases and/or
the outside air conditions deteriorate the condenser
water temperature is reset to a higher temperature to
remain maximum system efficiency. Variable speed
centrifugal chillers can be extremely efficient when the
chilled water supply temperature is high, or the
condenser water supply temperature is low, or a
combination of both of these conditions.

Most buildings expend cooling tower energy in a
wasteful manner in an effort to drop chiller kW. In
many cases, reset strategies try to drive the condenser
water temperature as low as possible all of the time. It
has been seen cooling tower fan systems drawing more
energy than the chillers when they were operated in this
manner. (Duncan, 2001)

When modeling any condenser water reset the
limitations of the equipment must be considered. Most
notably the condenser water temperature must not be
driven so low as to decrease the temperature difference
between the condenser and evaporator of the chiller
beyond the rated minimum.

Pump Differential Pressure Optimization

The chiller plant automation system resets the system
chilled water pressure set point to the minimum value
necessary to maintain control at the loads, rather than
maintaining a fixed pressure set point.

Pump pressure reset saves energy without
compromising space comfort. Chilled water pressure is
reset based on critical valve position. As cooling
demand is reduced at the cooling coils, the valves start
to close; the most open of these is the critical valve.
The critical valve can be reset fully open, other valves
are reset proportionally, and the chilled water pumps
are then slowed down to maintain the same amount of
flow through the system. This ensures that the chilled
water pumps maintain only the pressure required by the
system to meet the cooling load resulting in significant
energy savings.

Critical Zone Static Pressure Reset

This control strategy automatically maintains the duct
static pressure set point of a variable air volume (VAV)
system at the lowest possible level without sacrificing
occupant comfort. The fan’s static pressure setpoints
are reset based on the VAV zone damper position. As
cooling demand is reduced in a space, the VAV zone
damper closes. For this optimization strategy, the most
open of these dampers is the critical zone. The critical
zone damper is reset to fully open, other dampers are
reset proportionally. This creates a reduced required
static pressure situation which allows the supply air
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fans’ speeds to reduce and still maintain the same air
flow rate through the zone dampers. This produces
significant savings in large ducted HVAC system
designs.

Building System Optimum Start & Optimum Stop

This control strategy saves energy by calculating the
optimal time before occupancy the fan systems must
turn on to meet temperature set point during
occupancy. At the end of the day, this control strategy
saves energy by calculating the optimal time before the
occupants leave for the day the fans systems can turn
off to meet the drift temperature set point right at
closing time. Building heat transfer rate is continually
measured to account for outside temperate variations.
Savings from this strategy are realized from reduced
run time from the fans and cooling system.

The above mentioned HVAC optimization control
strategies work together lowering energy demand
across the entire cooling system. When modeled
correctly, the energy model will show greatly improved
building energy performance. This is illustrated by
comparing two identical energy simulation building
models, with identical cooling systems and efficiencies,
and implementing optimizations utilized on only one.

ENERGY MODEL SIMULATION

An 8,760 hour energy simulation model was created
and analyzed in TRACE 700. The baseline energy
model was created in accordance to ASHRAE 90.1 -
2007. A typical office building located in Los Angeles
California was used in this analysis using TMY3
weather data from LAX airport. Southern California
Edison energy rates were used in the analysis based on
a time of use structure.

Table 1 Building energy simulation description

BUILDING DESCRIPTION
Building Floor Area 450,000 Sqft.
Number of Floors 20
Building Use Weekdays 9am-5pm

Weekends 9am-1pm
Construction ASHRAE 90.1 – 2007

Appendix G
Lighting Load ASHRAE 90.1 – 2007

Appendix G
Occupancy Density ASHRAE 62.1 – 2007
Miscellaneous Load 1.0 W / Sqft.
Ventilation 15 cfm/ per person

Airside System

The building was modeled with a typical overhead
VAV system with built up air units. The air units had

dry bulb temperature controlled airside economizers
with a high level cut off of 75˚F. The supply and return 
fans had variable frequency drives (VFDs) installed in
both the baseline and proposed models.

Central Cooling Plant

The central plant consists of two 500 ton centrifugal
chillers (COP 6.1). The chiller curves and full load
efficiencies were based on ASHRAE 90.1 – 2007, as
were all set points and ranges. The baseline energy
model’s chilled water loop is configured in a primary
secondary arrangement. Pumping power for both the
chilled water and condenser water side were set to the
90.1 baseline standards.

Central Heating Plant

The heating plant was modeled to conform to
ASHRAE 90.1 – 2007. No alterations were made to the
central heating plants as it is outside of the scope of
this analysis.

Controls

The baseline model has all control strategies/resets as
required by ASHRAE 90.1 – 2007 Appendix G. For
simplicity, demand control ventilation was omitted
from this analysis.

Proposed Simulation Energy Model

As previously mentioned in the HVAC optimization
control strategies section, the following control
strategies were implemented into the proposed energy
simulation model.

 Cooling tower optimization

 Pump differential pressure optimization

 Critical zone static pressure reset

 Building system optimum start and optimum stop

Cooling Tower Optimization

The baseline model chillers as they follow ASHRAE
90.1 Appendix G, has a minimum entering condenser
temperature of 70˚F. As previously mentioned chiller 
entering condenser water can get a lot colder than 70˚F 
and still function properly. The proposed model’s
minimum condenser water temperature was reduced to
55˚F and the cooling tower optimization strategies were 
implemented to balance the condenser water
temperature between 55˚F and design conditions to 
maximize efficiency.
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Pump Differential Pressure Optimization

The pump differential pressure was reset based on
critical valve position. This reduces the unnecessary
head pressure during low loads.

Critical Zone Static Pressure Reset

The static pressure was reset based on the critical zone.
This reduces unnecessary fan pressure during low
loads.

Building System Optimum Start and Optimum Stop

The baseline Trace 700 model building operation was
schedule to only operate during occupied hours. It must
be noted, applying optimum start can increase energy
consumption in cases where there are significant
amount of unmet cooling hours. Although, optimum
start allows the system to start at an optimal time
reducing demand charges and unnecessary overcooling
of the building. This strategy plays a major role when
it comes to energy cost savings. Optimum stop will
promote energy consumption savings by allowing the
central plant to turn off at the optimum time at the end
of the day before the occupants leave the building.

Key Points

No HVAC equipment changes were made between
alternatives. Only control optimizations were
implemented. Therefore, the same performance curves
were used in the baseline and proposed energy model.

DISCUSSION & RESULTS ANALYSIS

Table 2 shows the ton-hrs for the cooling plant load
used for the baseline energy simulation model in Trace
700.

Table 2 Monthly cooling plant ton-hrs summary

COOLING PLANT LOAD

Month ton-hrs

Jan 33,356

Feb 31,040

Mar 32,230

Apr 51,029

May 66,835

Jun 104,599

Jul 159,351

Aug 163,119

Sep 161,925

Oct 103,847

Nov 58,032

Dec 31,980

Total 997,342

Based on the total building ton-hrs and a total peak
cooling load requirement of 889 tons, the equivalent
full load hours (EFLH) of the central cooling plant
totaled 1,122 hours. (Table 3)

Table 3 Engineering Checks

ENGINEERING CHECKS
Max Cooling Load (tons) 889
EFLH 1,122

From Table 4, the baseline average annual efficiency of
the central cooling plant was 0.83 kW/ton and the
proposed optimization model was 0.72 kW/ton. With
all the optimization strategies applied in the proposed
model, the chillers are operating more frequently at a
less efficient point on their performance curves. This
drives the annual kW/ton upwards for the chiller. This
further proves why NPLV and full load efficiency
should not be used for equipment selections.

Table 4 Energy Summary

CHILLER/
COMPRESSOR

KW/TON

CENTRAL
PLANT TOTAL

KW/TON

Baseline 0.53 0.83

Proposed 0.58 0.72

From the building simulation results, the actual part
load profile can be determined and a chiller can be
selected based on the optimal efficiency for that load
profile. By using this strategy, greater energy savings
can be achieved over using NPLV and full load
efficiency.

Figure 1 Building Load Profile

Figure 1 shows the building ton-hours per month. The
HVAC optimizations allow the chillers to work less
during months where part load conditions are more
prevalent. (high chilled water supply temperature, low
entering condenser water temperature, low outdoor wet
bulb temperature)
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Tables 5 and 6, along with Figures 2 and 3, illustrate
the total annual energy consumption and demand for
both the baseline and proposed energy models. There is
an energy consumption reduction of 428,785 kWh and
a 415 kW demand reduction from the optimization
control strategies alone. This relates to a total energy
cost savings of $148,871 a year. (16%) shown in
Figure 4. The costs were based on Southern California
Edison TOU-8-B rate structures.

Table 5 Energy Usage

BASELINE
USAGE

(KWH/YR)

PROPOSED
USAGE

(KWH/YR)

ENERGY
SAVINGS

(KWH/YR)

Proposed
Building -
Optimized

4,722,407 4,293,622 428,785

Table 6 Energy Demand

BASELINE
ON-PEAK
DEMAND

(KW)

PROPOSED
ON-PEAK
DEMAND

(KW)

ON-PEAK
DR (KW)

Proposed
Building -
Optimized

2,068 1,653 415

Figure 2 Building Energy Consumption Comparison

Figure 3 Building Energy Demand Comparison

Table 7 shows the energy utilization index and cost
index for both the baseline and proposed model.

Figure 4 Building Energy Electricity Cost Comparison

Table 7 Energy Summary

ENERGY
CONSUMPTION

EUI
(KBTU/SF/YR)

CI ($/SF/YR)

Calibrated Model 36 2.05

Proposed Model 33 1.72

These figures clearly illustrate the energy and cost
savings provided by HVAC controls optimization
strategies. Cost savings of this magnitude will also
provide for LEED EA Credit 1 points. These savings
are across the entire building, not isolated to the
chillers.

CONCLUSION & FUTURE WORK

HVAC controls optimization strategies provide for
high performance buildings and the savings can be
proven through energy simulation modeling. Chiller
selections should be based on supporting total building
performance, not equipment efficiency. An energy
model of the building will show where the chillers will
operate most frequently. Maximizing this efficiency
will produce the most energy cost savings.

These strategies can be further leveraged for demand
response. By using more aggressive optimizations
during a demand response event, further cost savings
can be realized. This will be shown in future
publications.

The energy model can be further optimized with
regards to the central cooling plant design. Designing a
chiller for lower chilled/condenser water temperatures
and variable flow rates allows for even less pump and
fan energy on the water side and air side systems.
Therefore pumps and fan sizes can be reduced resulting
in lower first costs. Further savings could also result
from optimized duct work design.
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ABSTRACT 

This paper provides a discussion of the results of two 
inter-model comparison exercises from IEA-Annex 
41, where combined heat and moisture transfer was 
calculated for three variations of the  BESTEST 
building (based on cases 600 and 900 from IEA- 
ECBCS SHC-Task 12 / IEA-ECBCS Annex 21). 
Firstly, basic statistical techniques were used to post-
process some results of IEA-ECBCS Annex 41, 
providing confidence intervals in accordance to a 
certain confidence level. Secondly, the role of 
moisture (as well as some aspects of the exercises, 
such as initialization and material properties) was 
analysed using recently developed and validated 
prototype software for the coupling of BES and 
BEHAM. The paper concludes that combined heat 
and moisture transfer has a minor influence in the 
temperature distribution, energy demand and peak 
power load in the three variations of the BESTEST 
building simulated. However, combined heat and 
moisture transfer has large influence on the indoor 
relative humidity of the BESTEST. 

 

INTRODUCTION 
Validation of whole building heat, air and moisture 
(HAM) simulation is complex task. Among other 
techniques, inter-model comparison is recognized as 
an important tool in the validation process, being 
extensively used in the validation of building element 
heat, air and moisture simulation (BEHAM) 
programs and building energy simulation (BES) 
programs. 

The main sources of uncertainty in computational 
building performance simulation (CBPS) are: input 
uncertainties (material properties, patterns of use, 
etc) and modelling uncertainties (those resulting from 
the assumptions and simplifications adopted to 
describe physical processes). Validation of CBPS 
programs by inter-model comparison provides the 
opportunity to evaluate these programs without major 
concerns regarding input uncertainty, therefore 
highlighting the magnitude of modelling 
uncertainties.  

Relevant examples of modelling uncertainty in 
whole-building HAM simulation can be found in the 

results of two comprehensive inter-model 
comparison exercises, carried out in the framework 
of the Energy Conservation in Buildings and 
Community Systems (ECBCS) Programme of the 
International Energy Agency (IEA). In both 
exercises, a very simple building (Figure 1) was used 
in the simulations. This geometry was simulated 
considering two main variations, one with light-
weight construction (BESTEST case 600 building) 
and one with heavy-weight construction (BESTEST 
case 900 building) (Judkoff and Neymark 1995, 
Woloszyn and Rode 2008). In the next paragraphs, a 
few results obtained in these exercises are reproduced 
in order to illustrate the magnitude of modelling 
uncertainty in whole building HAM simulation. 

 
Figure 1. BESTEST building geometry 

 

The original BESTEST was developed as a 
cooperative project of IEA- ECBCS SHC-Task 12 
and IEA-ECBCS Annex 21 to diagnose problems and 
validate BES programs (Judkoff and Neymark 1995). 
The main part of this test consists of a series of inter-
model comparison exercises. Figure 2 shows results 
of annual heating energy demand predicted by 
different programs, for the BESTEST case 900 
building. It is important to note that in these results, 
only heat transfer is taken into account, i.e. there is 
no air or moisture transfer through building elements 
apart from the fixed air change rate (Judkoff and 
Neymark 1995). Despite this specific focus and the 
precise definition of parameters, differences up to 
74% can be observed between minimum (1.17 MWh) 
and maximum (2.04 MWh = 1.17 MWh x 1.74) 
results obtained from different programs. These 
results demonstrate the potential magnitude of 
modelling uncertainties in BES. In spite of these 
uncertainties, results obtained in the BESTEST 
demonstrated a certain level of agreement between 
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the programs. Consequently these results were later 
used in the development of a standard for the 
validation of BES programs.  

 
Figure 2. Results from several programs for the 
BESTEST case 900, when only heat transfer is 

considered (Judkoff and Neymark 1995). 
 

Several programs dealing with energy calculations 
for the whole building make the assumption that 
effects of air and moisture transfer through building 
elements can be neglected. This assumption was 
investigated by the IEA-ECBCS Annex 41 “Whole 
Building Heat, Air and Moisture Response” (from 
now on referred in this paper as Annex 41), in which 
the BESTEST case 900 building, among other 
buildings, was simulated by CBPS programs that 
take into account heat and moisture transfer (air 
transfer is not included in most simulations  in Annex 
41). Some modifications were introduced in the 
properties of materials used in some exercises of 
Annex 41 in relation to the original BESTEST, 
therefore results are not directly comparable. 
Nevertheless, the magnitude of modelling uncertainty 
obtained in both exercises can be compared.  

Figure 3 shows results of Annex 41 for the 
BESTEST case 900, obtained by 13 different 
participants (the dashed lines indicate the range of 
values from Figure 2). These results demonstrate that 
the modelling uncertainty is even higher when air 
and moisture are taken into account. In the original 
BESTEST, results were published after a second 
round of simulations, so that programs with outlier 
results could be identified and coding mistakes could 
be corrected. The results in Figure 3 on the other 
hand were “blind”, i.e. no adjustment was performed 
in any of the programs. These results show variations 
of up to 370%, and this level of deviation can be 
observed as well in other  results obtained in Annex 
41, for variations of the BESTEST building and for 
other performance indicators (Woloszyn and Rode 
2008). This spread puts to question the applicability 
of inter-model comparison for the validation of 
whole-building HAM simulation. Moreover, this 
spread is particularly large if one considers that 
liquid load, for example wind-driven rain, was not 
considered in this exercise of Annex 41, which could 
lead to even higher discrepancies. 

Facing the results of Annex 41, it is clearly necessary 
to improve CBPS programs in order to reduce the 
uncertainty of whole-building HAM simulation. A 
step towards this reduction is the analysis of Annex 
41 results, identifying elements that led to the large 
discrepancy between the proposed solutions.  

Regarding the analysis of Annex 41 results, this 
paper addresses four main points:  

 The extent to which modifications introduced in 
Annex 41 regarding properties of dry materials 
(particularly for the BESTEST case 600) 
compromise its comparison to the original 
BESTEST results. 

 The applicability of Annex 41 results in the 
future validation of whole-building HAM 
simulation programs. 

 The impact of moisture transfer through porous 
materials in the energy performance of 
BESTEST “simplified”, and BESTEST cases 
600 and 900, as well as the physical 
explanations for such impact. 

 Some of the possible reasons for the large 
spread in Annex 41 results. 

 
Figure 3. Results from several programs for 

BESTEST case 900, when combined HAM transfer is 
considered (Woloszyn and Rode 2008). 

 

METHODOLOGY 
This paper addresses the two inter-model comparison 
exercises from IEA-ECBCS Annex 41 dealing with 
the BESTEST building: BESTEST “revised” (cases 
600 and 900) and BESTEST “simplified” (Woloszyn 
and Rode 2008). These exercises are briefly 
described below. 

The BESTEST “revised” exercise addressed the 
energy demand and peak power demand of two 
BESTEST cases: 600 and 900. The buildings used in 
this exercise are very similar to the original 
BESTEST cases 600 and 900 (Judkoff and Neymark 
1995), except for a few modifications in the thermal 
conductivity and thermal capacity (dry material) for 
the case 600 (Woloszyn and Rode 2008). 

The BESTEST simplified exercise addressed the 
calculation of temperature and humidity in the 
interior of the building and in the building envelope, 
as well as energy demand and peak power demand. 
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The BESTEST simplified building adopts the same 
geometry of the original case 600 building, but 
several simplifications are adopted, as summarized in 
Table 1. Simplifications are mainly focused on the 
climate (more moderate than the original BESTEST 
climate), constructions (single layer, porous 
material), fenestration and boundary condition of the 
floor (which is facing the external air, not the ground, 
i.e. the building is “floating in the air”). Results are 
reported only for the 5th of July (Woloszyn and Rode 
2008). 

Table 1 
BESTEST “simplified” summary 

Location Copenhagen, Denmark

Solar heat gain coefficient 1

Heating set-point  20 °C

Cooling set-point 27 °C

Walls/Floor/Roof Aerated concrete (15 cm)

Uwall/floor/roof  1.0 W/m2.K

Uwindow 3.0 W/m2.K

Boundary condition - floor External air 
 

The methodology adopted in this study is described 
below. It is divided in three parts addressing the 
points listed in the introduction section. 

Modification of dry material properties (case 600) 

Simulations were conducted using the BES program 
ESP-r, using both the original BESTEST properties 
and the ones proposed by Annex 41. The aim is to 
understand if the modifications play a minor role and 
therefore  results of Annex 41 could be compared to 
the original BESTEST results. The change in the 
properties deals with the thermal conductivity and 
thermal capacity of dry materials.  

Applicability of Annex 41 results 

Inter-model comparisons using the BESTEST 
building in Annex 41 led to wide ranges of results 
provided by different participants. In many cases (as 
in Figure 3 for example) the range of results provided 
by the participant is so wide that it is difficult to 
identify acceptable limits for these results. Therefore, 
the use of such wide ranges as validation benchmarks 
is largely compromised. However, a more 
representative and useful range of results could be 
obtained if outliers were removed from the data. In 
the context of this paper, outlier is “an observation 
that is numerically distant from the rest of the data”. 
Outliers are not necessarily wrong, but they are 
results that require special attention and further 
investigation in order to understand the source of 
differences between the outlier and the rest of the 
data. During the IEA-ECBCS Annex 41, 13 different 
solutions were provided using different whole-
building HAM programs for the BESTEST case 600 
and 900, and 12 solutions for the BESTEST 
“simplified”. From these solutions, a sub set was 

selected in this paper to construct “narrow ranges”, 
which represent the solution obtained by the majority 
of participants in the exercise. The narrow range was 
constructed by removing the two highest and the two 
lowest results from the set of results for each 
performance indicator (PI), leading to much clearer 
limits for acceptable results. The narrow range for 
cases 600 and 900 is derived out of 9 solutions, and 
for the BESTEST “simplified” it is derived out of 8 
solutions. Narrow range of results can improve the 
validity of the inter-model comparison because it 
defines two groups of results that can be clearly 
contrasted: the models in and out the narrow range. 
The definition of these two groups facilitates the 
comparison between models, which is the core of 
inter-model comparison. The definition of these two 
groups allows developers to identify potential bugs in 
codes with results out of the narrow range, but also 
allows evaluations on the impact of assumptions and 
simplifications in all models. For example, in a 
possible scenario a outlier result obtained using a 
model extensively validated using empirical data 
may lead to revisions in all other models. This sort of 
analysis, however, is beyond the scope of this paper. 

It is also important to point out that the original 
BESTEST is a full diagnosis method, designed to 
reduce outliers due to mistakes and capable of 
identifying the actual source of disagreement 
between different models. However, the BESTEST 
approach was not used in the Annex 41, where only 
the cases 600 and 900 were used as inspiration for a 
much simpler inter-model comparison exercise. 

Impact of moisture transfer in BESTEST and 
reasons for deviations in Annex 41 results 

The impact of moisture in the BESTEST building 
cases 600 and 900 and in the BESTEST “simplified” 
was evaluated using a recently developed prototype 
software coupling two state of the art BES and 
BEHAM programs, ESP-r and HAMFEM (Cóstola 
2011). 

ESP-r is a leading scientific BES program (Clarke 
2001). It is the result of more than three decades of 
continuous development; it has a simple graphic 
interface and extensive quality assurance procedures. 
Another positive point of the ESP-r structure is its 
modularity, so the code related to air flow network or 
HVAC systems is completely separate from the core 
module, responsible for the building heat balance.  

HAMFEM is a 3D BEHAM program developed at 
the K.U.Leuven using the finite element method 
(Janssen et al. 2007). The code was validated using a 
combination of analytical solutions, inter-model 
comparison and experimental results. As many 
academic codes, the program is written in Fortran 90, 
has no graphical interface and no quality control by 
the program over the correctness of input data 
provided by users.  

The external coupling between ESP-r and HAMFEM 
is implemented using TCP/IP sockets as inter-process 
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communication. Information is exchanged between 
the programs every 6 minutes of simulation time. 
Two-way loose coupling is adopted and different 
time-steps are used in each program (multi-rate). The 
coupling was validated using a combination of 
analytical solutions, inter-model comparison (which 
are partially described in the present paper) and 
experimental results (Cóstola 2011). Figure 4 
schematically represents the coupling between ESP-r 
and HAMFEM.  

 
Figure 4. Scheme of ESP-r and HAMFEM two-way 
coupling used to assess the impact of moisture in the 

energy performance of the BESTEST building. 
 

RESULTS 
Modification of dry material properties (case 600) 

Figure 5 shows a comparison of ESP-r stand-alone 
(i.e. no coupling with HAMFEM) results for the 
original BESTEST case 600 building and for the 
version of this building proposed by Annex 41. 
Results demonstrate that the modifications 
significantly affect the energy demand and peak 
power load, even when moisture transfer is not taken 
into account. Figure 5 demonstrates that results from 
the original BESTEST case 600 cannot be directly 
compared to results from Annex 41.  

Figure 6 shows a comparison between dry material 
properties used in the original BESTEST and in 
Annex 41, where large differences in the thermal 
mass can be observed. Considering the increase in 
thermal mass in Annex 41, the reduction of all PIs 
observed in Figure 5 is indeed expected, and is 

consistent with the results from the original 
BESTEST (the higher thermal mass, the lower the 
energy demand and peak power load). 

BESTEST cases 600 and 900 - Applicability of 
Annex 41 results 

Figure 7 shows the ranges of results for the original 
BESTEST (cases 600 and 900), for the Annex 41 and 
the narrow range calculated in this paper using 9 out 
of 13 solutions. The narrow range shows that the 
variations in the results in IEA-ECBCS Annex 41 are 
due to outliers and that most programs agree with 
each other. For the case 900, the narrow range is very 
similar to the original BESTEST, demonstrating that 
moisture plays a minor role in the results. The case 
600 shows a different behaviour regarding heating 
and cooling. For cooling, the narrow range is slightly 
larger than the original BESTEST and it is shifted 
towards lower values, which is consistent with results 
from Figure 5, as well as with the original BESTEST 
results. For heating, the narrow range is very similar 
to the original BESTEST, while a shift towards lower 
values would be expected according to results in 
Figure 5. Reasons for the discrepancy between 
results in Figure 5 and Figure 7 demands further 
investigations. This investigation cannot be carried 
out without deeper analysis on simulations carried 
out in Annex 41, which is beyond the scope of this 
paper.. 

BESTEST cases 600 and 900 - Impact of moisture 
transfer 

Figure 8 shows results obtained for the BESTEST 
case 600 building (as described in Annex 41) using 
two-way loose coupling of BES and BEHAM. 
Firstly, it can be observed that most results are in 
agreement with the narrow range of results obtained 
using the other 9 CBPS programs. The exception is 
the heating energy demand, but Figure 7 
demonstrated that solutions provided in Annex 41 
might overestimate this PI. Secondly, the comparison 
between results obtained using conjugate heat and 
moisture transfer (BES and BEHAM coupling) and 
results obtained using only heat transfer (ESP-r 
stand-alone) indicate that moisture plays a minor role  

 

 
Figure 5. ESP-r stand-alone results for the BESTEST case 600 building.  
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Figure 6. Difference in material properties between the original BESTEST case 600 and IEA-ECBCS Annex 41 

 

in this particular building and for these particular PIs. 
This fact can, in part, be attributed to the low impact 
of moisture in the thermal conductivity and thermal 
mass of this particular case, as shown in Figure 9. 
Moreover, the magnitude of latent heat flux in this 
building (under this particular weather) is negligible, 
as shown in Figure 10. In Figure 10 (A), the relation 
between moisture flux and latent heat is represented 
(assuming moisture at 20°C). The region highlighted 
in the figure indicates the range of values found in 
the interior and exterior surface of the BESTEST 
case 600 building using two-way loose coupling. For 
the interior surface, the values are negligible, while 
latent fluxes up to 12 W/m2 are found at the exterior 
surface. The fluxes at the external surface are not 
high when compared to solar radiation, and Figure 10  
(B) indicates that most of the time the latent heat flux 
at the external surface is in fact much lower than 12 
W/m2. 

Although moisture accumulation and fluxes do not 
play a major role in energy demand and peak power 
demand, the initial moisture content in building 
elements (walls, roof, floor) significantly affects the 
results of BESTEST case 600. This effect can be 
observed in Figure 11, where the uncertainty due to 
moisture initialization is shown in comparison with 
the range of solutions described in Annex 41. The 
bold line shows results obtained in simulations using 
different initial moisture contents, from dry to 
saturate. Firstly, the impact of initialization is 
noticeable, particularly on energy demand. Secondly, 
it is possible to explain most of the variations in the 
different solutions solely by using this parameter. 
The importance of moisture initialization in the 
energy consumption was already demonstrated in 
previous research (e.g. Kong and Zheng, 2008). This 
importance can be explained by the variation in 
thermal conductivity/capacity and by the large 
moisture fluxes in saturated or in dry materials, 
which is particularly relevant in the first year. 

 

 
Figure 7. Comparison of ranges provided in the original BESTEST and in the IEA-ECBCS Annex 41 
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Figure 8. Results for the BESTEST case 600 building in IEA-ECBCS Annex 41 using two-way loose coupling. 

 

 

 
Figure 9. Variation in material properties due to moisture 

 
 

 

 
Figure 10. Relation between latent heat and moisture flux (A) and  
the frequency of occurrence of different latent heat flux values (B). 
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Figure 11 . Uncertainty in the results due to initialization of moisture. 

 
BESTEST “simplified” - Impact of moisture 
transfer and applicability of Annex 41 results 

Figure 12 shows results for the interior air 
temperature and exterior surface temperature of the 
roof, for the BESTEST “simplified” building on the 
5th of July. Results of Annex 41 are divided in the 
full range and in the narrow range (8 out 12 
solutions). These PIs are not strongly affected by 
moisture transfer through the building envelope, and 
consequently both ESP-r stand-alone and the two-
way loose coupling of BES and BEHAM provide 
similar results. The results obtained in this paper 
agree with the narrow range of results from Annex 
41. It is also noticeable that the narrow range of 

results from Annex 41 indicates good agreement 
between the 8 solutions for most of the PIs; hence the 
validity of this inter-model comparison increases 
significantly.  

Figure 13 shows results of power demand for heating 
and cooling. As in Figure 12, results are not 
significantly influenced by moisture, i.e. ESP-r stand-
alone results are very similar to the results of two-
way loose coupling of BES and BEHAM. Both 
results show good agreement within the narrow 
range. It should be noticed that the agreement 
between solutions within the narrow range is much 
better for heating energy demand than for cooling. 

 

 
Figure 12 . Temperature results of an inter-model comparison for  
a simplified version of the BESTEST building, for the 5th of July 
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Figure 13 . Energy results of an inter-model comparison for  

a simplified version of the BESTEST building, for the 5th of July 

 

CONCLUSIONS 
Results provided in this paper allow the following 
conclusions to be made: 

 The apparent large dispersion of results 
found in some inter-model comparisons 
carried out during the IEA-ECBCS Annex 
41, such as the “simplified” BESTEST 
building and the BESTEST cases 600 and 
900, can be mainly attributed to outlier 
results. Discarding these outliers 
demonstrated that most solutions are in 
reasonable agreement.  

 Outlier results from IEA-ECBCS Annex 41 
should be carefully analysed, in order to 
identify the sources of disagreement. 

 The application of Annex 41 inter-model 
comparison exercises in the future 
validation of whole-building HAM 
simulation programs is possible using the 
narrow ranges provided in this paper. 

 In the cases evaluated, moisture transfer 
does not play a major role in the following 
PIs: energy demand, peak power demand, 
interior air temperature, temperatures within 
building elements. 

 In the cases evaluated, moisture transfer 
plays a major role in the calculation of 
interior air RH.  

 Initialization of moisture content of walls 
plays a major role in the BESTEST case 600 
inter-model comparison carried out during 
IEA-ECBCS Annex 41. Different 
initializations can, to a large extent, explain 
the variation in the solutions proposed for 
this exercise. This result is in agreement 
with previous studies. 

 Results of Annex 41 and the original 
BESTEST cannot be compared due to 
relevant differences in the settings of these 
exercises. 
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ABSTRACT 

Simulating the prediction of moisture movement and 
related risk within building envelopes has gained 
momentum with the increased use of thicker walls, new 
materials and assemblies. One such simulation software 
used widely across North America for hygrothermal 
analysis is WUFI 5.1. As with any other simulator, 
WUFI 5.1 requires a few basic inputs such as location, 
orientation, climate and construction. But hygrothermal 
modeling is not a clear-cut task. The interactions 
between the macro level inputs and the dependency on 
molecular make-up and characteristics of materials 
makes prediction of hygrothermal performance very 
volatile. This volatility could lead to under or over 
predicting moisture related risk in building elements. 

As a part of an ongoing research and monitoring 
project, the authors’ team evaluated and intends to 
monitor several different configurations of wall 
assemblies in multiple climate and moisture zones to 
determine the accuracy of moisture modeling. The goal 
is to make recommendations to ensure durable, efficient 
assemblies. Based on this research, this paper presents a 
systematic approach to hygrothermal modeling with 
WUFI 5.1. Methods to determine compliance with 
existing failure criteria using results from WUFI 5.1 are 
discussed. General software observations and possible 
future improvements are suggested. 

 

INTRODUCTION 
The exterior building envelope is continuously 
subjected to outdoor climatic conditions that induce a 
dynamic air, heat and moisture gradient within the 
envelope. Compounding this dynamic is the increasing 
use of unconventional materials, construction 
techniques and new wall assemblies. Moisture finds its 
way into the envelope through various sources. 
Rainwater penetration, rising damp, bulk water 
intrusion from leaks, interstitial condensation due to air 
leakage, wetted building materials and high levels of 
interior humidity are some of the major sources. 
 

Hygrothermal loads experienced by a building envelope 
vary with the temperature of the surfaces, permeability 
of the materials and boundary conditions. If moisture is 
trapped within the envelope, this could potentially lead 
to decay of the building materials and/or mold growth. 
Therefore, the design of the envelope for optimum 
thermal and hygric performance is crucial.    
  
Transient mathematical models have been developed in 
an effort to provide a better understanding of the 
mechanisms and interactions of moisture and heat 
transfer in building envelopes. There has been a rapid 
improvement in the capabilities of computer-based 
moisture analysis tools that can predict the movement 
and accumulation of moisture in building components 
and materials. The tool discussed in this paper, WUFI 
5.1, was created by the Fraunhofer Institute for 
Building Physics (IBP) and Oak Ridge National 
Laboratory (ORNL) WUFI 5.1 predicts moisture 
transfer by diffusion and capillary flow. It allows users 
to assess the effectiveness of the wall materials and 
constructions against moisture flow and indicates area 
where condensation can occur. 
 
This paper draws on experience from performing 
approximately 500 residential wall simulations using 
WUFI 5.1, as a part of an ongoing research and 
monitoring project. The intention of this research study 
is to validate predictions from WUFI 5.1 for at least 
three different wall assemblies that are gaining 
popularity in the market, but have yet to be extensively 
monitored with respect to moisture and heat transfer. 
These assemblies include walls built to International 
Energy Conservation Code (IECC) using hybrid 
insulation strategies, high R-value walls, and brick 
masonry retrofits in climate zones 4 -7. 
 
The following paper illustrates the process used to 
evaluate the compliance with various failure criteria 
applicable to hygrothermal performance of building 
envelope components. 
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HYGROTHERMAL MODELING 
Predictions from hygrothermal computer simulations 
are very sensitive to the user inputs of the assumed 
boundary conditions and material properties. Inputs in 
WUFI 5.1 are organized into three basic categories: 
Component, Control and Climate. 

 

Component 

Construction assembly, orientation, surface transfer 
coefficients and initial conditions are input on this 
screen. Construction assemblies can be created using 
the materials in the material database.  The user can 
insert monitoring positions at critical interfaces and 
within materials that are at an elevated moisture related 
risk. WUFI 5.1 calculates the temperature (T), relative 
humidity (RH), dew point and mold growth potential 
with limiting isopleths for each of the monitoring 
positions specified. 

 

 
Figure 1 Screenshot showing climate analysis of the 
exterior climate for New York City, NY. North-East is 
the worst wind-driven orientation. 
 

Orientation of the assembly dictates its interaction with 
the exposure to sun, wind and rain. Typically, a worst-
case scenario is chosen for simulations; hence an 
orientation that receives the most wind-driven rain is 
selected. Solar vapor drive should also be accounted for 
while choosing a worst-case orientation. This 
information can be obtained from the ‘Climate 
Analysis’ tab on the ‘Outdoor Climate’ screen. Figure 1 
shows a screen shot of the solar radiation and wind 
driven rain wind roses for New York City, NY. North-
East receives the most wind driven rain and hence 
chosen as the worst-case scenario orientation. 

 

Inclination and building height is chosen as per the 
assembly being evaluated. For a project being evaluated 
for compliance with The American Society of Heating, 
Refrigerating and Air-Conditioning Engineers 
(ASHRAE) Standard 160 “Criteria for Moisture – 
Control Design Analysis in Buildings”, default driving 
rain coefficients specified by the Standard can be used. 
ASHRAE Standard 160 specifies a 1% rain exposure 
factor (FE) i.e. 1% of the water reaching the exterior 
surface will penetrate the exterior surface.  

 

The surface transfer coefficients depend on the interior 
and exterior wall finishes. The user can specify heat 
resistance and permeance for the exterior and interior 
surfaces on this screen. Along with these, the user 
should also specify the radiation absorptivity, 
emissivity and adhering fraction of rain for the exterior 
surface. The initial conditions screen allows the user to 
input the initial relative humidity, temperature and 
water content in different layers of the assembly.  

 

Control 

The calculation period/profiles and numerics are input 
on this screen. Length of the calculation period (start 
and end dates) and time steps can be input on the 
calculation period/profiles screen. Simulation run time 
varies with assembly construction and analysis type. It 
is recommended that the simulation be run long enough 
to allow the wall to acclimatize. Typically, a 
hygrothermal simulation is modeled for a period of 
three consecutive years. This run time allows for the 
wall to acclimatize and reduce effects of assumed initial 
moisture content and temperature within the wall 
assembly.  

 

Options that allow the user to control a calculation 
method are input on the numerics screen. For example, 
the user can choose to exclude moisture transport 
through capillary conduction from the calculation. This 
calculates the moisture transport only through vapor 
diffusion.  

 

Climate 

On this screen, the user defines the exterior and interior 
environmental exposure conditions of the construction. 
The external boundary condition is defined by selecting 
a weather file. WUFI 5.1 comes with a few built-in 
outdoor weather files in Hygrothermal Reference Years 
(HRY) format. HRY files contain radiation and rain 
loads that are crucial for moisture analysis. Along with 
these, HRY files contain cloud index, air temperature, 
relative humidity, wind speed and wind direction data. 
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Other weather file formats with rainfall data or custom 
weather files can also be used with WUFI 5.1. 

 

WUFI 5.1 contains weather files for 55 North American 
cities. The user can select a representative warm year 
weather file or a representative cold year. These files 
are based on the years in the warmest and coldest 10th 
percentile of the 30 year weather data available. 

 

The interior boundary conditions can be defined in 
several ways.  The user can enter customized sine 
curves for the temperature and relative humidity or they 
can use various methods as defined in ASHRAE 
Standard 160.  

 

COMPLAINCE WITH FAILURE CRITERIA 
Moisture related damage within building envelope 
components could be attributed to various factors such 
as material properties, exterior and interior boundary 
conditions, and duration of exposure to moisture. The 
thresholds and/or considerations based on currently 
accepted failure criteria for moisture levels in building 
envelope components are: rot/decay in OSB/plywood, 
mold growth potential, condensation potential, 
assembly water content and frost damage in masonry 
walls. 

 

 
Figure 2: Screenshot of the output graphs from WUFI 
5.1. These outputs are visible only after running a 
simulation 
 
To comply with the failure criteria, post-processing of 
WUFI 5.1 outputs is required. Once a file is run, WUFI 
5.1 creates the following graphs under the ‘Quick 
Graph’ menu item. (See highlighted portion in Figure 
2). 

 Total water content in lb/ft2  
 Water content in each layer of the envelope 

assembly in lb/ft3  
 Temperature in oF, relative humidity in % and 

dew point oF for exterior and interior surfaces  
(by default) and for every monitoring position 
inserted by the user. 

 Mold growth isopleths for the exterior and 
interior surfaces (by default) and for every 
monitoring position inserted by the user  

 

 
Figure 3: Screen shot of the ASCII -Export dialog box 
from WUFI 5.1 

 

Data files can be exported from WUFI 5.1 in two ways: 

1. Select a graph from the ‘Quick graph’ menu 
item as shown in Figure 2. Right click on the 
graph and export a file in the American 
Standard Code for Information Interchange 
(ASCII) format with the .ASC file extension. 

2. The second option is to open the ASCII-
Export dialog as shown in Figure 3 from the 
‘Outputs’ dropdown from the menu bar at the 
top. Select the required files to be exported 
and specify a folder for the output file. 

 

The exported .ASC files can be processed using a 
standard spreadsheet tool. Note that each exported file 
will contain the number of data rows equivalent to user 
selection of simulation period and time steps. For 
example, an assembly simulated for three years with 
hourly time steps will have 26,280 data points. 
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Rot/Decay 

It is often quoted that that the minimum water content 
requirement for the growth of fungi is about 20% in 
wood corresponding to about 80%- 90% relative 
humidity (Siau 1984). Decay generally occurs above 
90-95% at 68°F (Viitanen et al. 2001).  

 

Procedure: 

File: Export the water content in the plywood/OSB 
layer in lb/ft3.  

 Step 1: Water content in lb/ft3 has to be 
converted to Mass-Percent M- %.  

 Step 2: Mass Percent calculation in IP:  

3

3

lb/ftin  material ofDensity 

lb/ftin layer in content Water 
 % M  

Where, 

Density of the OSB/plywood can be acquired from the 
WUFI 5.1 material database. 

 Step 3: The M-% value should not exceed the 
20% threshold.  

 

Mold Growth (ASHRAE Criteria) 

The ASHRAE Standard 160 sets the performance 
criteria to minimize problems associated with moisture 
in building envelope assemblies. The Standard specifies 
that all three of the following conditions should be met:  

 30–day running average surface RH<80% 
when the 30-day running average surface 
temperature is between 41°F and 104°F1;  

 7–day running average surface RH<98% when 
the 7-day running average surface temperature 
is between 41°F and 104°F  

 24-h running average surface RH< 100% when 
the 24-hour running average surface 
temperature is between 41°F and 104°F; 

 

These criteria apply to all materials and surfaces in the 
building envelope except the exterior surface and 
materials that are naturally resistant to mold or have 
been chemically treated to resist mold growth.  If any 
component within the assembly exceeds the RH limit 
for any of the three above criteria the assembly is 
considered as having failed the criteria. The number 
and year of failure occurrences should be evaluated for 
each wall. 

 

                                                           
1 This approximately equates to moisture content of 14% for 
plywood and 13% for OSB (Richards, 1992). 

Procedure 

File: Export the temperature and relative humidity for 
monitoring positions inserted at the potential 
condensing plane/materials with high moisture related 
risk. 

 

For 24- hour Running Average Criteria: 

 Step 1: Calculate 24-hour running average of 
temperature and relative humidity from hourly 
raw data 

 Step 2: Apply the 24-hour ASHRAE criteria to 
Step 1. 24-hour average running average 
surface RH < 100% when the 24-hour running 
average surface temperature is between 41°F 
and 104°F 

 Count all instances that DO NOT MEET the 
above condition. This count indicates the 
number of 24-hour periods that fail the 24-
hour ASHRAE criteria 

 

The 24-hr running average temperature and relative 
humidity can be plotted as shown in Figure 4. Since the 
RH does not exceed the 100% limit anytime during the 
modeling period, this wall passes the 24-hr criteria. 

 

 
Figure 4:  24-hour moving average for temperature and 
humidity. Since the RH does not exceed 100 %, this 
wall passes the 24-hr criteria. 

 

For 7-day Running Average Criteria: 

 Step 1: Calculate daily average indoor air 
temperature °F and relative humidity from 
hourly raw data  

 Step 2: Calculate 7-day running average of 
temperature and relative humidity based on the 
daily average data calculated in the above step 
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 Step 3: Apply the 7-day ASHRAE criteria to 
Step 2. 7-day average running average surface 
RH < 98% when the 7-day running average 
surface temperature is between 41°F and 
104°F 

 Count all instances that DO NOT MEET the 
above condition. This count indicates the 
number of 7-day averages that fail the 7-day 
ASHRAE criteria 

 

 
Figure 5: 7-day moving average for temperature and 
humidity. Since the RH exceeds 98 %, this wall 
demonstrates failure against the 7-day criteria. 
 

The 7-day running average temperature and 
relative humidity can be plotted as shown in Figure 
5. Since the RH exceeds the 98% limit during 
winter months, this wall is considered a failure 
against the 7-day criteria. 

 

For 30-day Running Average Criteria: 

 Step 1: Using the  daily average indoor air 
temperature °F and relative humidity, calculate 
30-day running average of temperature and 
relative humidity based on the daily average 
data calculated in the above step 

 Step 2: Apply the 30-day ASHRAE criteria to 
Step 1. 30-day average running average 
surface RH < 80% when the 30-h running 
average surface temperature is between 41°F 
and 104°F 

 Count all instances that DO NOT MEET the 
above condition. This count indicates the 
number of 30-day averages that fail the 30-day 
ASHRAE criteria 

 

The 30-day running average temperature and relative 
humidity can be plotted as shown in Figure 6. Since the 

RH exceeds 80%, this wall is considered a failure 
against the 30-day criteria. 

 

 

 
Figure 6: 30-day moving average for temperature and 
humidity. Since the RH exceeds 80 %, this wall 
demonstrates failure against the30-day criteria. 

 

In many cases evaluated by the authors, failures happen 
at the beginning of the modeling period based on the 
initial conditions assumed, but do not occur again over 
the remaining three-year period. It is not clear from the 
Standard if an assembly should be allowed to 
acclimatize before calculating failures. 

 

Mold Growth (Isopleths) 

WUFI 5.1 plots graphs called isopleths to identify 
potential mold growth on the interior surface of the 
building assembly and the potential condensating 
surfaces. An isopleth system captures the germination 
time and growth rates of mold based on humidity and 
temperature (Sedlbauer 2002). WUFI 5.1 assigns a 
‘Lowest Isopleth for Mold’ (LIM) which is the 
temperature dependent, lowest relative humidity under 
which no fungus activity is expected. 

 

Figure 7 shows an example graph with limiting 
Isopleths.  Each point in this graph represents the 
hygrothermal conditions at the interior surface of the 
assembly at a certain time. The color of the dots 
changes with time. For the isopleth shown in Figure 7, 
at the start of the calculation the dot color is red which 
turns to green and finally blue at the end of the three 
year calculation period. 
 

LIM B I and LIM B II refer to limiting isopleth for 
building material specific fungi and substrate classes. If 
the conditions lie above the limiting isopleths, mold 
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Procedure 

Files: Export the temperature and relative humidity for 
monitoring positions inserted at the potential 
condensing plane. Export the interior temperature and 
relative humidity from the ASCII-Export dialog.  

 Step 1: Calculate the indoor air dew point 
temperature with a psychrometric function 
based on interior air temperature in °F and 
relative humidity %  

 Step 2: Compare surface temperature to indoor 
air dew point temperature. If surface 
temperature is less than the dew point 
temperature, then condensation potential 
exists. 

 Step 3: Count all instances where Step 3 
occurs. This count gives the number of hours 
the potential for condensation exists over 3 
years. 

 

The condensation potential can be calculated more than 
one way. As was done in this paper, the dew point of 
the interior air was compared to the temperature of the 
condensing surface.  This assumes that air leakage from 
the interior will be the driving force for condensation 
and will represent a worst-case scenario in absence of a 
bulk water leak or other major failure in the building. 
Condensation potential can also be evaluated from a 
diffusion perspective. Software like WUFI 5.1, predicts 
the dew point temperature of various surfaces in the 
wall based on diffusion. This analysis yields different, 
generally less severe results. Depending on construction 
quality, materials chosen, occupant behavior etc., the 
true answer will likely be somewhere in between these 
two methods. There is no recommended maximum 
threshold for condensation potential at this time. This 
value needs to be taken into account with all the other 
criteria and assessed on a climate-by-climate and 
building assembly by building assembly basis. 

 

Frost Damage 

Frost damage occurs mainly when damp masonry such 
as brick or concrete is exposed to frequent freeze thaw 
cycles. The two factors that influence frost damage the 
most are the moisture content on freezing and the 
number of freeze thaw cycles (Straube 2006). 

 

The freezing temperature in brick is assumed to be 
lower than zero because of the dissolved salts in brick 
pores. (Said et al. 2003) A freezing temperature 
threshold of 23oF and thawing threshold of 32oF were 
used to estimate the number of freeze-thaw cycles 
within the brick wall. The critical moisture content is 
the level above which frost damage can occur.  For 

brick, this is commonly assumed at 90% of free 
saturation (which is conservative). The exterior face 
brick and the interior 1st fill brick (in a multi-wythe 
construction) are evaluated for frost damage.  

 

Typically, the number of zero crossings (times when 
the wall’s temperature falls below or climbs above 
freezing) is calculated. This is usually at the external 
face of the brick: the higher the number of cycles, the 
more potential for freeze-thaw damage to occur 
(Sedlbauer, 2000). 

 

Procedure 

The surface temperature and relative humidity in the 
brick wythes is exported. 

 Step 1: The surface temperature and water 
content in lb/ft3 of the brick in question is 
exported 

 Step 2: Identify the free saturation (water 
content at 100% RH) in lb/ft3 of the brick 
used. This information can be obtained from 
the ‘Moisture Storage Function’ table in the 
material database. The water content in lb/ft3 

corresponding to RH of 1.0 is the free 
saturation of the brick in question. 

 Step 3: Calculate critical saturation threshold 
for the brick material used. This is 90% of the 
free saturation (from Step 2). 

 Step 4: Count Freeze–Thaw cycles. One freeze 
thaw cycle is observed when the temperature 
at hour [h] is equal to or below the freezing 
limit and temperature at hour [h+1] is equal to 
or above the thawing limit. Repeat this for all 
the data points. 

 Step 5: Count number of instances when frost 
damage is likely to occur: Count freeze-thaw 
cycles from step 4 when water content in brick 
is above the critical saturation limit. Repeat for 
all data points. 

 
In Figure 9, the blue line indicates the water content 
and the dotted black line indicates the critical saturation 
threshold of the brick. The red line indicates the 
temperature of the brick while the black solid and 
dashed lines indicate the freezing and thawing 
temperatures respectively. Though the temperatures fall 
below the freezing and thawing limits, the water 
content never exceeds the critical saturation level. 
Therefore, this wall has little potential for frost damage. 
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Figure 9 Example graph showing freeze-thaw cycles 
and water content in an exterior brick. The water 
content of the brick does not exceed the critical 
saturation threshold, hence there wall does not have 
potential for frost damage. 

SOFTWARE OBSERVATIONS 
WUFI 5.1 is stable with an intuitive user interface. It is 
available in both SI and IP unit systems. However, 
many times data exported through the ASCII export 
dialog is in SI units even though IP unit system is 
selected. For projects that include exporting huge 
amounts of data, it would be convenient to have an 
intuitive batch export option. Though WUFI 5.1 comes 
with a batch export option, it can only be accessed from 
the command line and requires selecting files to export 
with a bit mask (e.g. 0110001). This may not be a 
viable option for many.  
 

CONCLUSION 
This paper presents a comprehensive approach for  
assessing the hygrothermal performance and 
compliance with currently available failure criteria 
using WUFI 5.1. It is recommended that satisfactory 
performance be based on evaluating several of the 
following failure criteria simultaneously and not just a 
single threshold. These criteria include: 
 

1. Water Content of exterior sheathing did not 
exceed 20% and did not increase over time; 

2. ASHRAE 160 criteria for 24 hour, 7-day and 
30-day running average surface temperatures 
and RH are met; 

3. Isopleths generated in WUFI 5.1 do not 
indicate potential for mold growth;  

4. Critical water content of fungi spore is not 
exceeded according to WUFI-Bio; 

5. Final water content of the assembly (lb/ft2) 
was lower than the initial level; 

6. Freeze-thaw cycles do not occur when the 
water content within the brick exceeds the 
critical water content. 
 

In addition to the above, criteria to evaluate the 
condensation potential was presented. Surface 
temperatures were compared to the interior air dew 
point temperature (Straube et. al. 2009). A step-by-step 
process of applying WUFI 5.1 results to evaluate 
compliance with the aforementioned failure criteria was 
presented.  
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ABSTRACT 
Latent heat storage (LHS) using phase change materials 
(PCM) is a promising avenue to resolve the frequent 
timing mismatch between energy supply and demand. 
This paper deals with the modelling and simulation of a 
versatile thermal energy storage (TES) tank filled with 
encapsulated PCMs of rectangular geometry.  
A simple model is developed and implemented as a 
TRNSYS component with the long-term goal of 
selecting optimal phase change temperature and testing 
control strategies for demand-side management and 
renewable energy applications. The model uses the 
enthalpy method and assumes phase change occurs over 
a small temperature range.  
A comparison of model results to numerical results 
found in the literature indicates that it can predict the 
dynamic performance of this type of thermal energy 
storage tank with reasonable accuracy during loading 
and off-loading cycles. A simple example is used to 
demonstrate the use of the model in TRNSYS. Further 
work will aim to improve the model and validate it 
against experimental measurements. 

INTRODUCTION 
Some of the greatest scientific challenges of this 
century relate to our usage of energy; optimizing 
system energy use, reducing demand and developing 
renewable energy resources are prime examples. An 
important part of this issue is the constant mismatch 
between energy supply and demand. The dilemma is 
not the absence of energy per say but rather it is to find 
ways of supplying sufficient amounts, in a usable form, 
when and where it is required. Energy storage devices 
are one solution to this issue. They can reduce peak 
loads by deferring energy use, improve system 
performance by allowing them to work in their optimal 
range and provide backup power during an outage.  
Amongst the batteries and flywheels, latent heat storage 
can address a particular clientele looking specifically 
for energy in the form of heat. As building heating and 
cooling, hot water production and refrigeration 
represented over 60% of the 20 quadrillion Btu 

consumed in US buildings in 2008 (U.S. Department of 
Energy, 2010), phase change materials have received 
much attention in the last decade. Their high-energy 
storage density and capacity to store and supply energy 
at nearly constant temperature are advantageous when 
compared to sensible heat storage systems.  
Rectangular slab-like PCM encapsulation has been 
studied in numerous air-based applications. Dolado et 
al. (2006) developed four models to simulate the 
behaviour of slab-like PCM exposed to air flow and 
determined that a one-dimensional finite difference 
model with implicit formulation was sufficiently 
accurate to replicate experimental results. The paper 
also showed that considering conduction in the 
direction of heat transfer fluid (HTF) flow inside the 
PCM did not improve the model’s agreement with 
experimental results. Halawa et al (2005) analysed 
melting and freezing of a LHS unit considering a 
varying PCM capsule wall temperature along the 
direction of HTF flow. To do this, they implemented 
local Nusselt number values calculated for constant 
temperature boundary conditions over the length of 
individual HTF control volumes but no experimental 
validations were made. Vakilaltojjar and Saman (2001) 
developed three computer models for the evaluation of 
a phase change storage system for air-conditioning 
where PCM slabs of different phase change 
temperatures are used in series. They tested various 
parameters to improve the storage performance and 
showed that the air-side heat transfer resistance 
dominates the overall heat transfer resistance. 
The study of encapsulated PCM of rectangular 
geometry has been scarce for liquid HTF applications. 
Elsayed (2007) studied ice encapsulated in a horizontal 
slab and exposed to cyclic HTF temperatures. The 
author found that as the heat transfer efficiency is more 
affected by the HTF temperature than by the convection 
heat transfer coefficient, the mean HTF temperature can 
be used to determine the storage unit’s response with 
sufficient precision. Liu et al. (2011b) produced a one-
dimensional model for encapsulated PCM of 
rectangular geometry subjected to liquid HTF which 
showed reasonable agreement when compared to 
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experimental data. The model was later used in a 
parametric study which indicated that the inlet HTF 
temperature and flow rate have a significant impact on 
the melt duration and heat transfer rate (Liu et al., 
2011a). Bony and Citherlet (2007) implemented a 
numerical model of PCM capsules in an existing 
TRNSYS type of a hot water tank, to reproduce the 
behaviour of a tank filled with encapsulated PCMs of 
various geometry, including rectangular capsules, 
though experimental tests were only made for 
cylindrical capsules. Puschnig et al (2005) also 
developed a TRNSYS model capable of representing 
water tanks filled with PCMs of various geometry as 
well as PCM slurry. Both models consider the tank to 
be vertical and as such stratification and natural 
convection are important components of the heat 
transfer occurring between the HTF and the PCM. Most 
other studies considered constant temperature boundary 
conditions (Costa et al., 1998, Silva et al., 2002, 
Lacroix, 2001, Hamdan and Elwerr, 1996) rather than 
convective heat transfer due to liquid flow.  
This paper presents a simple model for horizontal 
storage tanks with encapsulated PCM of rectangular 
geometry. Unlike previous models for horizontal tanks, 
this model is to be used in full building simulations 
through use as a TRNSYS type. Emphasis is thus 
placed on computability and the accuracy of output 
HTF temperature on the time scale of typical building 
system response. The mathematical model developed is 
based on a variant of the so-called enthalpy method 
introduced by Voller (1990), as used by Bony and 
Citherlet (2007).  Model results will be compared to 
numerical and experimental results found in the 
literature. Grid convergence and error estimation are 
discussed as well as model usefulness for system 
design. 

MATHEMATICAL MODEL 
The LHS unit studied is rectangular in shape and has 
adiabatic walls. It includes a number of flat slab-like 
PCM capsules laid-out in rows and columns with HTF 
flowing horizontally in the space between the PCM 
capsules. 
 

 
Figure 1: LHS unit with PCM capsules 

In the development of a mathematical model for the 
LHS unit, the following assumptions are made: 

• Effects of natural convection within the HTF 
and the liquid phase of the PCM are negligible; 

• The PCM behaves as an ideal material 
(phenomena such as degradation or subcooling 
are not considered at this stage); 

• Phase change occurs along a small temperature 
variation with no hysteresis between the 
freezing and melting processes; 

• The PCM is homogeneous and isotropic with 
different properties for the liquid and solid 
phase; 

• The PCM capsule’s lateral faces are adiabatic, 
i.e., heat transfer occurs only through faces at 
y = 0 and y = CapH (see Figure 3); 

• The conduction between two adjacent PCM 
control volumes (C.V.) is neglected. Only the 
energy transferred through the capsule wall by 
convection with the HTF is considered to affect 
the PCM C.V. 

Based on these assumptions, a mathematical model is 
developed which uses subsequent energy balances over 
a small HTF control volume and the associated PCM 
control volume to establish the HTF output temperature 
from the LHS unit. 
 

 
Figure 2: Model control volumes 

 

Heat transfer fluid 
The temperature of the HTF evolves as it flows 
between the PCM capsules and exchanges energy with 
the capsule wall. For each control volume considered, 
the energy balance results in equation [1]:  
𝑑𝐶𝑓𝑇
𝑑𝑡

= �̇�𝑐𝑝𝑓(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) + ℎ𝑓𝐴𝑓�𝑇𝑤 − 𝑇𝑓�              [1] 

The term on the left represents the net rate of energy 
stored in the fluid control volume over a certain time 
step, with Cf being the fluid’s heat capacity. Term 
ṁ cpf ( Tin-Tout ) represents the net rate of energy 
transport into the control volume through advection, 
with ṁ the HTF mass flow rate through the control 
volume  and cpf the HTF’s specific heat capacity at a 
constant pressure. Term hf Af (Tw-Tf) represents the net 
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rate of energy exchanged between the fluid and the 
PCM capsule wall through convection, with hf the heat 
transfer coefficient and Af the surface area of the 
convective exchange. The energy transferred depends 
on the difference between the capsule wall temperature, 
Tw , and fluid temperature, Tf , for the control volume 
considered. 
Using backward time differentiation to solve for the net 
rate of energy stored in the HTF control volume: 
𝑑𝐶𝑓𝑇
𝑑𝑡

=
𝐶𝑓�𝑇𝑓 − 𝑇𝑓0�

∆𝑡
=
𝜌𝑓𝑐𝑝𝑓𝑉𝑓�𝑇𝑓 − 𝑇𝑓0�

∆𝑡
                 [2] 

With ρ f the HTF density, cpf the HTF’s specific heat 
capacity at a constant pressure and Vf the volume of the 
control volume. The HTF temperature entering and 
leaving the control volume are considered as the time 
average values over the time step such that: 

𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 =
𝑇𝑓(𝑖−1) + 𝑇𝑓(𝑖−1)

0

2
−
𝑇𝑓 + 𝑇𝑓0

2
                     [3] 

Values from the previous time step are indicated with 
superscript "0" while values from the upstream control 
volume are indicated with subscript "(i-1)". Similarly, 
time average values of the PCM capsule wall 
temperature and HTF temperature are used so: 

𝑇𝑤 − 𝑇𝑓 =
𝑇𝑤 + 𝑇𝑤0

2
−
𝑇𝑓 + 𝑇𝑓0

2
                                        [4] 

Combining equations 1, 2, 3 and 4, the temperature of 
the HTF control volume becomes [5]: 
𝑇𝑓 =
(𝑎 − 𝑏 − 𝑐)𝑇𝑓0 + 𝑐�𝑇𝑓(𝑖−1)

0 + 𝑇𝑓(𝑖−1)� + 𝑏(𝑇𝑤0 + 𝑇𝑤)
𝑎 + 𝑏 + 𝑐

 [5] 

Where a = ρfcpfV/Δt, b = hfAf/2 and c = ṁcpf/2.  

Heat transfer to PCM capsule 
In this model, the thermal inertia of the capsule wall is 
neglected and so all the energy transferred to the 
capsule wall from the HTF, qconv, is simultaneously 
transferred to the associated PCM control volume 
through conduction, qcond. Both energy fluxes are 
established through equations 6 and 7: 

𝑞𝑐𝑜𝑛𝑣 = ℎ𝑓𝐴𝑓 �
𝑇𝑓0 + 𝑇𝑓

2
−
𝑇𝑤0 + 𝑇𝑤

2
�                           [6] 

𝑞𝑐𝑜𝑛𝑑 =
𝑘𝑝𝑐𝑚𝐴𝑝𝑐𝑚

∆𝑦
�
𝑇𝑝𝑐𝑚0 + 𝑇𝑝𝑐𝑚

2
−
𝑇𝑤0 + 𝑇𝑤

2
�        [7] 

Where kpcm is the PCM conductivity, Apcm is the surface 
area of the conductive exchange and Δy is the distance 
over which occurs the conduction; in this case, the 
distance between the PCM capsule wall and the center 
of the PCM capsule. This equality between equations 6 
and 7 allows the formulation of an equation to evaluate 
the capsule wall temperature [8]: 

𝑇𝑤 =
𝑏�𝑇𝑓0 + 𝑇𝑓� − (𝑏 + 𝑑)𝑇𝑤0 + 𝑑�𝑇𝑝𝑐𝑚 + 𝑇𝑝𝑐𝑚0 �

𝑏 + 𝑑
   [8] 

Where b = hfAf/2 and d = kpcmApcm/2Δy.  

Phase change 
During phase transition, both the liquid and solid 
phases of the PCM are present and are separated by an 
interface that is constantly shifting. On each side of this 
boundary, the properties of the material can be quite 
different. Predicting the behaviour of a PCM during 
phase change is thus categorized as a moving boundary 
problem. Multiple numerical methods have been 
developed to solve this type of problem (Bansal and 
Buddhi, 1992). The method used here is a variant of the 
so-called enthalpy method introduced by Voller (1990) 
which does not require the explicit treatment of 
conditions at the phase change interface, so the 
boundary position need not be traced throughout the 
domain. In fact, as this method uses the same governing 
equation for the two phases, any sharp discontinuities at 
the phase change interface are avoided. This method 
has been used successfully by other authors to simulate 
the behaviour of PCM capsules (Bony and Citherlet, 
2007, Puschnig et al., 2005). However, it presents other 
drawbacks; namely, the temperature field is not 
calculated explicitly but through enthalpy-temperature 
correlations. Though this correlation is not always 
supplied by PCM manufacturers, it can be determined 
experimentally through the temperature-history method 
as modified by Marín et al (2003).  
 

 
Figure 3: PCM capsule characteristic dimensions 

 

Thus, following the determination of the HTF and 
capsule wall temperatures, the change in the PCM state 
is then determined by calculating the change in 
enthalpy with equation 9: 
𝐻 = 𝐻0 + 𝑞𝑐𝑜𝑛𝑣∆𝑡                                                             [9] 
Where H is the current PCM enthalpy and H0 is the 
PCM enthalpy for the same node from the last time 
step. The new PCM control volume temperature is then 
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found through spline interpolation of the specific 
enthalpy-temperature curve.  

PCM properties 
Though the PCM thermal conductivity, kpcm, is 
considered constant within one phase, it will vary 
during the simulation according to the PCM state. 
During phase change, its value is neither that of the 
solid, ks, nor that of the liquid state, kl, rather it is 
determined through a linear interpolation between the 
liquid and solid state values according to the enthalpy 
of each PCM control volume, H:  

𝑘𝑝𝑐𝑚 = 𝑘𝑠 +
(𝐻 − 𝐻𝑠𝑚) ∗ (𝑘𝑙 − 𝑘𝑠)

𝐻𝑠𝑓 − 𝐻𝑠𝑚
                        [10] 

Thus, a reference enthalpy is calculated for the start of 
the freezing process, Hsf, and the start of the melting 
process, Hsm. These reference enthalpies are located at 
the limit of the beginning of the phase change and 
represent respectively a liquid fraction, lf, of 1 and 0. 
They are determined through linear interpolation from 
the specific enthalpy-temperature curve using the 
temperature at the start of the freezing process, Tsf, and 
that at the start of the melting process, Tef, supplied by 
the user. The PCM liquid fraction during phase change 
is determined through the same method. 

Heat transfer coefficient 
The geometry of the rectangular PCM capsules is 
suitable to using the general case of forced convection 
between parallel plates in determining the heat transfer 
coefficient. Though this model is based on control 
volumes encompassing only half HTF flow passage 
height, the Nusselt number is calculated for the full 
passage height. As the PCM temperature is nearly 
constant while phase change is occurring, constant 
temperature boundary conditions at applied at each 
plate. Normal operating conditions will lead to laminar 
flow in the space between capsules which will be 
considered hydro-dynamically developed. As such, the 
following correlation, introduced by  Shah and London 
(1978), can be used over the length of the PCM 
capsules to determine the flow length average Nusselt 
number, Num,T: 
𝑁𝑢𝑚,𝑇 =

�
1.849(𝑥∗)−⅓                                𝑥∗ ≤ 0.0005

1.849(𝑥∗)−⅓ + 0.6          0.0005 < 𝑥∗ ≤ 0.006
7.541 + 0.0235 𝑥∗⁄                       0.006 < 𝑥∗

     [11] 

Where x* is the dimensionless distance in the direction 
of HTF flow which is determined by 𝑥∗ =
𝑥 (𝐷ℎ𝑃𝑟𝑅𝑒)⁄  where Dh is the hydraulic diameter, Pr is 
the HTF’s Prandtl’s number and Re is Reynold’s 
number. The heat transfer coefficient, hf, is then 
calculated from the Nusselt number through the 
relation: hf = Nu*kf/Dh where kf is the HTF thermal 
conductivity. 

COMPUTER MODEL 
A computer model based upon this mathematical 
paradigm was first developed and tuned in Matlab and 
later incorporated into TRNSYS.  

Initial conditions 
For the first simulation time step, the entire TES tank is 
supposed to be at the same temperature, Tini, which is 
either greater than Tsf or lesser than Tsm so that the 
PCM is either completely solid or completely liquid. 
All PCM and HTF properties are then initialized based 
upon this temperature.  For all other time steps, the 
hypothesis used initializes all properties based upon the 
temperature from the past time step.  

Convergence criteria 
Convergence toward a stable solution is verified for 
each control volume, at every time step, through the 
comparison of the different TES tank temperatures at 
the current and past time steps. The absolute change in 
temperature between two iterations must be less than 
10-3 °C for the PCM capsule wall temperature, PCM 
temperature and HTF temperature for convergence to 
be reached. This is expressed through equation [12]: 

If �
|𝑇𝑤0 − 𝑇𝑤| ≤ 10−3

and �𝑇𝑓0 − 𝑇𝑓� ≤ 10−3

and �𝑇𝑝𝑐𝑚0 − 𝑇𝑝𝑐𝑚� ≤ 10−3
   then convergence [12]  

VERIFICATION OF CALCULATIONS 
In order to ascertain the validity of the model for the 
desired application, the calculations were verified 
through a study of convergence where the numerical 
model was used with varying space and time 
increments, Δx and Δt. The input temperature used was 
a step function, initially cooling the PCM with HTF 
injected at 30°C for 12 hours and later heating the PCM 
with a HTF at 62°C for another 12 hours. Water was 
used as the HTF with a constant mass flow rate of 
0.055 kg/s for the length of the simulation. The PCM 
capsules were 0.5m x 0.25m x 0.038m with a spacing 
of 0.007m. The TES tank contained 3 rows of 3 
capsules in length, each row being 8 capsules high. The 
properties of the PCM used are listed in Table 1.  
 

Table 1: PCM properties 
PROPERTIES LIQUID SOLID 

Specific heat [J/kg-°C] 4226 1762 
Density [kg/m3] 1000 1000 
Thermal conductivity [W/m-°C] 0.556 2.22 
Latent heat of fusion [J/kg] 338 000 
Melting temperature [°C] 46.1 
Freezing temperature [°C] 45.9 
Initial temperature [°C] 50.0 
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A constant refinement ratio of 2 was used for Δx with a 
conservative time increment of Δt = 1s. The HTF 
output temperature profiles of each space increment 
evaluated are shown on Figure 4. A clear oscillation of 
the output temperature can be seen for Δx  = 100mm 
during the freezing process but is present, to a lesser 
extent, for all grid spacings. These disruptions occur 
only during the freezing process, culminating soon after 
the 12hr mark when the PCM abruptly changes from 
cooling to heating.  
 

 
Figure 4: Verification of space increment 

 

Narrowing in on space increments of less than 25 mm, 
a grid convergence study was done with a constant 
refinement ratio of 1.25 resulting in Δx of 23.4375 mm, 
18.75 mm, 15 mm and 12 mm. A posteriori error 
estimates were performed for the simulation results 
through the use of the Richardson extrapolation as used 
by Roache (1997). Only part of the heating phase was 
used in this analysis so as to eliminate the impact of the 
oscillating results from the grid analysis. The error 
estimates were calculated for every space increment, at 
every time step from t = 12.5hrs to t = 21hrs. 
Calculation results showed to be in the asymptotic 
region for the time interval studied. The estimated 
maximum error over the simulation for each grid 
spacing is displayed in Table 2.  
 

Table 2: Error estimates and GCI for various Δx 
ΔX MAXIMUM 

ERROR  
MEAN GCI 

23.4375 mm 0.617 °C 21.1% 
18.75 mm 0.493 °C 16.9% 

15 mm 0.391 °C 13.5% 
12 mm 0.311 °C 10.8% 

 

The grid convergence index (GCI) as developed by 
Roache (1994) was also calculated for each grid 
increment and its mean value over the part of the 
heating phase studied is reported in Table 2. The values 
stated fall between those cited by Roache (1994) for 
first-order methods with refinement indexes of 1.1 and 
1.5. From these results, a space increment of 
Δx = 20mm is selected for all further calculations so as 

to compromise between calculation accuracy and 
computing time. 
A similar analysis is performed for varying time 
increments using a constant refinement ratio of 2 and 
keeping the space increment constant at Δx = 20mm. 
The HTF output temperature profiles of each space 
increment evaluated are shown on Figure 5. The slight 
variations in HTF output temperature (0.1°C maximum) 
between the different time increments are negligible 
and no oscillation of Tout are visible during the freezing 
process.  
 

 
Figure 5: Verification of time increment 

 

The a posteriori error estimates and grid convergence 
indexes are calculated and their mean values over the 
whole simulation are illustrated in Table 3. The errors 
reported are negligible in the context of most real 
HVAC applications and so it is deduced that the various 
time increments evaluated are acceptable when 
combined with a space increment of Δx = 20mm. A 
time increment of Δt = 1 s is selected for all further 
calculations. 
 

Table 3: Error estimates and GCI for various Δt 
ΔT MEAN ESTIMATED 

ERROR 
MEAN GCI 

20 s 0.0096 °C 2.88% 
10 s 0.0079 °C 2.37% 
5 s 0.0087 °C 2.60% 
1 s 0.0082 °C 2.46% 

0.5 s 0.0051 °C 1.52% 
 

Comparison to experimental results 
In order to further verify the developed model, a 
comparison is made against experimental results from 
the literature. In this case, results for Test 1 from the 
work of Liu et al. (2011b) are used. Our original intent 
was to perform a more thorough model validation using 
the published experimental data, but the paragraphs 
below will show that there are many uncertainties on 
some of the input parameters presented (or omitted) in 
the paper. Unfortunately the authors did not respond to 
our queries for clarifications. The comparison is still 
presented in this paper, as it represents a different test 
case from the systematic tests presented above. 
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Most input parameters for the present model can be 
found in the reference article. The PCM thermal 
conductivity for the liquid and solid phase are those 
from Table 1, as they are not mentioned in the article. 
The specific enthalpy-temperature curve is built from 
the latent heat of fusion, specific heat and freezing 
temperature data from the reference article, assuming 
Tsf = -26.6 °C and Tsm = -26.8 °C as the test only 
includes a PCM melting process. In order to replicate 
the HTF viscosity and crystallization point mentioned 
in the reference article, water with an ethylene glycol 
content of 60% is used as HTF.  
 

 
Figure 6: Comparison of Tout from the present model 

to data from Liu et al. (2011b) 
 

 

Initial results using 19 parallel capsules result in a 
longer phase change period than displayed by both 
experimental and model results from the reference 
article. Using 10 parallel capsules, model results show 
to be in the same range as those from the work cited 
and fit more closely with the 136.8 kg mass of PCM 
referred to in the article. A value of 10 capsules is used 
for further calculations. All other PCM and HTF 
properties as well as input parameters are the same as 
those of the work cited.  
 

 
Figure 7: State of charge predicted by both models  

 

Results from the comparison of HTF output 
temperature, Tout, from the various sources are 
presented in Figure 6 and the state of charge of the TES 
tank predicted by both models is presented in Figure 7. 
The model presents a similar profile to data from the 
work of Liu et al. A noticeable discrepancy occurs at 
the beginning of the simulation (t < 0.5hrs), where Tout 

is much warmer for the present model than for both the 
experimental and reference model results. This would 
appear to indicate more energy from the HTF is being 
stored somewhere in the TES tank than for the present 
model. As shown in Figure 7, the phase change does 
not begin for either the present or the reference model 
until after t = 0.5hr. The sensible heating of the PCM 
capsules is insufficient to account for all the HTF 
energy being stored in the LHS unit. An additional 
volume of HTF present elsewhere in the LHS unit than 
strictly in the spaces between the PCM capsules would 
account for the extra energy being stored. 
The model is modified to account for an additional 
volume of HTF present at both ends of the LHS unit. 
These volumes of HTF would be present in most 
experimental set-ups as entry and exit lengths would be 
required to allow proper flow of HTF across all PCM 
capsules. Adding an entry and exit length of 0.5 m and 
reducing the liquid phase thermal conductivity to 
0.1 W/m-°C, the model produces a delay before Tout 
increases for t < 0.5hrs. The modified parameters lead 
to better fit to the experimental and model data from 
Liu et al.’s work (Figure 6).  

APPLICATION IN TRNSYS SIMULATION 
The developed model was implemented in a simple 
simulation to illustrate its potential in system-level 
analyses. The test case consists of a simple solar 
thermal system for space heating, and the PCM tank is 
compared to a reference case with stratified water 
storage. System configurations are shown in Figure 8.  
 

 
Figure 8: Solar storage example 

 

The simulation is run for a periodic day to illustrate the 
differences in sizing and temperature levels between the 
two storage options. Ambient conditions are taken for a 
sunny and cold February day (temperature 
between -15 °C and 0 °C, clear sky radiation). The 
heating load peaks at 1 kW and its profile is shown in 
Figure 9.  
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The simulation uses standard TRNSYS components 
except for the PCM tank. The water storage tank is 
modeled using the standard component known as 
Type 4. The reference case is sized to meet the entire 
heat demand without auxiliary heating and it uses a 
storage volume to collector area ratio of 100 L/m². The 
smallest system that is capable of providing 45 °C 
(selected as the arbitrary setpoint) all the time consists 
of 4.7 m² of solar collectors (standard flat-plate) and 
470 L of water storage. 
A comparison is made with a system where the water 
tank is replaced with a PCM tank containing capsules 
with a 46 °C phase change temperature (see Table 1 for 
detailed properties). The PCM configuration does not 
benefit from stratification and a slightly larger collector 
area (5 m²) is required to meet the load without an 
auxiliary heater. The required PCM tank includes 76 L 
of phase change material.  
The design conditions impose that the daily collected 
solar heat is equal to the the daily heating load. This can 
be seen in Figure 9, but there is a small difference 
between the two systems: the water tank is stratified, 
which provides a better collector efficiency at the peak 
of solar collection, while the PCM tank provides an 
almost constant supply temperature to the collectors, 
which is beneficial when the storage is at the peak of its 
charging cycle. The heating supply temperature just 
reaches 45 °C at the lowest point, again by design in 
this simple example. Figure 9 shows that the heating 
supply temperature (or tank outlet temperature) has a 
very different profile in both cases: the water tank 
temperature more or less follows the imbalance 
between supply and demand, while the PCM tank outlet 
temperature remains approximately constant until the 
state of charge (liquid fraction of the PCM) reaches 
zero or one, when the temperature starts drifting much 
faster.  
 

 
Figure 9: Comparison between water and PCM tanks 

 

Indicative running times on a modern laptop computer 
are 13 min for 365 repetitions of the daily cycle with 
the PCM tank, versus 6 min for the reference case using 
Type 4 with 3 thermal nodes. All simulations use a 30-s 
time step.  

CONCLUSIONS 
This paper presented a one-dimensional model for 
horizontal storage tanks with encapsulated PCM of 
rectangular geometry, which was developed and 
implemented successfully in TRNSYS. A grid 
convergence study allowed to select the appropriate 
space and time increments for the model. The 
independence of model outputs from time increment 
used promises great flexibility for future 
implementation in a complete building simulation. The 
model’s calculation results were compared to 
experimental data from the literature. With the addition 
of entry and exit lengths, the model shows reasonable 
agreement with experimental data from the literature 
both in terms of the HTF output temperature and the 
heat transfer rate. Although many uncertainties persist 
upon the input parameters used in the reference article, 
the model demonstrates its potential in replicating real 
PCM LHS unit behavior for building system 
simulations. Future work will include thorough 
experimental tests to properly validate the model. 

REFERENCES 
BANSAL, N. K. & BUDDHI, D. 1992. An Analytical 

Study of a Latent Heat Storage System in a 
Cylinder. Journal of Energy Conversion and 
Management, 33, 235-242. 

BONY, J. & CITHERLET, S. 2007. Numerical Model 
and Experimental Validation of Heat Storage with 
Phase Change Materials. Journal of Energy and 
Buildings, 39, 1065-1072. 

COSTA, M., BUDDHI, D. & OLIVA, A. 1998. 
Numerical Simulation of a Latent Heat Thermal 
Energy Storage System with Enhanced Heat 
Conduction. Journal of Energy Conversion and 
Management, 39, 319-330. 

DOLADO, P., LÁZARO, A., ZALBA, B. & MARIN, 
J. M. Numerical Simulation of the Thermal 
Behaviour of an Energy Storage Unit with Phase 
Change Materials for Air Conditioning 
Applications Between 17°C and 40°C.  
ECOSTOCK 10th international conference on 
thermal energy storage, 2006 The Richard Stockton 
College of New Jersey. 

ELSAYED, A. O. 2007. Numerical Study of Ice 
Melting Inside Rectangular Capsule under Cyclic 
Temperature of Heat Transfer Fluid. Energy 
Conversion and Management, 48, 124-130. 

15

25

35

45

55

65

0

1

2

3

4

5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

He
at

in
g 

su
pp

ly
 t

em
pe

ra
tu

re
 [°

C]

He
at

in
g 

lo
ad

 /
 so

la
r 

in
pu

t 
[k

W
]

Time [h]

Heating load

Useful solar input (PCM)

Useful solar input (water)

Heating supply T° (PCM)

Heating supply T° (water)

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

429



HALAWA, E., BRUNO, F. & SAMAN, W. 2005. 
Numerical analysis of a PCM thermal storage 
system with varying wall temperature. Energy 
Conversion and Management, 46, 2592-2604. 

HAMDAN, M. A. & ELWERR, F. A. 1996. Thermal 
Energy Storage Using Phase Change Material. 
Journal of Solar Energy, 56, 183-189. 

LACROIX, M. 2001. Contact melting of a phase 
change material inside a heated parallelepedic 
capsule. Journal of Energy Conversion and 
Management, 42, 35-47. 

LIU, M., BRUNO, F. & SAMAN, W. 2011a. Thermal 
performance analysis of a flat slab phase change 
thermal storage unit with liquid-based heat transfer 
fluid for cooling applications. Journal of Solar 
Energy, 85, 3017-3027. 

LIU, M., SAMAN, W. & BRUNO, F. 2011b. 
Validation of a Mathematical Model for 
Encapsulated Phase Change Material Flat Slabs for 
Cooling Applications. Journal of Applied Thermal 
Engineering, 31, 2340-2347. 

MARIN, J. M., ZALBA, B., CABEZA, L. F. & 
MEHLING, H. 2003. Determination of enthalpy-
temperature curves of phase change materials with 
the temperature-history method: improvement to 
temperature dependent properties. Journal of 
Measurement Science and Technology, 14. 

PUSCHNIG, P., HEINZ, A. & STEICHER, W. 2005. 
TRNSYS simulation model for an energy storage 
for PCM slurries and/or PCM modules. Second 
Conference on Phase Change Material & Slurry: 
Scientific Conference & Business Forum. 
Yverdon-les-Bains, Switzerland. 

ROACHE, P. J. 1994. Perspective: A Method for 
Uniform Reporting of Grid Refinement Studies. 
Journal of Fluids Engineering, 116, 405-413. 

ROACHE, P. J. 1997. Quantification of uncertainty in 
computational fluid dynamics. Annual Review of 
Fluid Mechanics, 29, 123-160. 

SHAH, R. K. & LONDON, A. L. 1978. Laminar flow 
forced convection in ducts, New York, Academic 
Press. 

SILVA, P. D., GONÇALVES, L. C. & PIRES, L. 2002. 
Transient Behaviour of a Latent-Heat Thermal 
Energy Store: Numerical and Experimental 
Studies. Journal of Applied Energy, 73, 83-98. 

U.S. DEPARTMENT OF ENERGY, E. E. A. R. E. 
2010. 2010 Buildings Energy Data Book. In: U.S. 
DEPARTMENT OF ENERGY, E. E. A. R. E. 
(ed.). Pacific Northwest National Laboratory. 

VAKILALTOJJAR, S. M. & SAMAN, W. 2001. 
Analysis and modelling of a phase change storage 
system for air conditioning applications. Journal of 
Applied Thermal Engineering, 21, 249-263. 

VOLLER, V. R. 1990. Fast Implicit Finite-Difference 
Method for the Analysis of Phase Change 
Problems. Journal of Numerical Heat Transfer, 17 
(part B), 155-169. 

 

 NOMENCLATURE 
Af: surface area of the convective exchange [m2] 
Apcm: surface area of the conductive exchange [m2]  
C: heat capacity [J/K] 
cpf: HTF constant pressure specific heat [J/kg*K] 
Dh: hydraulic diameter [m] 
H: enthalpy [J] 
Hsf: enthalpy at the start of the freezing process [J] 
Hsm: enthalpy at the start of the melting process [J] 
hf: HTF heat transfer coefficient [W/K-m2] 
kf: HTF thermal conductivity [W/m-K] 
kl: PCM liquid state thermal conductivity [W/m-K] 
kpcm: PCM thermal conductivity [W/m-K] 
ks: PCM solid state thermal conductivity [W/m-K] 
lf: liquid fraction [-] 
Mpcm: mass of one PCM control volume [kg] 
ṁ: HTF mass flow rate [kg/s] 
Num,T : flow length average Nusselt number [-] 
Pr: Prandtl’s number [-] 
qconv: energy transferred to the capsule wall from the HTF [J/kg] 
qcond: energy transferred to the PCM control volume through 
conduction [J/kg] 
Re: Reynolds number [-] 
Tini : initial TES tank temperature [K] 
Tf : HTF temperature [K] 
Tw : PCM capsule wall temperature [K] 
Tpcm : PCM temperature [K] 
Tsf: PCM temperature at the beginning of the freezing process [K] 
Tsm: PCM temperature at the beginning of the melting process [K] 
Vf: volume of the HTF control volume [m3] 
x*: dimensionless distance [-] 

Greek symbols 
ρ f : HTF density, kg/m3  
Δt: simulation time step, s 
Δy: distance of conduction heat exchange, m 

Subscript 
i-1: values from the upstream control volume 
ini: initial 
f: heat transfer fluid 
l: liquid state 
pcm: phase change material 
s: solid state 
sf: start of freezing process 
sm: start of melting process 
w: PCM capsule wall 

Superscript 
0: values from the previous time step 
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ABSTRACT 

During the last decade, following a rapid growth of 

low-energy building projects, building components 

using phase change materials (PCMs) have become 

more popular in North America.  As the focus has 

slowly begun to shift to a new generation of salt 

hydrates and bio-based PCMs, it is critical to develop 

new energy models that can describe the true 

behavior of these PCMs.  

While thermodynamic models are essential to analyze 

the impact at different conditions and using different 

control strategies of building structures which 

integrate PCMs, there are few whole-building 

simulation tools containing sufficient numerical 

algorithms of the detailed physics, which are 

necessary to provide accurate simulations of the 

thermodynamic behavior of these structures. 

In this paper, a whole-building energy modelling 

program, ESP-r, based on a finite difference method, 

is utilized to simulate the thermal behavior of 

different PCM configurations within an attic space of 

a ranch-style house. This numerical tool is capable of 

predicting temperature profiles and heat fluxes within 

different configurations of PCM applications. In 

order to evaluate the accuracy of the PCM model in 

ESP-r, the model is first validated with experiments. 

INTRODUCTION 

Continued improvements in building envelope 

technologies suggest that residences soon will be 

routinely constructed with low heating and cooling 

loads. The use of novel building materials containing 

active thermal components (e.g., phase change 

materials) would be an ultimate step in achieving 

significant heating and cooling energy savings using 

technological building envelope improvements 

(Kissock et al. 1998, Feustel 1995, Tomlinson 1992, 

Kosny 2001). PCMs have been tested as a thermal 

mass component in buildings for at least 40 years, 

and most studies have found that PCMs enhance 

building energy performance. However, problems 

such as high initial cost, loss of phase-change 

capability over time, corrosion, and PCM leaking 

have hampered widespread adoption (Balcomb 1983, 

Salyer et Sircar. 1989). 

Today, paraffins dominate the PCM market for 

building applications for several reasons: they are 

non-toxic, abundant in supply, and easy to 

microencapsulate. Other attractive features include 

relatively small sub-cooling, chemical inertness and 

good recyclability. However, the high cost of paraffin 

chemicals along with the low phase-change enthalpies 

and flammability issues are proving to be major 

barriers to a widespread acceptance of these PCMs. 

Inorganic salt hydrates and bio-based PCMs with 

lower chemical cost and higher enthalpies not only 

hold a great potential to substitute paraffins in the 

future (see Table 1), but compete with the existing 

energy efficient building materials and technology as 

well. In fact, inorganic salts such as Glauber’s salt 

were the first PCMs to be applied in building 

applications (Kubiszweski 2007).  

Until now, in whole-building energy simulations, 

PCM modeling efforts have primarily been focused 

on idealized PCM models, which do not incoprate 

subcooling effects. When modeling such PCMs for 

building applications, one single enthalpy curve has 

been commonly used for both the melting and 

solidification processes. The results obtained for a 

simple application of the PCM-gypsum board were 

found to be in relatively good agreement with the 

experimental data (Heim et al. 2004; Kissock et al. 

1998). However, as more complex PCM systems are 

examined, it is critical to develop new energy models 

that can describe the true behavior of these PCMs. 

For example, figure 1 shows heat capacity data that 

we obtained using a heat flow meter apparatus 

(HFMA) for an insulation sample containing a bio-

based PCM (Kosny et al 2008, 2010). A large sub-

cooling of ~8 °C is observed. In addition, the shape 

and magnitude (area under the specific heat-

temperature curve) are very different for melting and 
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solidification processes. This example underlines the 

pressing need to design models that consider separate 

enthalpy curves for melting and solidification cycles 

to account for the effect of sub-cooling and different 

magnitudes of enthalpies for these cycles. 

In this work, we propose to use separate enthalpy 

curves to investigate the behavior of one such PCM 

sample. We use ESP-r – the whole-building energy 

simulation program - for the modeling and analysis. 

We validate our model with experimental data and 

present one case study to analyze the placement of the 

PCM in the attic location to maximize the energy 

efficiency.  

 

Table 1:  Comparison of some key features of 

paraffin and salt hydrate 

 

PCM type Paraffins Salt Hydrate 

Latent heat (MJ/m
3
·K) 150‒200 250‒550 

Cost Expensive Cheap 

Inflammability High Low 

Toxicity Mid Mid-High 

Encapsulation Easy Difficult 

 

Figure 1:  Heat capacity as a function of temperature 

for an insulation sample that contains bio-based 

PCM. A heat flow meter apparatus (HFMA) is used 

to measure enthalpies. Large jumps in the heat 

capacity represent the latent heat released/absorbed 

during melting/freezing. A significant amount of sub-

cooling (~8 °C) is present. 

EXAMPLES OF PAST APPLICATIONS 

OF PCM IN BUILDING ENVELOPES 

PCMs have been used in buildings for at least 40 

years. Many potential PCMs have been tested for 

building applications, including inorganic salt 

hydrates, organic fatty acids and eutectic mixtures, 

fatty alcohols, neopentyl glycol, and paraffinic 

hydrocarbons. There were several moderately 

successful attempts in the 1970s and 1980s to use 

different types of organic and inorganic PCMs to 

reduce peak loads and heating and cooling energy 

consumption (Balcomb 1983). Historically, 

performance investigations focused on impregnating 

concrete, gypsum, or ceramic masonry with salt 

hydrates or paraffinic hydrocarbons. Most of these 

studies found that PCMs improved building energy 

performance by reducing peak-hour cooling loads and 

by shifting peak-demand time.  

The capability of PCMs to reduce peak loads is well 

documented. For example, Zhang, Medina, and King 

(2005) found peak cooling load reductions of 35 to 

40% in side-by-side testing of conditioned small 

houses with and without paraffinic PCM inside the 

walls. Similarly, Kissock et al. (1998) measured peak 

temperature reductions of up to 10°C (18°F) in side-

by-side testing of unconditioned experimental houses 

with and without paraffinic PCM wallboard. Kosny 

(2006) reported that PCM-enhanced cellulose 

insulation can reduce wall-generated peak-hour 

cooling loads of magnitude between 1 to 2.5 (Btu/ft
2)

 

by about 40%.  

Other studies (Feustel 1995, Tomlinson 1992, Kosny 

2001) demonstrate that the use of thermal mass  can 

generate heating and cooling energy savings of up to 

25% in U.S. well-insulated residential buildings. 

 

NUMERICAL MODELING OF PCM 

An important factor to predict the behavior of PCMs 

in numerical models is the calculation of 

corresponding thermal properties at each time step 

(specific heat Cp,  or enthalpy H). Since the 

dependency of specific heat on temperature is highly 

non-linear during phase changes, it becomes critical 

for the numerical model to take into account accurate 

temperature-dependent specific heat. In addition to 

temperature dependency, specific heat is also 

dependent on whether the PCM is melting or 

solidifying (crystallizing); for example if the PCM 

temperature rises and exceeds its melting point, its 

specific heat profile would be different from the case 

when the temperature drops and goes below the 
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melting point. This temperature difference in between 

the two specific heat profiles is called the sub-cooling 

effect (see figure 1). In other words, for PCMs to 

solidify, their temperature needs to drop below the 

melting point temperature for the crystallization to 

start. 

In some PCMs, the sub-cooling temperature range is 

relatively small, and it is reasonable to define 

temperature-dependent specific heat with a single 

curve for simple systems (i.e. PCM-gypsum board 

facing unconditioned space) . However,  in the case 

of more complex PCM applications (i.e. PCM blends 

with insulations, or arrays of PCM containers), 

ignoring the sub-cooling may lead to major errors in 

predicting PCM thermal behavior. Therefore, in these 

applications, there is a need to have two separate 

curves to define temperature-dependent specific heat. 

In search for a whole building energy software with a 

built-in capability to model PCM sub-cooling effects 

with two different specific heat profiles (during 

melting and solidification), ESP-r was chosen.  

ESP-r is an advanced whole-building energy 

modeling software, extensively used by researchers to 

model multi-zone thermal, air, HVAC and other 

building-domain related phenomena. It allows a 

detailed parametric study of the factors which 

influence the energy and environmental performance 

of buildings. It uses a finite-difference central solver, 

discretizing the problem domain in a controlled 

volume scheme, and solves the corresponding 

conservation equations for mass, momentum, energy, 

etc.  

Within ESP-r, PCMs are modeled using the concept 

of special materials (Kelly 1998). Special materials 

were introduced to ESP-r as a means of modeling 

active building elements that have the ability to 

change their thermo-physical properties in response 

to some external influence. The special material 

functions of ESP-r may be applied to a particular 

node within a multi-layer construction. Any node 

defined as a special material is then subjected to a 

time variation in its basic thermo-physical properties. 

ESP-r assumes one-dimensional heat transfer across 

the PCM layer(s). As reported by Heim and Clarke 

(2004), the differential equation of transient heat 

conduction with variable thermo-physical properties 

is: 

 

 

where T is the temperature, ρ the density, h the 

enthalpy, k the conductivity and q the heat generation 

rate.  

ESP-r uses special material files SPMCMP53 through 

SPMCMP56 to simulate PCM’s thermal behavior, 

ranging in resolution. The SPMCMP56 model 

developed by Geissler, A. (Geissler  2008) based on 

the Hoffmann, S. (2006) numerical model, is an 

enhanced model capable of taking into account the 

sub-cooling effect. In addition to density, 

conductivity and phase change temperatures, this 

model also uses the temperature-dependent specific 

heat of PCMs both during melting and solidification 

to describe in a mathematical way the material 

properties within the phase change temperature limits. 

In this method, the stored/released latent heat, LH(T), 

during phase change is calculated from: 

 

where a, b, c, d, e and f are curve-fitting parameters 

approximating specific heat capacity of the PCM as a 

function of temperature during phase change. T1 is 

the onset melting/solidification temperature, and T2 is 

the temperature where melting/solidification ends. 

Outside those two limits (T1 & T2), the PCM 

stores/releases energy only in the form of sensible 

heat. Within the limits, the heat capacity of the PCM 

is a function of temperature. 

 

NUMERICAL MODEL VALIDATION 

WITH MEASURED DATA 

In order to evaluate the accuracy of the enhanced 

PCM model in ESP-r (SPMCMP56), a base case wall 

assembly was validated against experimental field 

data obtained from the Oak Ridge National Lab. 

testing facility located in Charleston, South Carolina. 

In May and June 2006, in the Charleston testing 

facility (Figure 2), two wood stud walls were used for 

testing (Kosny et al. 2008, 2009, 2011). The total size 

of the test wall was 8 × 8 ft (2.4 × 2.4 m). These walls 

were constructed with 2 × 6in. (60 × 152 mm) wood 

framing installed 24 in. (610 mm) on center (o.c.). 

One wall cavity was insulated with conventional 

cellulose with a density of about 2.6 lb/ft
3
 (42 kg/m

3
). 

The other wall cavitiy was insulated with a cellulose-

PCM blend with a density of about 2.6 lb/ft
3
 (42 

kg/m
3
) and containing approximately  22% PCM by 

weight. 
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a)                                           b) 

Figure 2: Wall assemblies at the ORNL  testing 

facility in Charleston.  

a) Interior air (left), ½‖ gypsum board, 5 ½‖ 

cellulose insulation in 2 x 6 studs cavity; 24 in o.c., 

½‖ OSB, ½‖ air, ¼‖ wood cladding, exterior air 

(right)  

b) Interior air (left), ½‖ gypsum board, 5 ½‖ PCM-

enhanced cellulose insulation in 2 x 6 studs cavity; 

24 in o.c., ½‖ OSB, ½‖ air, ¼‖ wood cladding, 

exterior air (right) 

 

It is estimated that about 38 lb (17 kg) of PCM-

enhanced cellulose insulation containing 8 lb (3.6 kg) 

of PCM was used for this dynamic experiment. The 

air temperature  inside  the  building  was  kept  at  

about 69°F (20°C)—about 10° F below the level of    

 

 

 

Figure 3: Comparison of measured data for PCM 

and non-PCM walls at the ORNL testing facility in 

Charlseton  

 

the theoretical melting point of PCM. In this paper, 

the measured heat flux across the walls and the 

measured exterior wall surface temperatures were 

used to validate the PCM model SPMCMP56 in ESP-

r. The measured heatflux across the walls with and 

without PCMs in the Charlston testing facility is 

shown in figure 3. 

 

Figure 4: Melting Curve 

Figure 5: Solidification Curve 
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In the Charleston testing facility, parafinic phase-

change microcapsules mixed with cellulose were used 

in the wall assembly.  

The PCM-enhanced cellulose ceiling is manufactured 

using PCM mixed with cellulose during the cellulose 

manufacturing process, where the maximum 

uniformity of PCM distribution through the cellulose 

can be achieved. Phase-change microcapsules used in 

this experiment are plastic pellets filled with a wax 

that absorb and release energy by melting and 

solidifying. The melting and solidification curves are 

illustrated in figures 4 & 5. 

In former applications mostly overseas, the chosen 

locations for building board or tile products cotaining 

flammable paraffinic PCMs were the interior surfaces 

of the wall, ceiling, or floor. In this work, the PCM-

enhanced materials were positioned inside the wall 

cavity or installed as a part of the attic insulation 

system. Placement in these locations is expected to 

significantly reduce flammability issues that were 

common in earlier applications of the technology.   

Also, detailed optimizations performed for PCM 

applications showed a significant material and 

fabrication cost reduction potential combined with 

improvements in energy performance. This was 

corresponding with reductions in payback times for 

PCM applications (Kosny et al. 2012).  To model the 

PCM’s thermal behavior in ESP-r, two theoretical 

chambers with the same characteristics as those of the 

testing facility were modeled: one chamber for the 

case without PCM walls as a baseline and one for the 

case with PCM walls.  The measured boundary 

conditions of the walls in the testing facility were 

imposed on the ESP-r models, i.e., exterior surface 

temperatures and interior chamber air temperature. 

Then, to evaluate the accuracy of the PCM model 

SPMCMP56, the modeled heat fluxes across the 

walls in ESP-r were compared with measured heat 

fluxes from the Charleston testing facility.  

 

To perform the verification of modeled and measured 

parameters, first the base case chamber model was 

developed without PCM walls (figure 2-a) and was 

compared with the measured data from the Charleston 

testing facility. The modeling results from this base 

case showed there is a good agreement between 

modeled and measured heat flux across the wall 

(figure 6). 

 

In this case, the discrepancy between the simulated 

and measured total heat flux was around 4.4%. This 

also proves that the modeled base case chamber is 

predicting the thermal behavior of the testing facility 

fairly well (figure 8). 

 

 

Figure 6: Comparison of modeled and measured heat 

flux across the wall assembly for the base case 

without PCM wall 

 

 

Figure 7: Comparison of modeled and measured heat 

flux across the wall assembly for the case with PCM 

wall 

 

Then to evaluate the accuracy of the PCM model 

SPMCMP56 in predicting thermal behavior of PCMs, 

the wall in the already developed base case 

configuration was replaced with a PCM wall 

assembly (figure 2-b). After running the model, the 

simulation results showed that the modeled heat flux 

across the wall as shown in figure 7 coincides well 

with the measured heat flux and the total heat gain 

discrepancy between measured and modeled cases are 

about 0.6%. This indicates the PCM model 

SPMCMP56 is capable of good predictions of PCM 

thermal behavior. 
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Figure 8: Comparison of modeled and measured 

total heat gains inside the testing facility with and 

without PCM walls. PCM model SPMCMP56 in 

ESP-r used for modeling. The heat gain is over the 

course of June-15 to June 22. 

 

MODELING CASE STUDY: 

Since residential attics are subjected to greater 

temperature extremes than any other component of 

the building envelope, increasing the thermal 

capacitance of the attic can reduce diurnal 

temperature swings and, in turn, reduce both the total 

energy use and peak demand characteristics in 

moderate and cooling-dominant climates. 

As a case study and to demonstrate a practical 

application of the PCM model SPMCMP56, a 

residential ranch-style house in a hot climate with 

PCM-enhanced cellulose ceilings was modeled and 

the energy savings were compared with the 

conventional cellulose insulation ceiling.  As depicted 

in figure 9, parametric analysis of four configurations 

of the attic floor insulation blended with 25% by 

weight of microencapsulated PCM was performed. 

Nominal enthaphy of the microencapsulated PCM 

was about 110 kJ/kg (~50 Btu/lb).   

The analyzed house is a lightweight residential 

building of approximately 143 m
2
 (1540 ft

2
) floor 

area and conventional attic located in Phoenix, AZ. 

The geometry is shown in figure 10. The house was 

modeled as two separate zones: one zone for the 

living areas and one for the attic. The living areas are 

conditioned during cooling season with a set point of 

22°C (72°F). 

The ranch house was simulated with the Phoenix, AZ 

climate over the course of one year.  As the 

simulation results show, PCM-enhanced cellulose 

yields whole-building cooling load energy savings 

from 3.6% to 5.7% depending on PCM configuration 

(figure 12). Twelve inch PCM-enhanced cellulose 

insulation yields the highest savings of 5.6%. Placing 

9‖ PCM on top of the attic insulation yields 5% 

savings, while placing it on the bottom yields 4.7% 

savings. This is due to the fact that when PCM is 

located on top of the attic insulation, it is exposed to 

the higher temperature fluctuations of the attic as 

opposed to the constant room temperature.  

As a result of being exposed to variable temperatures, 

the PCM goes through the full cycles of melting and 

solidification. Placing PCM between two layers of 

cellulose insulation reduces the overall heat storage 

capacity of PCM and makes a thinner part of the 

PCM undergoe full melting and solidification cycles. 

This yields the lowest savings of 3.6%. This 

highlights the importance of accurate placement of 

PCMs and the accurate prediction of PCM cycles and 

temperature gradients across the assembly during the 

design stage. 

 

 

        a)                     b)                    c)                  d) 

Figure 9: Ceiling assemblies with PCM-enhanced 

cellulose.  

a) Living space room air (bottom); ½‖ gypsum 

board; 12‖ PCM-enhanced cellulose; attic air (top) 

b) Living space room air (bottom); ½‖ gypsum 

board; 9‖ PCM-enhanced cellulose; 3‖ cellulose 

insulation; attic air (top) 

c) Living space room air (bottom); ½‖ gypsum 

board; 3‖ cellulose insulation; 9‖ PCM-enhanced 

cellulose; attic air (top) 

d) Living space room air (bottom); ½‖ gypsum 

board; 3‖ cellulose insulation; 6‖ PCM-enhanced 

cellulose; 3‖ cellulose insulation; attic air (top) 
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If we assume 12% to 15% of the whole building 

cooling load is due to heat gains through the ceiling 

(Huang et al. 1987, 1996), then savings from 38.0% 

to 47.5% in ceiling-generated cooling loads can be 

achieved.  

Note that the above improved energy performance is 

due to reducing peak-hour cooling loads.  Energy cost 

savings can be also obtained by PCM-enhanced 

cellulose insulation due to shifting peak-demand time.  

Figure 10: Ranch style house geometry modeled in 

ESP-r program 

 

 

Figure 11: Surface Temperature of underside of the 

ceiling for different PCM configurations. Mid PCM 

refers to configuration d), Top PCM to configuration 

b), Btm PCM to configuration c). 

 

Detailed modeled energy parameters of the house 

were accessible through the ESP-r central interface. 

Figure 11 illustrates the temperature profile of the 

ceiling surface exposed to the living areas as 

simulated for the IWEC June climatic conditions. The 

―No PCM‖ configuration has the highest surface 

temperature fluctuations, while the ―Top PCM‖ 

configuration was the lowest. 

 

 

Figure 12: Modeled annual cooling load energy of 

the ranch style house with different PCM-enhanced 

ceiling configurations. The base of comparison for 

the savings is a base case ranch style house with no 

PCM ceiling. 

 

CONCLUSION 

During the last few decades, simple PCM 

applications like PCM-gypsum boards have 

dominated the thermal storage market for building 

envelope applications. Today the focus has slowly 

begun to shift to more complex PCM applications 

(i.e. PCM blends with insulations, PCM  containers, 

etc.). Therefore,it is critical to develop new energy 

models that can describe the true behavior of PCMs 

used in these applications. 

In this work, we propose to use separate enthalpy 

curves to investigate the behavior of one such PCM 

sample. We used the ESP-r program for the modeling 

and analysis. We validated our model with 

experimental data and presented one case study to 

analyze the placement of the PCM in the attic floor 

location to maximize energy efficiency. Simulation 

results showed PCM-enhanced cellulose yields 

whole-building cooling load energy saving from 3.6% 

to 5.7%, depending on the PCM configuration for the 
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Phoenix, AZ climate. The savings corresponds to 

approximately a 38.0% to 47.5% reduction  in the 

attic-generated cooling loads. 
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NOMENCLATURE 

T – temperature [°C] 

ρ – density [kg/m
3
] 

h – enthalpy [J/kg] 

k – conductivity [W/m K] 

Cp – effective heat capacity [J/kg °C] 

q – heat generation rate [W] 

LH – latent heat [J/g] 

a,b,c,d,e & f – curve fitting parameters [-] 

t – time [s] 
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ABSTRACT
Fault Detection and Diagnosis based on the Heat Flow

Model (HFM) provides a generic and extensible frame-
work for monitoring HVAC systems. It supports the find-
ing and fixing of faulty components. During the fault
detection phase, measured sensor and control values are
used to perform estimations based on the physical prop-
erties of the system. Discrepancies of estimated and mea-
sured values are collected as a detection failure vector. Di-
agnosis seeks to find the most probable cause for the ob-
served failures. In HVAC systems, the failures and faults
form an m-n relation. Our proposed diagnosis is per-
formed with an associative network to map the relations
among failures and faults using the inherent fault simula-
tion capabilities of the HFM nodes at runtime. The simi-
larity of the detection failure vector to the simulated fail-
ure vector indicates the probability of the corresponding
fault. To find the best method of fault diagnosis, this pa-
per examines different similarity metrics for HFM based
FDD, including Euclidean distances, Manhattan distance,
root of sum of products, Jaccard index, and a table based
metric. The effectiveness of the proposed diagnosis ap-
proaches is presented with a case study based on a refer-
ence implementation using Simulink and Java.

INTRODUCTION
Buildings consume a significant amount of energy and

resources. In the United States buildings use 72% of elec-
tricity, 54% of natural gas and 38.9% of the total energy
consumption according to the U.S. Department of Energy
(U.S. Department of Energy 2009). They are designed to
provide comfortable air quality, temperature and humid-
ity for people working in the buildings. However, many
HVAC systems cannot meet energy consumption expec-
tations due to multiple faults that can occur throughout
their lifecycle. Physical problems such as stuck dampers,
leaking valves, or wrongly configured controllers are ex-
amples of HVAC faults that need to be detected and di-
agnosed by commissioning. Some faulted HVAC systems
can introduce 20% of energy waste (Roth and Quartararo
2005) which motivates the development of automatic fault
detection and diagnosis (FDD) systems.

Related Work
There are two main categories for detection systems

(Wu and Sun 2010): statistical and model based FDD.
Statistical FDD systems try to detect abnormalities by
comparing real-time data to data gained after recommis-
sioning of a building or from a detailed building model
providing fault-free data. (Morisot and Marchio 1999)
pointed out that the quality of FDD highly depends on
the input data when using artificial neural networks for
detection of failures. The system needs to be provided
with correct data for as many circumstances as possible
including different air temperatures and humidity. Real
data covering important cases are not always available.

On the other hand, model-based FDD systems simulate
the expected physical values of a HVAC system by build-
ing a model of it. They then calculate the outcome for
given outside air temperature values and other parameters.
A model-based approach to fault detection and diagnosis
consists of a mathematical description of the system using
equations of the thermodynamic processes that happen in
the HVAC components (Salsbury and Diamond 2008).

Motivation
Most existing FDD systems are hardware or level de-

pendent and require configuration and calibration (Wu
and Sun 2010). The proposed Heat Flow Model is a
model based approach using a simplified physical model
designed for fast reconfiguration.

An HFM based simulation engine estimates the proper-
ties of mass flows based on physical models and compares
them with measured values from sensors. Using object
oriented programming, HVAC components are modeled
on an abstract level as classes which can be parameterized
for concrete components. Program libraries are thus de-
veloped and reconfigured at runtime. By simulating pos-
sible faults within the scope of one component’s data, the
programmed components do not require reference data.

In (Zimmermann, Lu, and Lo 2011) we presented re-
sults for different faults and their diagnosis rate for one
particular recognition strategy. In this paper we try to de-
termine more efficient metrics based on the performance
for all possible simulated faults.
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HFM BASED FAULT DETECTION
The Heat-Flow-Model for FDD

The proposed method for fault diagnosis uses the Heat
Flow Model (HFM) which is described in (Lu, Zimmer-
mann, and Lo 2010). HFM is component-level FDD
based on first principles i.e. the analyis of the underly-
ing physical processes involved with mass air flows (Have
1997). Heat flow hereby refers to a generalization for all
kinds of flows that are related to the energy or heat flow
such as temperature, humidity or air pressure. In essence,
a heat flow model is a directed graph with its nodes repre-
senting the components of the HVAC system and arcs rep-
resenting the mass flow connections among them such as
ducts or pipes. Existing BIM, such as an IFC model, ease
the creation of the HFM graph. HFM nodes contain esti-
mation functions to predict the changes on the flow prop-
erties such as air temperature or air pressure to perform
detection and diagnosis in steady state. A flow variable
refers to a physical value such as temperature or humidity
and is sent towards adajcent HFM components.

A node consists of three major elements:

• Ports in upstream and downstream mass flow direc-
tions to connect nodes

• Estimation and simulation formulas to calculate the
changes to an incoming flow variable

• Rule definitions to define which flow variables are
compared to detect failures

Figure 1 depicts the internal structures of a modeled
flow node. It contains flow ports for both directions (up-
stream and downstream). Two adjacent nodes thus refer
to the same value in reality. Take for instance an HVAC
system with a temperature sensor laying upstream of a
heating coil followed by a cooling coil which would re-
sult in an HFM as shown in Figure 2. Sensor nodes trig-
ger the propagation and estimation of the flow variables.
Hence, the particular sensor node sends its incoming tem-
perature flow variable to the forwardIn port of the heating
coil which adds an estimated temperature rise based on its
current control value and sends it to the cooling coil.

Logically in parallel, the cooling coil adds the esti-
mated temperature drop to a value coming from a sensor
laying downstream in a reverse propagation. Thus, the
values being sent forward by the heating coil and the ones
sent backward by the cooling coil can be compared.

Sensor and control data are sent to their HFM com-
ponents such that the estimation and propagation can be
done with the information available to a single node. Each
sensor node initiates a propagation of a flow variable in
one timestep.

The FDD engine works in three phases which will be
explained in the following sections:

1. Fault Detection: Sending sensor and control data
to the HFM components, estimating their changes,
propagating them to neighbors and storing a detec-
tion failure vector of comparisons.

2. Fault Simulation: Simulating faults to create sim-
ulated failure vectors that are compared with the de-
tected values.

3. Fault Diagnosis: Finding the closest vector among
the simulated ones to ”blaming” it for causing the
observed data.

FwdIn FwdOut

RevInRevOut

tol1

r1

r2

XSens

Rules

tol2

r3

XSetp

Figure 1: Example of an HFM node with ports fwdIn, fwd-
Out, revIn and revOut as well as rule definitions r1, r2 and
r3 that combine the values of ports. Tol1 and tol2 stand
for added sensor tolerances.

Mixing

Box (MB)

Heating

Coil (HC)

Cooling

Coil (CC)

Supply Air

Sensor (SAS)

Space

(SP)

Mixing
Box (MB)

Temperature
Sensor (TS)

Heating
Coil (HC)

Cooling
Coil (HC)

Supply Air
 Temperature
Sensor (SAS)

Space (SP)

Figure 2: Exemplary simplified HFM graph of an HVAC
system

Rule Evaluations, Intervals and Uncertainty
To come up for the uncertainty associated with mea-

sured values and due to estimations, intervals are used for
flow variables. A generic interval comparison rule for in-
tervals is used throughout the HFM graph as shown in
Equation 1. Concrete instantiations of this rule consist
of the definition of the originating ports and an identifier.
Each rule is evaluated to get a failure value. Typical ex-
amples are the pairs sensor setpoint interval and actual
sensor input or adjacent nodes in the flow as mentioned
in the example earlier. If there is any overlap between the
two intervals failure value 0 is reported. If however in-
tervals are disjointed in either direction, a nonzero failure
value is stored for this rule.
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For instance, the rule ”SupplySensDuctTempSens -
FwdFail” compares the intervals of the forward outgoing
temperature flow of the supply sensor duct with the re-
verse incoming temperature flow. Vectors of failure values
are collected for detected and simulated faults hence they
will be referred to as ”detected” and ”simulated” failure
vector. A more rigorous formal definition for the objects
involved is given in Section HFM FAULT DIAGNOSIS.

Faults and Failures
Faults and detected failure values are generally in an

m:n relationship as illustrated in the form of an associative
network in Figure 3. One fault causes multiple failure
values (Baer 1996). In turn, those failure values can be
caused by multiple faults. For instance a too high supply
air temperature might indicate a malfunctioning cooling
or heating coil or a drifting sensor.

r1 r2 r3 r4 r5 r6

f1

failures

f2 f3 f4 f5 f6 faults

Figure 3: Faults are related to multiple failure values and
vice versa

A failure value f v is a the result of an evaluation of
Equation 1. Moreover, failure values have to be normal-
ized using typical value ranges. This value reflects a se-
mantic decision built into the FDD engine as a failure
value is not equal to 0 if and only if there is no overlap of
the compared intervals. Thus a partial overlap is counted
as no failure due to the large intervals resulted from esti-
mation and simulation.

f v(I1, I2) =


0 if I1, I2overlapping
I2.min− I1.max if I2.min > I1.max
I2.max− I1.min if I2.max < I1.min

(1)

Local Fault Simulation Capabilities of Nodes
After the collection of the detected failure vector the

flow is simulated with one fault inserted in one compo-
nent at a time (single fault assumption) in the fault simu-
lation phase. The modeled flow proceeds as in the detec-
tion phase except for sensor and other input values which
are replaced by simulated values. The FDD engine ac-
tivates every possible fault in any component to create a
simulated failure vector.

Assume that the changes of the air heat flow when pass-
ing a cooling coil can be approximated using the follow-
ing equation.

Tout = Tin−ucc ∗TavgDrop (2)

If the engine orders the cooling coil to simulate a stuck
cooling coil at 0 this equation changes to:

Tout = Tin−0∗TavgDrop (3)

Because of these component-local simulation capabili-
ties the FDD system no measured history data are needed
for fault diagnosis, in contrast to other, learning-based
simulation methods for diagnosis such as artificial neu-
ral networks. Also, this enables reuse of components for
different HVAC systems since those are kept independent
from each other.

HFM FAULT DIAGNOSIS
Fault diagnosis aims to find the most probable fault or

faults with patterns similar to the one observed. More con-
cretely, the detected and simulated failure vectors for an
inserted fault need to match for a diagnosis decision. The
proposed elementary diagnosis algorithm assigns a score
to every possible fault and ranks them accordingly. Users
will be most concerned with the highest ranked fault since
the system recommends to check the involved component
for faults.

Definitions
For n defined rules in the HFM graph the detected fail-

ure vector D contains n components. For every fault i that
can be simulated there exists a simulated failure vector Si
also containing n components for the same rules.

D =< d1,d2, . . .dn > (4)

Si =< si1 ,si2 , . . .sin > (5)

A scoring metric sm is a function that returns a real
number sci(score) for a detection failure vector D and
a simulation failure vector Si denoting the similarity of
these vectors. All metrics assign a rank, ri, based on sci
using the precedes-predicate in Equation 8. This predi-
cate needs to be defined with the used metric since it ei-
ther arranges ranks in ascending or descending order (e.g.
with a distance based metric, a small score leads to a high
rank whereas in an explicit score assignment a high score
leads to a high rank). The rank ri indicates the likelihood
of fault i having occurred given the the pattern of detected
values. The diagnosis algorithm returns a top-list, tl, con-
taining all simulated faults ordered by the rank of their
simulation vector. The relation i ≺tl j as noted in Equa-
tion 9 means that the simulated fault i is ranked higher
than the simulated fault j.

sm : Rn×Rn→ R (6)
sci = sm(D,Si) (7)

ri < r j↔ precedes(sm,sci,sc j) (8)
∀i, j ∈ simFaults : i≺tl j↔ ri < r j (9)

Diagnosis algorithm
In the current version the algorithm used for diagnosis

works as shown abstractly in Figure 4.
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Require: HFM has been run in detection and set detec-
tion failure vector D

Ensure: returns fault i with highest probability
1: procedure SIMULATE-FAULTS(HFM, D)
2: for all t in timesteps do
3: for all i such that i can be simulated do
4: tl← /0 . tl is the top-list of faults
5: co← FIND-COMPONENT-FOR(i)
6: APPLY-FAULTY-STATE(co, i)
7: SIMULATE-FLOW(HFM)
8: Si← GET-RESULT(HFM)
9: sci←ASSIGN-SCORE(Si, D)

10: INSERT(tl, Si, sci)
11: end for
12: return sorted(tl) . order by score→ rank
13: end for
14: end procedure

Figure 4: Diagnosis Algorithm based on simulation

Evaluation of similarity metrics for diagnosis
During the fault diagnosis phase, several simulated re-

sult vectors are calculated to serve as the basis for compar-
ison. It is a heuristic task to find a good metric for similar-
ity since plain vector distance does not perform precisely
enough in terms of diagnosis matching.

Since partial overlap leads to 0 values, the gap between
the failure values −0.2, 0 and 0.2 is more relevant than
their numeric value indicates. Failure values 4.1 and 4.3,
on the other hand, do not characterize a failure vector pat-
tern as much. Consequently, smaller failure values tend to
have emerged from estimation tolerances.

A good similarity metric fulfills the following require-
ments:

1. If the failure values are large and close, the resulting
score should be high.

2. A larger absolute failure value more significantly
indicates a particular fault. Smaller failure values
are more prone to have resulted from estimation.
Therefore large values should influence the similar-
ity stronger than small ones.

3. The FDD engine should be able to diagnose the ac-
tual fault and list it high in the top list.

Different Scoring Metrics
In order to find a good metric for the proposed diag-

nosis algorithm, several approaches are discussed and im-
plemented:

1. Component-wise Multiplication (CWM) : The
score is calculated by multiplying D j with si j , tak-
ing the square root of the absolute value of the prod-
uct and multiplying it with the sign of the product.
Here, the largest score is ranked highest (descending
metric). sci = ∑

n
j=1 sig(d j ∗ si j)∗

√
|d j ∗ si j |

2. Euclidean Distance (ED) : Since taking the square
root on both sides does not affect the order relation
between two vectors, only the sum of squared dis-
tances is used. This metric does not treat 0 values any
differently and the absolute failure value does not in-
fluence the rating either. Close small values yield a
better score than farther large values even though the
large values indicate better matching (e.g. 0.1 and
0.2 leads to better results than 5.7 and 6.3. Here, the
smallest score is ranked highest (ascending metric)
sci = ∑

n
j=1(d j− si j)

2

3. Weighted Euclidean Distance (WED) : Using
weights helps to overcome the problems of the plain
Euclidean distance. This metric takes the value of the
detected failure value (d j) as an indicator for congru-
ence. The squared distance is divided by d j which
leads to smaller values if the absolute failure val-
ues are high. Small values mean low distance thus
high ranking. Alternatively, concrete weights could
be assigned to the rule outputs by experts or machine

learning algorithms. sci = ∑
n
j=1

(d j− si j)
2

f (|d j|)
where

f (x) =

{
1 if x = 0
x otherwise

4. Explicit Scoring Matrix (ESM) : A matrix assigns
explicit score values to failure values based on their
size and sign. Figure 5 shows the score of the failure
values, small ones almost do not change the score
whereas large values have a strong influence. If
one of the two compared values is zero the score
for this comparison is zero. Two values with op-
posite signs reduce the overall score. A function
toIndex sets failure values relatively to the overall
maximum or minimum failure value of the detec-
tion result to achieve a normalized value which is the
lookup-index for the scoring matrix. The fault with
the highest score is ranked best (descending metric).
sci = ∑

n
j=1 scoringMatrix[toIndex(d j), toIndex(si j)]

5. Jaccard Index (JCI) : This pattern recognition met-
ric relies on the ratio of intersecting rules to all
rule evaluations. Failure values are separated into
the classes positive, neutral and negative. Then the
amount of equally classified rules in detection and
simulation are counted to return the similarity coef-

ficient. sci =
|D∩Si|
|D|

where D∩ Si := { j|sig(d j) =

sig(si j)} and sig(x) = −1 iff x < 0, sig(0) = 0 and
sig(x) = 1 iff x > 0.

6. Manhatten Distance (MHD) : This simple met-
ric approximates distances. Like Manhatten’s street
structures, distances are given in blocks hence the
sum of the distances in every dimension is taken.
sci = ∑

n
j=1(|d j− si j |)
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Small Diagnosis Example
Figure 2 shows a small example for demonstrating di-

agnosis. It is an HFM graph of a simplified HVAC system
consisting of a mixing box responsible for mixing outdoor
and return air, a heating coil for preheating outdoor air, a
cooling coil to maintain the supply air temperature at a
setpoint and one space representing different zones with
reheat VAVs. For simplicity reasons we do not consider
mass air flow rates and other physical values and gener-
ally estimate 0.5 °C as sensor tolerances.
Detection Phase

Sending a sensor value means that the corresponding
HFM sensor node receives the value at its XSens port
in this context (tolerances are added by tol definitions)
– Propagation refers to the estimation and passing the es-
timated interval to adjacent nodes using forward and re-
verse ports. Assume that the building information system
provides the following data:

• Toa: Outdoor air temperature sensor data that is sent
to the mixing box

• Tsa: Supply air temperature sensor data
• Tra: Return air temperature sensor data sent to the

space
• uhc,ucc,umb: Heating, cooling coil, and mixing box

control data
• SPTsa:Supply air setpoint temperature

Moreover the following rules are defined for detection:

• CCForw-SASRev: Cooling Coil Forward - Supply
Air Sensor Reverse

• MBForw-HCRev: Heating Coil Reverse - Mixing
Box Forward

• SASSP-SASDIn: Supply Air Sensor Setpoint - Sup-
ply Air Sensor Data In

Hence, the length of the detection failure vectors and all
simulated failure vectors will be 3. We will have a look at
the effects of diagnosis for one time step.

First, the sensor and control data from Table 1 are sent
to the components. In cooling mode, no additional pre-
heating is needed. Thus uhc is set to 0.0, umb is set to 0.1
to reuse most of return air with a temperature based econ-
omizer controller (Taylor and Cheng 2010) and additional
cooling (ucc = 0.8) is required. Due to occupancy, return
air rises to 25 °C. Readers might examine Table 1 to guess
which component fails in the scenario. A structured anal-
ysis based on HFM FDD will lead to possible faults.

Table 1: Sensor data for one time step
Data Value
Toa 30 °C
Tra 22 °C
Tsa 20 °C

SPTsa 19 °C
uhc 0.0
ucc 0.8
umb 0.1

In the following steps the estimations needed for rule
evaluations are calculated. Sensor nodes invoke the prop-
agation by first adding tolerances and sending the result-
ing intervals in both directions. Transformation nodes
such as a cooling coil change the intervals during prop-
agation. For estimation, the modeler of the HFM graph
needed to add a minimal and maximal temperature drop
for the cooling coil, e.g. 11 °C and 15 °C, respectively.

We will focus on the ”path” the intervals take from the
sensor input to the port involved in a comparison and show
the process in detail for the rule CCForw-SASRev:

1. MB: Reads sensor value 30 °C with tolerances →
[29.5 °C; 30.5 °C] forward

2. MB: Mixes with return air ([21.5 °C; 22.5 °C]) at
rate umb→ [22.3 °C; 23.3 °C] (e.g. 22.5∗0.9+0.1∗
30.5 = 23.3) forward

3. HC: uhc is set to 0, no changes in HC→ forward to
CC

4. CC: Using ucc, interval is calculated as max = 23.3−
11.0 ∗ 0.8 = 14.5, min = 22.3− 15 ∗ 0.8 = 10.3 →
[10.3 °C; 14.5 °C] forward

5. SAS: Reads sensor value 20 °C with tolerances →
[19.5 °C; 20.5 °C] reverse

Eventually, a failure value is calculated from both in-
tervals using Equation 1 to yield 5 as the failure value for
CCForw-SASRev.

Similar to that the propagation in reverse direction is
started from SAS.

1. SAS: Reads sensor value 20 °C with tolerances →
[19.5 °C; 20.5 °C] reverse

2. CC: Using ucc for transformation→ [28.3 °C; 32.5
°C] reverse

3. HC: uhc is 0, no changes in HC→ reverse to MB
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4. MB: Comparing HC-rev [28.3 °C; 32.5 °C] with
MB-forw [22.3 °C; 23.3 °C] → failure value of
MBForw-HCRev is 5

SAS also calculates the rule evaluation SASSP-
SASDIn for setpoint and sensor value. In this time step
[18.5 °C; 19.5 °C] for the setpoint and [19.5 °C; 20.5 °C]
does not lead to a failure value for SASSP-SASDIn since
19.5 °C lies in both intervals.

After the the detection phase the detection failure vector
D =< 5,5,0 > is stored for comparison with simulated
failure vectors and indicates that the system is not in a
fully working state.
Simulation Phase

During the simulation phase, the engine calculates con-
trol and sensor values using feedback loops. Only the
outside air temperature and supply air setpoint tempera-
ture are taken from the measurements which requires spe-
cial treatment of outside air temperature sensor faults as
mentioned in (Zimmermann, Lu, and Lo 2011).

In this scenario, only two possible faults are studied
from the reference list of (Castro 2003). A low return air
temperature compared to the supply air set point temper-
ature and still high amount (0.8) of cooling indicate prob-
lems with the mixing box, so a simulated stuck outside air
temperature damper is considered.

The HFM graph in Figure 2 shows an air flow loop. In
addition, feedback loops for the control variables umb,uhc,
and ucc exist. Steady state values for all variables are
achieved by iteratively executing the air flow loop and
the control loops. Otherwise, a set of differential equa-
tions had to be solved. Equation 11 shows the details of
MB simulating a stuck valve where T ′ stands for the sim-
ulated temperature used to calculate the expected simu-
lated sensor temperatures. Equation 10 introduces u′mb as
an intermediate control value using v f ∈ {−1,1} for the
simulated valve fault.

u′mb = limit(0,1,umb + v f ) (10)
T ′out = T ′ra ∗ (1−u′mb)+T ′oa ∗u′mb (11)

Note that umb rather than u′mb would be identified as the
simulated control value. u′mb is only used to simulate the
effects a stuck valve has on the temperature. MB send T ′out
with the effects of a fully open outside air damper, yet still
preserves the used umb which would be minimized due to
the controller strategy.

Equation 11 assumes a linear damper characteristic and
100 % damper authority. More complex damper models
can be introduced if necessary.

Assume that the simulation process starting with 30 °C
outside air temperature returned the control values ucc =
0.9, umb = 0.15 and uhc = 1 and a supply air temperature
of [17.8; 18.8]. Performing the same propagation steps
as during detection leads to a similar outcome: CCForw-
SASRev - 4, MBForw-HCRev - 4 and SASSP-SASDIn -
0, so S1 =< 4,4,0 >.

Another possible explanation is a sensor drift in the
supply air temperature sensor i.e. a too low measured
value. In that simulation SAS adds an offset (e.g. -5) to
T ′out in its simulation propagation. This would return the
simulation vector S2 =<−3.6,−3.6,2.4 >.

To sum up, all failure value vectors (detection and sim-
ulation) are shown in Table 2

Table 2: Sensor data for one time step
CC-F SAS-R MB-F HC-R SASSP-SASDIn

D 5 5 0 °C
S1 4 4 0°C
S2 -3.6 -3.6 2.4

Diagnosis Phase
In diagnosis, D and S1,S2 are compared using the pre-

sented metrics and ranked according to their score. All
metrics classified fault 1, the stuck outside air damper,
correctly due to the already similar vectors. Results are
shown in Table 3.

Table 3: Diagnosis Results for Small Example, simulated
fault : Ranks in different metrics

Metric sc1 sc2 r1 r2
ESM 16.0 -13.0 1 2
JCI 1.0 0.0 1 2

CWM 8.94 -8.49 1 2
MHD 2.0 19.6 1 2
WED 0.4 35.34 1 2
ED 2.0 153.68 1 2

After diagnosis, the engine suggests checking the out-
side air damper first. In this scenario, mechanical cooling
comes up for the lost return air in this small example as
the supply air setpoint temperature can still be reached.
The fault in the mixing box would not only led to higher
energy demands and costs, it would also remain unnoticed
by people working inside the building. Diagnosis would
help to point to the source of failures and suggest fast re-
pairing.

EXPERIMENT SETUP
The case study

For the experiment’s purposes the same case study used
in (Zimmermann, Lu, and Lo 2011) is considered. The
so called ”Small bank” example consists of three spaces
with individually controlled reheat VAVs and one cen-
tral AHU with economizer. It was used for first exper-
iments because a basic IFC building information model
existed. This was then compiled into an HFM graph and
augmented with additional required information such as
sensor tolerances. Features of the experimental HVAC
system of the Iowa Energy Center Energy Resource Sta-
tion (ERS) were modeled to make comparison to other
HVAC FDD research projects possible. To achieve valid
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input data resulting from a faulty state of the HVAC sys-
tem a fault simulator has been built in Simulink. Faults
such as sensor drifts can interactively be inserted to pro-
duce reference output.

The setup
For testing the quality of the FDD diagnosis engine, an

experimental setup for different scoring metrics has been
set up. 12 components were capable of simulating faults
in the HFM model itself including heating coil valve stuck
and leaking errors or sensor drifts. The faults have been
taken from the reference list of (Castro 2003). In total, 48
faults were simulated and a reference state without fail-
ures. For every fault that can be simulated in the Simulink
fault simulator, the engine has been started for detection
and diagnosis. In total, sets of sensor and control data
are simulated in intervals of 6 minutes for 5 days which
results in 1200 time steps.

Temperatures are ranging from -14 °C to 40 °C in total
and a daily sinusoidal variation between 4 am and 4 pm of
14 °C. There is regular occupancy between 7 am and 6 pm
in all modeled spaces. Space temperature set-point ranges
are (20 °C, 22 °C) during occupancy and (17 °C, 25 °C)
otherwise. Occupancy also determines the heat load in the
spaces (G. Zimmermann and G. Lo 2011).

At each time step every simulated fault is ranked as de-
scribed earlier and overall the following quantities are ag-
gregated and calculated. Note that f stands for the in-
tended fault introduced through simulation which should
be diagnosed by the engine.

• Average Rank: The rank f got assigned on average
over all time steps. A good metric results in a lower
average rank.

• Occurrences in Top 5: Lists how often f was
ranked among the top 5 faults by diagnosis. This
makes up for possible outliers regarding scores and
ranks since a good metric repeatedly lists f in its top
5 list.

• Occurrences in as top-diagnosed fault: Lists how
often f was ranked as the top fault candidate.

• Relative Occurrences: The percentage of the oc-
currences as top and in top 5 is presented relative to
the total number of time steps. This gives a tractable
idea of how the rankings are perceived by a mechan-
ical operator.

RESULTS
Overall results show the average values of the criteria

discussed earlier that every metric returned. Furthermore
exemplary results are shown for two simulated faults.

The results of a simulated leaking cooling coil valve led
to the results in Table 4. Whereas the explicit scoring ma-
trix yielded the better average rank, Jaccard index showed
the intended fault as top candidate more often. Hence the
measured categories do not strictly influence each other.

Table 5 shows that metrics notably influence the quality
of the diagnosis. ESM listed the sensor drift of the sup-

Table 4: Results for Cooling Coil Valve Leak. Ravg : av-
erage rank, Occ5 : occurrences in top 5 out of 1200 time
steps, P5 : percentage in top 5, Occ1 : occurrences as top
listed fault, P1 : percentage as top

Metric Ravg Occ5 P5 Occ1 P1
CWM 1.91 1192.00 0.99 525.00 0.44
ESM 2.34 1121.00 0.93 210.00 0.18
JCI 3.52 793.00 0.66 432.00 0.36
ED 13.57 788.00 0.66 608.00 0.51

WED 13.59 783.00 0.65 609.00 0.51
MHD 15.61 728.00 0.61 585.00 0.49

ply air sensor as fault correctly in 66% of all timesteps.
Numeric metrics such as the Euclidean distance yielded
worse results probably because of the uniform treatment
of 0 and other failure values as well as ignoring large fail-
ure values.

Table 5: Results for Supply Air Sensor Temperature too
High. Ravg : average rank, Occ5 : occurrences in top 5
out of 1200 time steps, P5 : percentage in top 5, Occ1 :
occurrences as top listed fault, P1 : percentage as top

Metric Ravg Occ5 P5 Occ1 P1
ESM 1.40 1193.00 0.99 788.00 0.66
CWM 1.41 1193.00 0.99 895.00 0.75

JCI 2.60 1127.00 0.94 349.00 0.29
WED 4.41 1018.00 0.85 909.00 0.76
ED 5.96 847.00 0.71 773.00 0.64

MHD 7.25 786.00 0.66 701.00 0.58

The overall results across all simulated faults for every
tested metric are shown in Table 6. Figure 7 depicts the
average ranks returned by the metrics, Figure 6 shows the
percentages of the intended fault being listed as top cause
or in the top 5 list.

The explicit scoring matrix returned the lowest rank on
average, Jaccard Index showed the intended fault in top 5
more than any other metric and CWM returned the actual
fault on top position the most times. A user of the system
would consequently have seen the ”true” cause at the top
of the fault list many times and could check the possibly
fault component.

CONCLUSION
This paper describes in detail the algorithmic strategies

pursued in HFM based fault diagnosis. Different metrics
were used in combination with a simulation based com-
parison procedure to yield the most probably occurred
faults.

Currently the HFM system is applied to a new build-
ing in Berkeley, Ca., with 7 levels and 157 zones that are
air-conditioned by 2 AHUs. Insights from the continuous
commissioning project will be used to improve the diag-
nosis capability.
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Table 6: Average over all tested faults for each metric.
Ravg : average rank, Occ5 : occurrences in top 5 out of
1200 time steps, P5 : percentage in top 5, Occ1 : occur-
rences as top listed fault, P1 : percentage as top

Metric Ravg Occ5 P5 Occ1 P1
ESM 3.21 1012.78 0.84 296.54 0.25
JCI 3.28 1072.24 0.89 242.98 0.2

CWM 4.39 828.71 0.69 372.78 0.31
MHD 14.42 460.02 0.38 248.66 0.21
WED 14.84 464.27 0.39 252.9 0.21
ED 16.49 482.85 0.4 265.41 0.22
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Figure 7: Average rank of different metrics

More information in BIM is expected to become avail-
able so that more precise rules can be defined. Ongoing
research includes the detection and diagnosis of control
errors as well as proposing more efficient control strate-
gies.

First experiments showed that an explicit scoring ma-
trix used for the interval comparisons that arose with the
artificial setup worked well, the exact weights have yet to
be defined and tested with data from the current applica-

tion in Berkeley.
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ABSTRACT 

It is common that a building consumes 20% more than 
its design intent. The inconsistency between design and 
operation is a driving force.  To address this issue, we 
present an integrated infrastructure for real-time 
building energy modeling, visualization and energy 
Fault Detection and Diagnostics (FDD). A building 
information model (BIM) based database is developed 
for the purpose of storing building operational, 
simulation and FDD analysis data. A BIM to building 
energy modeling (BEM) middleware is developed to 
automatically generate energy modeling codes. A 
connector is developed in Building Control Virtual 
Testbed (BCVTB) which enables the storage of 
building energy management system (BEMS) data into 
a BIM based database in real-time fashion.  Finally, 
this infrastructure is implemented in a real-building 
and continuously performs its data collection and 
visualization functions.    

INTRODUCTION 
The World Business Council for Sustainable 
Development recently published their first report on 
energy efficiency in buildings stating that buildings are 
responsible for at least 40% of energy use in many 
countries (Lafarge and UTC, 2008). To achieve the 
goal of energy efficient buildings, there have been 
numerous studies showing that offline building energy 
modeling can help architects and engineers make 
decisions to save energy while maintaining indoor 
thermal comfort (Thornton, et al., 2011). However, 
during real-time building operation, some required 
design information may be lost or may change for 
detailed building energy modeling and FDD. In 
addition, building system operational information may 
be wrapped in a proprietary interface and not available 
to facility managers, researchers, etc. During past 
decades, there have been several pioneering research 
projects addressed the issues above. Building 
information modeling has been developed by several 
design software vendors such as Autodesk and Bentley 

to provide data interoperability among different design 
tools (AutoDesk, 2011). Open communication 
protocols such as BACnet (A Data Communication 
Protocol for Building Automation and Control 
Networks, ASHRAE, 2008) make building operational 
data more accessible. Typically, control vendors 
provide a tool that can read and store sensor 
information from the BEMS system. This kind of tool, 
however, does not provide users flexibility because the 
room allowed to interact with the BEMS system online 
is limited. For example, if a user has an EnergyPlus 
model, and wants to calibrate model based on real time 
sensor information, the model can be used as part of 
the model predictive control system. One of the 
preconditions to work out is to have an independent 
network communication system that does not rely on 
the vendor specific communication system. A BACnet 
communication system sitting in Building Control 
Virtual Test Bed (BCVTB) has been developed in 
Lawrence Berkeley National Lab (LBNL), which is 
based on BACnet Stack (An open source BACnet 
protocol stack for embedded systems) (Thierry, et al., 
2011).  

Currently, the main technology barriers/challenges 
preventing smoothing transitions from offline to online 
building modeling and FDD can be summarized:  

1. Lack of data integration from the design stage to the 
operation stage. A desirable building life cycle 
delivery process should include design, construction, 
commissioning and post-occupancy evaluation. It 
involves tremendous information storage and 
exchange. Although there were BIM based design tools 
such as Revit (Autodesk, 2011), and tools like BCVTB 
(Wetter, 2011) to solve software interoperability issues 
during modeling stage, the data integration from the 
design stage to the operation stage is still missing. This 
results in a time consuming and error prone real-time 
building energy modeling stage, and also impacts the 
results of model-based FDD (Lee, et al., 2007, O’Neill 
et al., 2011).  

2.  Lack of a scalable and structured database for the 
purpose of real-time implementation. Current state-of-
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art BEMS can collect a rich set of data from different 
building systems and equipments (HVAC, lighting, 
etc.) in the magnitude of minutes. How to store those 
data into a structured database so that the database 
performance will not be degraded with growing data is 
a critical and practical issue for real-time 
implementation.  In addition, a scalable database which 
can be applied to different buildings (e.g. size and 
type) with different systems is still missing.  

To address those two issues, in this paper, we present 
an integrated infrastructure for real-time building 
energy modeling and energy FDD. The core of this 
infrastructure includes a BIM-based database, real-time 
data acquisition system, and BIM to BEM (building 
energy modeling) toolkit. We extend BCVTB through 
a new BCACnet-Database transition actor which 
enables users to store the raw operational data to a 
BIM-based database.  We also applied this 
infrastructure into a real building application which has 
a real-time building model including building 
envelope, HVAC components, building controls, 
energy visualization dashboard and FDD.  

TECHNOLOGY APPROACH 
 

 
Figure 1. Overview of the Integrated Infrastructure 

 

Figure 1 shows an overview of the proposed integrated 
infrastructure. This infrastructure integrates different 
hardware and software components in a holistic 
manner which provides the capability of real-time 
simulation, data acquisition, energy visualization and 
FDD.  In addition, through this infrastructure, the 
users, who are facility managers, can quickly identify 
abnormal activities for the current building energy 
systems operation and understand the possible root 
causes. It has two layers, namely, core layer and 
application layer.  

  

Core Layer 

There are four key elements in the core layer:  

 

1) BIM-based Database  
 
This BIM-based database is a repository for building 
properties. This includes: a) static information directly 
from a building Industry Foundation Classes (IFC) file 
which is generated by a Revit model and b) dynamic 
information from building operation data. The purpose 
of this database is to perform information exchange 
among multiple function modules, which includes a 
simulation module, a visualization module, a FDD 
module and a real time data acquisition module.  This 
BIM-based database is a core entity for this integrated 
infrastructure. The development of this database 
scheme is composed four elements: 
 
a) Building Static Information 
Building static information includes building envelope 
information related to thermal performance, building 
occupancy information and building system 
information. Building system include lighting system, 
power system such as plug load etc., and HVAC 
system. Since thermal modeling is the purpose of 
storing building envelope information, the schema 
entities follow the traditional building energy modeling 
naming conventions. The physical elements are 
categorized at three levels: building, zone (shown in 
Figure 2) and room (shown in Figure 3). At the 
building level, location and weather information are 
stored. At both zone and room levels, wall, window 
and material property information can be stored.  
 

 
Figure 2. Building and Zone 
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To conduct a full building energy simulation, property 
information about the HVAC system and the power 
system is also necessary.  The schema generalizes all 
equipment with an equipment entity, and differentiates 
the usage with a function attribute.  Then based on 
where the equipment is located, the system level 
equipment is categorized into one of three categories: 
primary system, secondary system and terminal 
system. Component level equipment is categorized into 
“component”.  The equipment entity is shown in 
Figure 4. Primary system, secondary system, terminal 
system and equipment are shown in Figures 4 and 5, 
respectively. 
 

 
Figure 3. Relationship between zone and room, wall, 

window and material 
 
 

 
Figure 4. Equipment 

 

 
Figure 5 Primary, Secondary and Terminal System 
 
b) Operational Information 
The building operational information refers to the 
information coming from building BEMS system 
including all sensor data, command signals and control 
set points. This is also how operational data is 
categorized.  In each category (sensor, set point, and 
control signal), entities are further separated based on 
the physical definition (temperature, velocity, volume 
flow rate, etc.). The sensor schema developed based on 
this categorization is shown in Figure 6.  To store the 
dynamic value of a sensor, timestamp is used as 
attribute at the smallest category level. As an example, 
Figure 7 shows the schema for temperature sensor. 
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Figure 6 Sensor Schema 

 

 
Figure 7 Temperature Sensor Schema 

 
c) Simulation Information  
To store the output from real time energy simulation, 
the following entities are introduced: simulationdata, 
temperaturesim, flowsim, humiditysim, loadsim, 
pressuresim, factorsim and efficiencysim. The schema 
for Simulationdata is shown in Figure 8. 

 
Figure 8 Simulation Data 

 

 
Figure 9  FDD Discrete Data 

 
Figure 10 FDD Dynamic Discrete Data 

 
d) FDD Information 
A static table that stores the FDD data points and a 
dynamic table that stores the FDD outputs are the 
minimal configuration requirements for FDD 
information. In the current schema, the ‘discretedata’ 
entity is used for storing the FDD static information, 
the ‘dynamicDiscreteData’ entity is used to store the 
FDD dynamic information, which are shown in Figures 
9 and 10, respectively.  
 
 
2) Automatic Simulation Code Generation  
 
Once the BIM database is set-up, the static information 
is collected through Building Information Modeling 
Test Bed (BIMTB), a middleware which reads building 
information from a neutral format file (IFC/gbXML), 
and stores that data in the centralized BIM database. 
An IFC View Definition, or Model View Definition 
(MVD), defines a subset of the IFC schema, which is 
needed to satisfy one or many exchange requirements 
of the architectural, engineering and construction 
(AEC) industry. This is also one of the requirements 
for successful information exchanges. The MVD for 
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architecture and HVAC relevant information is shown 
in Figures 11 and 12, respectively.  
 

 
Figure 11 MVD for Architecture  

 
Figure 12 MVD for HVAC Systems 

 

 
 

Figure 13 BIM to BEM Flow Chart 
  
Figure 13 shows the flow chart from BIM to Building 
Energy Modeling (BEM) process.  The information 
from both Revit architecture and mechanical drawings 
were exported to IFC and gbXML files. The unique 
difficulties of Autodesk Revit are: (1) Revit does not 
support the translation of a HVAC zone to a IFC 
zone;(2) mapping between a zone and an envelope 
surface does not exist in the IFC file; (3), mapping 

between a zone and HVAC equipment does not exist in 
the IFC file; and (4) Native translation of Revit model 
to the IFC file does not contain the connection between 
flow terminals and equipment. To address the above 
problems, the following approaches are proposed: 
 Architectural information is read from a gbXML 

file, which can also be exported given a Revit 
model 

 HVAC information is read from a refined Revit 
HVAC model through GraphiSoft plugin 
(Graphisoft, 2011) for Revit MEP 2011. 

 The link between the architectural information and 
HVAC information is established through the 
geometry attribute, where the coordinates of each 
flow terminal are mapped to its corresponding 
zones.  

 
Beside the issues with HVAC zones, the thermal 
properties for each material layer can be only entered 
manually as a single thermal resistance value after 
calculated outside the software. Input files for both 
building envelope and HVAC models are 
automatically generated from the data extracted from 
IFC/gbXML files.   
 
3) Real-time Data Acquisition  
 
There are three main actors in the real-time data 
acquisition system: 
a) BACnet reader utility. This actor was developed by 
Lawrence Berkeley National Lab (LBNL, 2011) which 
reads data from BACnet compatible BEMS systems. 
To use it, the user needs to specify an XML 
configuration file which is composed of BACnet point 
list in a fixed format, and then the connection between 
the data acquisition computer and the BMS computer 
is established.  
b) StoreBACnetDatatoBIMDatabase. This actor is used 
to convert the raw data into Structured Query 
Language (SQL) statements that can then be sent to the 
database actor. This transition actor requires a data 
point description file in .csv file format, which should 
includes the names of all the data points. During the 
runtime, it finds in the ‘operationaldata’ table a record 
with exactly the same name, and retrieves its data point 
index, its physical type (temperature, velocity, etc,) and 
its operational type (sensor, set point or control signal). 
c) DatabaseManager.  This actor is used to establish 
the connection between BCVTB and BIM-based 
database, ‘SQLStatement’ actor is applied to execute 
any valid SQL statements in this project, which inserts 
the real time operational data into multiple sensor, 
control signal and set-points tables.  

 

Application Layer 

Automatic 
data extract

IFC, gbXML

BIM 
Database

Automatic 
data extract

ROM 
Input
files

Building 7114 Architectural Model
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Besides the development of the core layer, we also 
investigate the application layer of this integrated 
infrastructure. The examples in the application layer in 
this study are building reference models, energy 
visualization and energy diagnostics, which are 
described briefly in the sections below:  

1) Building Reference Model  

A whole building model is developed in MATLAB 
(MATLAB, 2011) which simulates the building 
envelope, HVAC, lighting, and building control 
systems. It takes the design information directly and 
automatically from Revit architectural (e.g., geometry, 
location, orientation, room information, floor and roof 
information, material information) and mechanical 
drawings (zones, terminal units and AHUs). The Revit 
architectural and mechanical drawings represent the 
“design-intent” model, where all information is based 
on the design documents and as-built drawings.  The 
actual operational information such as HVAC control 
sequences are drawn from the conversations with 
building facility team. Real-time weather data is 
available in from onsite weather station.  

In addition, the model represents “plug loads” which 
includes desktop computers and any other electrical 
equipment used in buildings.  The baseline data is from 
available documentation. However, onsite observations 
for plug devices were also conducted. Through this, the 
model considers both direct electrical energy use and 
its effect on the internal heat gains. The occupancy 
profile is based on the internal load estimation (O’Neill 
et. al., 2011).  

a) Building Envelope Model  

The building envelope model is developed in 
MATLAB based on the 3R2C thermal network model 
(ASHRAE Fundamentals, 2010).  
 

b) Building HVAC Model  

The steady-state lumped HVAC system and equipment 
models are developed in MATLAB. Model structures 
and functions are similar to those used in EnergyPlus 
(EnergyPlus, 2011). 
 
2) Energy Performance Visualization Dashboard 
 
Current building energy management systems can 
provide facility managers (FMs) with a rich set of 
building operational data, which include system and 
equipment performance (temperature, pressure, air 
flow rate, status, energy usage, etc.), control signal and 
status, equipment alarms and indoor environment 
quality (e.g. CO2 level).  However, the gap is how FMs 
can best use those data to maximize the benefits of 
building operation. An interactive user interface was 
developed for FMs to explore available data to 

improve building operation and their decision-making. 
The energy performance visualization dashboard aims 
to enable: 1) visualization of energy-related metrics at 
different building and HVAC systems levels; 2) 
comparisons between measured quantities and 
predictions derived from the integration of physics-
based modeling methods; 3) energy fault diagnostics 
and classification to aid in decision support targeting of 
root cause analysis; and 4) identifying persistent trends 
in energy usage. 
 
3) Energy Diagnostics 
 
The energy diagnostics method applied in this study is 
based on the statistical process control (Chiang, et al., 
2000) and rule based methods (NIST APRA rules for 
AHUs, Schein et al., 2007) 
 

CASE STUDY 
The proposed infrastructure is implemented in building 
7114, at Naval Station Great Lakes, Great Lakes, IL.  

 

Building Facts  

Building 7114 is a 149,875 ft2 recruit barracks. It is a 
long rectangular building, consisting of a large block of 
berthing compartments, heads (bathrooms), laundry 
rooms, classrooms, a quarterdeck with a two-story 
atrium and office spaces, and a large cafeteria/galley as 
shown in Figure 14.  

 
Figure 14 Building 7114 at Naval Station Great Lakes 
 
The recruits leave the barracks for drills and marches 
and during personal time on Sunday and holidays. 
Building 7114 shares the absorption chillers, cooling 
tower, heating hot water heat exchangers, chilled water 
pumping system, heating hot water pumping system, 
and the condenser water pumping system with another 
similar building. The compartment area is served by 
two variable air volume (VAV) Air Handling Units 
(AHU) with VAV terminal units (with hot water 

sleeping area

cafeteria classroom

Outside view
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reheat). Four classrooms, quarterdeck and dining area 
are served by another three AHUs. When Building 
7114 is occupied by recruits, the building is occupied 
24 hours a day for seven days a week.  Recruits spent 
about 85% of their time in the barracks. A distributed 
DDC control system is installed in Building 7114. This 
system monitors all major lighting and environmental 
systems. Operator workstations provide graphics with 
real-time status for all DDC input and output 
connections. Additional power sub-meters and thermal 
BTU meters were installed and integrated with existing 
building BMS.   
 

Real-time Implementation of the Infrastructure 

The real-time implementation of the integrated 
infrastructure in Building 7114 includes two desktops, 
one is running Siemens BMS system and the other one 
is running the proposed system. The infrastructure is 
set up in a Linux machine with RedHat 5.5 Enterprise 
operation system. Data acquisition, building energy 
modeling, energy visualization and on-line FDD are 
running simultaneously.  

 

The real-time energy dashboard includes four 
visualizations that display various aspects of how 
energy usage is distributed across different end uses 
(lighting, pumps, plugs, fans etc.) in the selected time 
period.  

 Display the “Current Power” energy breakdown at 
any given time instant.  

 Displays the power breakdown at the time-step 
corresponding to peak overall power consumption 
during the selected time period  

 Display the breakdown of total energy usage of 
selected time period. 

 Display the real-time power breakdown over the 
entire selected period.  

Real-time Energy Simulation Results  

An energy model integrating building envelope and 
HVAC system is built up to simulate real-time energy 
consumption, driven by real time weather conditions. 
This model has 143 zones including compartments, 
classrooms, corridors, dining room and attic spaces. 
Over 100 VAV boxes, 20 terminal reheating coils, 5 
AHUs and two absorption chillers are modeled.  Air 
loop and water loop are strongly coupled to make sure 
the supply side and air side demands balanced. The 
integrated model is calibrated offline based on real-
time data. Figure 15 shows the building level chilled 
water side load comparison between simulated and 
measured ones. 85% of the time differences are within 
+/-10%.  

The calibrated model is then running continuously on 
the onsite Linux machine with 5 minutes simulation 
time-step and stores the data back into the BIM-base 
database.  

 

 
Figure 15 Building 7114 Real-Time Simulation Results 
from 07/06/2011 to 07/11/2011.   

 

Real-time FDD  

 
Figure 16 A snapshot of AHU diagnostics based on 
NIST APAR rules (fault heating coil valve and 
economizer open at the same time) 

. 

Machine learning and rules based FDD approaches are 
implemented in this study. Figure 16 shows a 
screenshot of the AHU diagnostics tool implementing 
NIST APAR rules. The bottom plot indicates the rules 
that were violated and the top plot indicates how many 
rules were violated. The tool has been implemented to 
support energy impact analysis that is accessible as 
menu items in the top. The tool also enables one to 
visualize the raw data. AHU economizer related faults 
were successfully detected, diagnosed and fixed on the 
demonstration site. Other identified faults include 
sensor drifting, stuck VAV box damper, and VFD 
malfunctioned etc.   
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CONCLUSION 
This study has demonstrated a real-time integrated 
infrastructure which integrates a relational database, 
and data acquisition to support online building 
simulation, energy visualization and FDD in a real 
building. There are a few observations and lessons: 

 A real-time connection between a BEMS vendor 
machine and our DAQ machine is established 
through an Ethernet cable. However, the total 
number of data points is limited by 1) bandwidth 
of vendor BEMS system, 2) the data exchange 
communication  protocol (BACNet) that BEMS 
complies with. 3,000 data points are feasible for a 
5-minute sampling frequency in this study.  

 With the fast growing database, the query time for 
data points degrade, which affect the real-time 
energy visualization. An optimized query based on 
a binary search tree was developed and 
implemented.  

 Mapping BEMS points onto each HVAC 
component is still a manual process. We must 
identify each measured point and map it back into 
the HVAC system diagram. An auto-mapping tool 
would speed up the DAQ process.  

 Alternative solutions were developed to overcome 
the limitations of Revit Mechanical software 
which does not support translation of a HVAC 
zone to an IFC zone. Future development should 
focus on the open source of Revit IFC translator.  
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ABSTRACT 

This paper expands on a previous approach for inverse 

building modeling that utilizes a simplified state-space 

approach. The goal of the current effort is to provide an 

efficient and robust parameter training methodology, to 

which several elements are added. Some seasonal 

effects, such as variation of window transmittance at 

different times of the year, are taken into consideration 

and captured during the training process. In addition, a 

mixed-mode training approach is developed that allows 

the use of a combination of data obtained when cooling 

or heating is occurring with the zone temperature under 

control at setpoint and when the zone temperature is 

floating during periods of no load. Different search 

algorithms were tested for learning a “nearly” global 

optimal model. A multi-start search method was found 

to be robust and provide good computational efficiency 

and accurate results. At the end of this paper, this 

training methodology is implemented for a single zone 

case study and some results are provided. 

INTRODUCTION 

Forward building models, such as those employed in 

EnergyPlus (2011) and TRNSYS (2010), require many 

geometrical and physical parameters and are 

appropriate for system design but are not ideal for 

online applications, such as real-time control or fault 

identification. Inverse building modeling is a grey-box 

data driven modeling process and it typically utilizes 

simplified modeling approaches with lumped 

parameters where the parameters are learned using data 

collected from a specific building site. When properly 

trained, these types of models can provide more 

accurate and computational efficient load predictions 

for a specific building and are more appropriate for the 

operational phase of the building cycle. In addition to 

real-time control and fault identification, these types of 

models can be used in analyzing retrofit opportunities.   

MODEL STRUCTURE AND UNKNOWN 

PARAMETERS 

Model Structure 

Previous studies (Chaturvedi, 2000) have shown that a 

two-node representation of a single wall provides a 

reasonably accurate approximation of the actual wall. 

Based on this starting point, a simplified structure of a 

zone can be proposed using two nodes to represent 

each wall. A simplified whole building model that was 

developed by Chaturvedi and Braun (2002) is shown 

below in Figure 1.  

 

Figure 1: Thermal network for a single zone building 

model. 

 

In this representation, all of exterior walls are 

combined into a single exterior wall with an external 

boundary condition that includes the total incident 

radiation on all wall surfaces. Solar radiation that is 

transmitted through windows is assumed to be 

absorbed equally on two sides of an interior wall 

presentation. The interior wall also captures the effects 

of floors between stories of a multi-story building. An 

additional ground element is included to capture 

ground coupling dynamics. Internal radiative gains are 

assumed to be distributed with an even flux to walls 

and ceiling, whereas convective internal gains go 

directly to the zone air. A pure resistance is included to 

capture the effects of heat transfer across low-mass 

elements, such as windows or due to infiltration. 

Applying an energy balance to each node in the 

network, a state-space representation can be 

established for this simplified model structure: 

b 
t

b
b b b

d

d
 

x
uΑ x B                           (1)  
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where Yb  is the output, which can be either cooling 

load (zone air temperature is input) or zone air 

temperature (cooling load is input). 

For the case of cooling load being the output, the state 

and input vectors are:  

 1 2 1 2 1 2 1 2x T
c c e e g g i ib T T T T T T T T  





, ,

, , ,

u
 

   

T
z a g sol c sol eb

rad c rad e sol trans conv

Q QT T T

Q Q Q Q
 

For the case of zone air temperature being the output, 

the state and input vectors are: 

 1 2 1 2 1 2 1 2x T
b c c e e g g i i zT T T T T T T T T  





, ,

, , ,

u
  

   

T
a g sol c sol eb b

rad c rad e sol trans conv

Q Q QT T

Q Q Q Q
 

Unknown Parameters 

The set of parameters to be estimated can be denoted 

as: 

 1 2,    

where 

1 1 1 1 1 1 2 1 2 1 2

1 1 2 2 2 2 2 3 3 3 3

[

]

 e i c g e e i i c c

g g g e i c g e i c g

C C C C R R R R R R

R R R C C C C R R R R



2 int,gain conv trans trans[ ]Q R a b   

The first group 1  consists of all resistances of both 

the walls and the window, and capacitance values of 

the walls in the thermal network in Figure 1. The 

resistances and capacitances determine the entries of 

matrices Ab, Bb, Cb, and Db of Equations (1) and (2). 

The second group 2 contains parameters that are used 

for all other purposes. The first two parameters in the 

2
nd

 group are used for the rate of internal gains 

( int,gainQ ) during the occupied period and the ratio of 

the convective component ( convR ) to the total internal 

gains. When the model is trained using data generated 

from simulation tools like TRNSYS, the internal gains 

can be exported as input for the model and these two 

parameters are just place keepers. But when using 

actual field data for training, it is not possible to 

measure the actual internal gains. In this case, the 

internal gains and their effect should be captured in the 

training and the quantities are represented by these two 

parameters. In our case, an assumption was made for 

this study that during the unoccupied period, the 

internal gains are zero while in the occupied period 

they are a constant gain of int,gainQ . This internal gain 

splits between convective and radiative components at 

a fixed ratio, which is denoted by  conv conv/ 1R R . 

The other two parameters ( trans trans,a b ) are used in 

modeling the variation of transmittance versus the 

incident solar angle for the window. The details are 

illustrated in the following section. 

Transmittance variation 

Window transmittance can be classified into beam and 

diffuse radiation transmittance (Arasteh et al., 2009). 

Beam transmittance varies with incidence angle while 

diffuse transmittance is constant. Based on typical 

trends for window transmittance with incidence angle, 

the following correlations were developed: 

.
* *(1 )

*

n
beam trans

diff trans

T T F T a

T T b

  


 

where beamT  and diffT  represent beam and diffusive 

transmittance,   is solar incidence angle and n  is 

correlation order. transa  and transb  are correlation 

coefficients, which are also parameters to be estimated. 

T  is the total transmittance, which is taken as the solar 

heat gain coefficient value (SHGC) associated with 

each window model for simplicity. The estimation of 

atrans and btrans is embedded in the whole training 

process and some results of tested cases are shown in 

Figure 2. 

 
Figure 2: Beam transmittance versus solar incidence 

angle. 

 

The window model used as the baseline for Figure 2 

was INS2_KR_3 from the TRNSYS window library 

and the estimation is embedded in the single zone 

model in the case study section. The blue curve in 

Figure 2 was generated from the TRNSYS window 

model, whereas the green, red and light blue curves 

correspond to linear, quadratic and cubic correlations, 

respectively, with the following parameter values: 
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0.0077, 1

0.000116, 2

0.00000106, 3

trans

trans

trans

a n

a n

a n

 

 

 

 

The estimated value of transb  was within the range of 

6.2 to 6.5 for all three cases. The linear correlation was 

found to be accurate enough and higher order 

correlations did not improve overall system model 

results significantly.  

 
Figure 3: Model performance comparison with and 

without transmittance variation. 

 

Figure 3 shows comparisons of predicted floating 

temperature where summer data were used for training 

(hour 5300 to 5500 within the year) and winter data 

were used for testing (hour 1500 to 2200). A 

description of the single zone case study building is 

given in a later section. The RMS errors during the test 

period were 0.501 ° C for the case where a fixed 

transmittance was assumed and 0.185 ° C when 

transmittance varied using linear correlation with 

respect to solar angle. The performance was improved 

significantly. 

PARAMETER ESTIMATION 

Problem Formulation 

For a fixed set of parameter values (   is fixed), the 

methodology of Seem et al. (1989) can be used to solve 

the state-space representation, and to predict cooling 

load or zone air temperature of the building as a 

transfer function of the input and state variables. The 

time step of the transfer function is assumed be one 

hour. The solution for the output is given as: 

8 8

, ,, , ,

0 1

( ) ( )S u  

 

  b j b k jb k b j b k j

j j

y ue y  

where 

,b ky  = output (either 
   
Q

b,k
 or ,b kT ) at time k ; 

Sb,j = series of row vectors containing transfer function 

coefficients for the input matrix in the building state-

space representation; 

eb,j = scalar transfer function coefficients for past 

histories of output. 

The calculation of the coefficients Sb,j and eb,j from 

matrices Ab, Bb, Cb and Db is outlined by Seem et al. 

(1989). 

For a specific set of parameter values, the performance 

of the model can be evaluated in terms of how well the 

output (or prediction) matches the actual data 

(baseline). A commonly used criterion for the 

deviation of prediction from baseline is least square 

error: 

2

, ,
1

,
1








Ntrain

b k actual k
k

b

(y y )

J
Ntrain

  

where 

,bJ  = optimization regression cost function at point  ;       

,actual ky  = baseline output at time step k; 

Ntrain  = training duration in hours. 

So the formulation of our parameter estimation 

problem can be written as: 

 ,
arg min






b

J




  

where   is the search region for the parameter values 

in the estimation process. This search region is 

determined according to the information available 

about the zone. And the information can be obtained 

via several means, such as by requesting a survey from 

the building administrator or by looking at the 

blueprint of the building. Generally speaking, the less 

information we have about the building, the bigger the 

search region is for the optimization. As search region 

grows, it becomes more likely that the estimation 

process will converge to a local optimum. So some 

preprocessing is necessary in obtaining a good initial 

guess to improve the chances of obtaining a global 

optimal point. 

Global-Local Search 

In the previous work by Chaturvedi and Braun (2002), 

a global-local search scheme was adopted (see Figure 4) 

for parameter estimation. A global phase was applied 

in order to obtain a global optimal estimation of the 

parameter values, and a systematic search algorithm 

developed by Aird and Rice (1977) was implemented. 

It is similar to grid search but more generalized in the 

sense that any number of points can be generated in the 
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search space with the property that the dispersion of 

the generated set is minimized. At each of these 

generated points, the least square error is evaluated and 

the point with a smallest least square error is chosen as 

an initial guess for the local search. 

In the local search phase, the Levenburg-Marquardt 

algorithm (Madsen et al., 2004) is used. This LM 

algorithm interpolates between the Gauss-Newton and 

the gradient descent method but it shows more 

robustness than the Gauss-Newton algorithm. 

 

 

Figure 4: (a) Small search region. (b) Large search 

region, in which the number of point evaluations is 

increased to maintain the same level of gridding. 

 

Multi-Start Search 

When very limited information about a building is 

available, the search region becomes large and it is not 

feasible to use the global-local search scheme. In this 

situation, a multi-start search scheme would be more 

suitable since this type of methods is often applied for 

large-scale estimation problems (Aster et al., 2005). 

In a multi-start search process, several points are 

generated pseudo-randomly as initial guesses for 

regression and the regression is performed for each 

point. The solution with the smallest least square error 

is chosen to be the final parameter values.  

 

 
Figure 5: Multi-start search scheme. 

 

Some comparisons of results for the two search 

schemes were carried out for the single zone case study 

building described in the next section with results 

given in Table 1 

 

Table 1: Comparison of performances of global-local 

and multi-start search algorithms 

 Global-local 

Search 

Multi-start 

Search 

Search region 

lower bound: 

10% of 

nominal 

parameter 

values 

5% of nominal 

parameter 

values 

Search region 

upper bound: 

300% of 

nominal 

parameter 

values 

400% of 

nominal 

parameter 

values 

Training time: >30 min 45s 

Testing case 

RMSE: 

>10% 0.24% 

 

Numbers in the first two rows of Table 1 are lower and 

upper bounds on the search region for parameters 

expressed as a percentage of nominal parameter values 

that were estimated from zone descriptions. The large 

search region was chosen to represent a case where 

very limited information is available on the building. 

When detailed zone information is available, more 

reasonable upper and lower bounds might be 130% and 

70% of nominal values. Even though the chosen search 

region was larger for the multi-start search method, this 

method provided more accurate zone air temperature 

predictions with significantly less computational time 

for training. The multi-start search method is more 

robust and efficient when the parameter search region 

is large. 

Mixed Training Mode 

There are two modes in which models can be trained. 

In one mode, the training process takes zone air 

temperature as input and predicts cooling load, while in 

the other mode, the input and output are switched. In a 

real operational phase, the zone air temperature may be 

floating sometimes when the cooling equipment is off, 

(e.g., during the unoccupied period) and at other times 

it may be under control (e.g., positive cooling load in 

the occupied period). The fraction of the time that there 

is a cooling load changes with seasons and control 

strategies. When the zone temperature is under control, 

there are no dynamics in the zone temperature output 

so it is better to train the model using cooling load as 

the output. Conversely, when the cooling is off and the 

temperature is floating, temperature is the preferred 

output for training. Based on this analysis, a mixed 

training mode is proposed whereby the training mode 

switches from cooling or zone temperature as an output 

according to which output has better dynamics. Figure 

6 shows the mechanism of this training process. 
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Figure 6: Mechanism of mixed training process. 

 

Table 2 provides some comparisons between training 

approaches using global-local search scheme for a test 

period same as the one in the case study section. In this 

table, the variable P represents the percentage of the 

training period where the zone temperature was under 

controlled conditions. For the first case, P had a small 

value and the zone air temperature was floating most of 

the time. In this case, using temperature as the output 

for training provided the best performance. In the 

second case with an even mix of floating and 

controlled conditions, this mixed training was most 

advantageous since the temperature and cooling load 

dynamics were both well captured. For the third case 

where the zone air temperature is under control most of 

the time, training using temperature and training using 

load both have good performance. 

 

Table 2: Performance of different training mode 

approaches in terms of prediction errors (P is 

percentage of the training period where the zone 

temperature was under controlled conditions) 

 

P=23% 
Mixed 

training 

Training 

using load 

Training 

using 

temperature 

Zone 

Temperature 

(RMSE °C) 

0.33 1.05 0.298 

Zone Load  

(% RMSE) 
2.73 3.0 2.70 

 

P=65% 
Mixed 

training 

Training 

using load 

Training 

using 

temperature 

Zone 

Temperature 

(RMSE °C) 

0.207 0.38 0.273 

Zone Load  

(% RMSE) 
2.82 4.03 3.42 

 
 
 

P=86% 
Mixed 

training 

Training 

using load 

Training 

using 

temperature 

Zone 

Temperature 

(RMSE °C) 

0.913 0.313 0.283 

Zone Load  

(% RMSE) 
6.65 2.51 2.56 

 

SINGLE ZONE CASE STUDY 

Case Study Definition 

The inverse modeling and training algorithms 

described in the preceding sections were applied to a 

single zone case study where the baseline training data 

was generated using TRNSYS. Some details of the 

case study parameters are listed below (see Figure 7).  

 

 

Figure 7: Single zone case study. 

 

Geometry of zone: 

 Zone size: 10 by 10 by 10 (m). 

 Window size: 7 by 7 (m), on south wall. 

 Internal wall size: 7 by 7 (m). 

Construction information: 

 Wall (including all walls, ceiling and ground) 

material: concrete. 

 Wall (including all walls, ceiling and ground) 

thickness: 0.2 (m). 

 Window: INS2_KR_3 from library WINDOW 

4.1; insulating glazing with Krypton as gas fill.  

Other information: 

 Weather location: Madison, Wisconsin. 

 Control strategy: precool. 

 Training period: hour 5300 to 5500 from TMY2. 

Case Study Results 

Testing results for the period from 5080
th
 to 5250

th
 

hours of TMY2 data are shown in Figure 8. One plot 

shows prediction of zone air temperature for the test 

period when cooling load was provided as an input and 

the other curve gives predictions of cooling load given 
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zone air temperature. The colors black and red indicate 

predicted data from the inverse model and output from 

TRNSYS, respectively. It can be seen that the 

prediction matches the TRNSYS outputs very well 

visually. The overall RMS error is 0.37°C for the zone 

air temperature prediction and 2.8% for cooling load 

prediction, both in the least square sense. 

 

 
Figure 8: Case study results. 

 

 FUTURE WORK 

At the current stage, the inverse modeling training 

approach has only been applied to simulated data. The 

next step will be to apply it to an existing building that 

includes multiple zones.  When the number of zones is 

large, a decentralized parameter estimation technique 

may be required because of computational issues 

associated with determining parameters in a large 

dimensional space.
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NOMENCLATURE 

esolQ ,
 = rate of solar radiation incident on the lumped 

external walls 

csolQ ,
 = rate of solar radiation incident on the roof 

(ceiling) 

transsolQ ,
 = rate of solar radiation transmitted through 

windows to the inside  

cradQ ,
 = radiative internal gains per unit time 

transmitted to the ceiling 

eradQ ,
 = radiative internal gains per unit time 

transmitted to the external walls 

convQ = convective internal gains per unit time 

T= temperature 

R= resistor 

C= capacitor 

e= external wall 

i= internal wall 

c= roof (ceiling)  

g= ground 

z= zone air 

a= ambient air 

wi= windows 

mix= mixed array of load and temperature in mixed 

training mode 

bm= benchmark data (training data)
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ABSTRACT 

Buildings seldom perform as intended, resulting in 
energy use much higher than predicted from design. 
State-of-the-art HVAC fault detection and diagnosis 
(FDD) systems report component failures that may 
corrupt energy efficiency, however FDD does not 
detect component performance degradation and energy 
waste from poor designed control sequences. This 
paper introduces energy related extensions to our pre-
vious HFM-FDD system, with which energy consump-
tion/production is modeled and simulated in HFM 
(Heat Flow Model) nodes. The inconsistency between 
simulated energy data and measured data indicates 
component performance degradation. In addition, al-
ternative control strategies (control algorithms, set-
points, etc.) are modeled in the HFM simulation engine 
to test energy optimization opportunities. All energy 
calculations can be averaged with short term real data 
histories. Full year energy evaluations can be produced 
using standard or local weather files. These extensions 
that include air and water flow nodes support continu-
ous commissioning® (CCx) with operation optimiza-
tion. The HFM-FDD with energy and control modeling 
extension is designed as generic as possible, and re-
quires minimal engineering efforts because of model 
based software generation techniques. Results using 
structure and data from a complex HVAC system of a 
real building are included. 

MOTIVATION 
Building commissioning includes, according to 
ASHRAE, the initial commissioning after construction, 
retro-commissioning of existing buildings, and the 
continuous commissioning® during the lifecycle of the 
building. In the case of complex HVAC systems, the 
initial commissioning can last for years after occupan-
cy while it is still not guaranteed to function correctly 

and optimally as specified.  Therefore, tools are neces-
sary to model the correct and optimal functioning of 
the HVAC system in its environment as closely as 
possible to detect faults and identify opportunities for 
improvements. Possible faults can be design and con-
struction faults, degradations during the life-cycle and 
improper use or maintenance. 

Faults manifest themselves in a fault detection phase as 
failures that have to be mapped back to the causing 
faults in a diagnosis phase. Both phases together are 
called FDD. Continuous commissioning® (CCx), as 
we understand it, goes beyond FDD by monitoring 
component performance degradation, evaluating the 
effectiveness of control sequences, predicting the pos-
sible waste of energy and managing assets to improve 
building performance through maintenance. CCx also 
includes reprogramming the building automation sys-
tem to achieve optimal comfort performance and ener-
gy efficiency. Opportunities for optimizations are al-
ternative control strategies including set-point optimi-
zation and replacement of suboptimal system compo-
nents, for example variable frequency drive (VFD) 
pumps instead of constant flow pumps with bypass 
valves.  

The paper gives a brief review on the existing HFM-
FDD approach. The main body of the paper describes 
the energy related extensions of HFM-FDD.  Simple 
models for energy consumption are introduced. A 
complex real test system is introduced to show results 
that are based on real data. For the continuous control 
optimization feature, experiments show how it can be 
used, but not all possible optimization strategies.  

APPLICABLE WORK OF OTHERS 
Until now, there has been no simple tool offered by 
building technology vendors or energy service provid-
ers, which can give building facility managers the view 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

462



they need to catch building electrical or mechanical 
system degradations when they occur, not to mention 
the sub-optimal control sequences as designed. Over 
the last several years we have observed the emerging 
of a wave of service practices in the building continu-
ous commissioning area. Standard industrial practices 
draw both building energy data and weather data into a 
data warehouse. Energy performance tracking tools are 
used to normalize the building metered data, analyze 
energy usage patterns, and issue a system fault report. 
Most of the time, a degradation of ‘whole’ system 
performance can be detected, named as an anomaly. 
However, the exact cause of the anomaly cannot be 
easily identified without knowing the exact mechanical 
and electrical equipment specifications and sub-
metering them (Ulickey, 2010).  

In academics, researchers have been dedicated to fault 
detection and diagnosis methods based on both top-
down and bottom up approaches. Abrupt hardware 
faults (stuck damper, leaking valve, and frozen sensor) 
are relatively easy to detect and identify. However, 
long-term performance degradation (fan, chiller, com-
pressor COP degradation, air filter clogging) is diffi-
cult to catch until a failure occurs. There are studies 
reported only for individual system performance deg-
radation detection. Rossi and Braun (1997) developed 
a technique that uses only temperature measurements 
to detect and diagnose five commonly occurring faults 
in rooftop air-conditioning systems. Sun et al. (2011) 
have presented Statistical Process Control (SPC) and 
Kalman Filtering method to detect chiller gradual ca-
pacity degradation based on fixed means and control 
limits given from system specifications. Meanwhile, 
although controls error account for 21% occurrence of 
faults (Breuker 2000), there is no automated way re-
ported so far to detect inefficient control sequences. 
For example, improper utilization of outdoor air, sim-
ultaneous heating and cooling are seldom addressed. 

HFM-FDD BASICS 
The whole system is based on a graph representation of 
the system under observation (SUO), in this case an 
HVAC system installed in a building with its environ-
ment. The graph is called a heat flow model (HFM) 
because it models basically the components of the 
SUO and the flows that are responsible for heating, 
cooling, and air quality. The HFM model has been 
introduced by Zimmermann et al. (2010). 

Software system implementation 
A basic advantage of this mapping of a real system into 
an HFM is that it allows for automatic translation of a 
BIM (building information model) of the SUO into the 
corresponding HFM to save engineering effort (Lu et 
al. 2010). The HFM is represented as an xml file that 

can also be created and edited manually if complete 
BIM representations are not available. 

The generation of the fault detection and diagnosis 
system from HFM is automated. All HFM nodes and 
node flow connections are represented by java classes. 
The node classes are  generic using parameters, result-
ing in a reasonably sized node and connection class 
library. Specialized nodes can be easily created by 
using java inheritance. A generator reads the HFM 
model and instantiates the HFM-FDD runtime system 
automatically, using this class library. 

Node classification and functionality 
All flow nodes can be classified in three ways: simple, 
combined, and complex nodes; gas, fluid, and control 
nodes; transformation, sensor, and distribution nodes. 

A few examples explain the classification: a duct with 
a temperature sensor is a simple air flow sensor node. 
A cooling coil is a combined air and water flow trans-
formation node with a controlled actuator. A reheat 
VAV is a complex node combining a simple air flow 
transformation node (damper), a simple air flow sensor 
node (air volume flow rate), and a combined air water 
node, the reheat coil. Simple air or water distribution 
nodes are duct or pipe branches and joins without sen-
sors or actuators. An AHU control node is a simple 
node that computes control signals for the dampers in 
the economizer and the chilled water valve in the cool-
ing coil. 

 
Figure 1 Sensor duct node 

A good node to explain the basic principle of FDD is 
the air temperature sensor duct node. Figure1 shows 
the structure. The node shows flow in- and outputs left 

FwdIn FwdOut

RevInRevOut

tol1

r1

r2

Rules

SensIn

fSim

SimOutSimIn

FaultIn

12
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and right, data inputs at the bottom and rules outputs at 
the top. The blue flow arcs connect the node with up- 
and downstream nodes. The arrows marked Fwd prop-
agate values downstream, the ones marked Rev up-
stream (against the air flow direction). Each arrow 
represents a vector of intervals. For air, vector compo-
nents are air dry bulb temperature, humidity ratio, mass 
flow rate, pressure intervals. Each interval represents 
the probable valid range of a variable. 

For a sensor, the range is defined by the sensor toler-
ance. For example, if a temperature sensor has a toler-
ance of 0.5°C and shows a value of 16°C, we assume 
as interval [15.5, 16.5]. In Figure 1, the sensor value 
from the SUO comes in real time from the Building 
Automation System (BAS)  or from a trend file trough 
port SensIn. The function tol1 applies the tolerance, a 
parameter in the xml HFM. The resulting interval is 
propagated as FwdOut and RevOut to the connected 
flow nodes. The interval is also propagated to the r1 
and r2 functions. 

r1 and r2 represent failure rule functions. They execute 
fault detection and evaluation. A fault is detected when 
the two intervals that enter a failure rule function do 
not overlap. This very simple and generic principle is 
illustrated by an example: Let us assume, upstream of 
this sensor is a cooling coil. Using a coil model and 
various inputs to the coil, the discharge temperature 
interval of the coil has been estimated as [11.3, 14.6]. 
If the sensor shows [15.5, 16.5], the intervals do not 
overlap and a fault has to assumed. As a measure of the 
severity or probability of the failure, a failure value is 
calculated as the distance between the intervals, 0.9 in 
this example. In the case of overlap, the value is zero. 

Failures and faults form an n:m relation. Each fault can 
cause several failures, represented by a failure vector. 
The vector resulting from fault detection is called de-
tection failure vector. Fault diagnosis is the task to find 
the fault that most probably caused the failure vector. 
For this purpose a set of possible failure vectors is 
provided, one for each fault from a given fault list. If 
this set is created by fault simulation, the created vec-
tors are called simulation failure vectors. Pattern 
matching is used to find the best match between the 
detected and a simulated failure vector from the set and 
thus finding the most probable fault. The quality of the 
match is expressed as score. 

Instead of a static set of simulated failure vectors, we 
create the set dynamically at every data time step to 
react to dynamic conditions such as outdoor weather, 
occupancy, and dynamic set-point changes.  Therefore, 
every node executes fault simulation steps based on a 
component model. In Figure 1 this part is colored 
green. As possible sensor faults positive or negative 
offsets are assumed and applied in function fSim. This 

offset does not change the simulated value, for exam-
ple the air temperature, which is just propagated from 
simIn to simOut in the temperature sensor example. By 
setting the switch in Figure 1 to position 2, the faulty 
sensor value is propagated to the detection part of the 
node, in this case to the rule functions. The rule func-
tions create the simulation failure vector components 
for the node, one for each fault of the fault list. All 
components are centrally collected and used for the 
matching process. See also (Zimmermann et al. 2011).  

Dynamic system behavior 
The system starts by reading the xml HFM file and 
creating  the runtime code. In the fault detection system 
mode a data sample is entered. The data are directed to 
the related flow nodes according to information in the 
xml HFM file. The nodes execute estimation, propaga-
tion, and rule evaluations. As shown in Figure 1 the 
node inputs are forward or reverse flow data as well as 
sample data. Deadlocks and order dependencies are 
avoided by data synchronization. 

When all data of a time step have been processed, the 
system mode switches to control simulation. This new 
feature has to be explained. Rules regarding flow val-
ues, such as temperatures or flow rates, depend on 
redundant sensors and physical estimation models, e.g. 
the temperature drop of a cooling coil and sensors at 
in-  and output. For control signals we use a different, 
simulation based approach. The HFM-FDD provides, 
as explained, a fault simulation capability. This re-
quires the simulation of the control system. If no fault 
is inserted, correct control signals are generated. 

One simplification made in this approach is the quasi-
steady-state-assumption. Changes occur so slowly in 
HVAC and building systems that no dynamic effects 
have to be modeled. This has the advantage that the 
problem of algebraic loops in the simulation can be 
iteratively solved. Loops exist in air and water flows, 
but also in the feedback control loops. By allowing the 
distributed simulation engine to break algebraic loops 
by inserting iteration delays, stable conditions can 
always be reached. Especially for the controllers, sim-
ple integral behavior with small factors to avoid oscil-
lations will always reach optimal steady states after 
sufficient iterations. It has been experimentally shown 
that 30 iterations have always been sufficient. 

Using this simple simulation approach, control values 
for all actuators are generated, using the design control 
strategy, and applied in failure rules to detect controller 
errors. During the control simulation system mode, as 
many real sensor and set-point data as possible are 
inserted into the simulation providing  they do not 
interfere with the process in the control loop. For ex-
ample, in the AHU, the real return air temperature and 
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the supply air temperature set-points are used to keep 
the simulation close to reality, the mixed air and the 
cooling coil output temperatures are simulated because 
they are in the feedback loop. 

Similar new optimization system modes are introduced 
to allow ongoing experiments with possible SUO im-
provements and resulting gains and costs. The same 
care has to be taken as in the control simulation mode 
to keep the system as close to reality as possible with-
out interfering with the optimization goal. Examples 
will be given in section Optimization results. 

The next system modes are alternately the fault simula-
tion and the evaluation modes. In each fault simulation 
mode, a single fault is inserted, in the evaluation mode, 
the simulated values are propagated to the rules to 
create the simulation failure vector and to calculate the 
score for this vector. This pair is executed for all faults 
in the fault list and ordered by rank in a final scoring 
system mode as explained above.  Experiments with 
different  scoring metrics are presented in 
(Schiendorfer et al. 2012).  

All system modes are extended beyond classical FDD 
by power and energy consumption calculation capabili-
ties to detect energy waste and optimization opportuni-
ties as shown in the following sections. 

Calibration and tolerances 
The HFM is based on simplified physical models. The 
extent of simplification depends on the provided 
knowledge about the SUO. In many real cases the 
documentation is incomplete, detailed physical model 
parameters are not provided, the system cut sheets to 
not comply with the constructed reality. Therefore, 
more precise simulation models are not applicable or 
would require unreasonable engineering efforts. For 
each system, model simplifications are chosen accord-
ing to the situation. The situation is complicated by 
insufficient instrumentation and especially the lack of 
predictable knowledge about user behavior.  Therefore, 
FDD with CCx is possible and useful, but the results 
have to be interpreted with the necessary caution. 

If enough reliable trend data exist, models and parame-
ters can be refined using data analysis methods. Exam-
ples are provided below. 

APPLICATION EXAMPLE 
The application used to test the system is a new build-
ing extension in Berkeley, CA, with 10,000 m2 gross 
floor area  (GFA) on 7 levels and 157 zones that are 
air-conditioned by 2 AHUs. Each zone has an individ-
ually controlled reheat VAV. About 70% of the GFA is 
net internal area (NIA), mainly for offices. The AHUs 

share a chiller and all reheat VAVs share a hot water 
supply. 

To demonstrate the practicality of the HFM-FDD ex-
tensions with real data, 3 of the 157 zones have been 
modeled together with the 2 AHUs and the 2 water 
supplies. This is the SUO for the experiments. 

Instrumentation  
Each AHU is equipped with return, mixed, and supply 
air temperature sensors, a return air humidity sensor, 
return and supply air volume flow rate sensors, return 
and supply fan power meters, and several pressure 
sensors. Each VAV is supplied with an air flow rate 
sensor, and each space with an air temperature sensor. 
The water supplies have supply and return water tem-
perature and pressure difference sensors. Outdoor air 
temperature is monitored, but not the humidity.  

Trend data 
Continuous commissioning starts with or shortly after 
the initial commissioning. Therefore, it cannot be ex-
pected to have long-term trend data. In the actual case, 
we use 2 files with  5 days each of trend data starting 
10/13/2011 and 1/11/2012. Both data sources have a 
sample time of 1 minute and cover 105 data points. 
Since the data do not include outdoor relative humidity 
measurements, they have been augmented by data from 
a Berkeley weather station. 

In order to be able to calculate full year results, such as 
cooling energy, cost of unrepaired faults, or gains from 
more efficient components or control sequences, an 
artificial full year data file has been created. The file 
covers 1 day for each month with 10 samples per hour. 
To simulate typical site environmental data, outdoor 
temperature distributions have been calculated for each 
month of the year using the Berkeley weather data 
from 2010 and 2011. 

Using the month frequency in each bin for 1°F inter-
vals, a corresponding number of trend data samples 
with outdoor air temperatures in the bin range have 
been selected in randomized order together with corre-
sponding humidity data. Results of this full year data 
file will be shown. 

POWER RELATED NODES 
The HFM of the SUO contains 58 nodes. Of these 
nodes, only a few types are directly connected with 
energy consumption: the economizers, cooling coils, 
and fans of the AHUs, the reheat VAVs and spaces of 
the zones, and the chilled and hot water supplies. 

The economizer is performing the simple task of mix-
ing  return air with outdoor air. For this purpose it has 
basically 3 air dampers: DE the exhaust, DB the by-

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

465



pass, and DO the outdoor air damper. To guarantee 
sufficient fresh air, the SUO has a second outdoor air 
damper DOmin  in parallel to DO that is set to a fixed 
position. The dampers are controlled with the goal to 
create a mixed air stream that minimizes the mechani-
cal cooling and heating power requirements. The SUO 
uses a strategy called Common High-limit Dry-Bulb 
Temperature-Based Economizer Logic. 

Simple air mixed temperature models assume that the 
air flow rates Qba through DB and Qoa through DO 
are   (1) (1 )   (2) 
With udv the damper control value and Qsa the supply 
fan flow rate, resulting in the mixed air temperature 
Tma in relation to the return air temperature Tra and 
the outdoor air temperature Toa:   (3) 
Equations 1 and 2 assume linear damper to flow ratios 
and balanced pressure differences over the dampers. In 
the case of the SUO this is not the case. The supply fan 
flow rate Qsf is much larger than the return fan flow 
rate Qrf  so that balanced pressures cannot be assumed. 

A new flow model has been derived using electrical 
equivalences: current for flow rate, voltage for pres-
sure, and electrical resistance for damper air flow re-
sistance. Figure 2 shows the model. 

 
Figure 2 Electrical model of economizer 

Using Kirchhoff’s laws all currents can be calculated 
knowing the flows of the return and the supply fan and 
the relative values of the resistors. The resistors are 
assumed to be  1/   (4) 

1/(1 )      (5) 
The model corresponds well with measured trend val-
ues and provides, after another transformation, air mass 
flow rates mxa in all branches. Under the assumption 
that the air cannot flow backwards through the exhaust 
damper and based on the return and outdoor air tem-
peratures, the mixed air temperature is: ( )   (6) 
The model can also be used to calculate the fraction 
foa of outdoor air in the supply air flow:         (7) 
This fraction is important to calculate the minimum air 
flow in occupied spaces to guarantee air quality ac-
cording to (AHSRAE 62.1).  The minimum flow is 
limiting the energy savings of the AHU fans if less 
flow is required for heating or cooling. 

Equation 6 is not exact if the return and outdoor air 
flows have different humidity ratios Hrra and Hroa. If 
these are known, specific enthalpies hx are calculated 
and replace the dry bulb temperatures: ( )   (8) 
From hma, Tma and Hrm are calculated and passed to 
the connected nodes. 

 
Figure 3 Transformation node with power calculation 

The node classification of the economizer is a simple 
air transformation node as shown in Figure 3. The 
power out exits do not apply because, although the 
economizer has large influence on the power consump-
tion, it does not consume power itself. 
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The estimation function est1 and est2 transform the 
input flow intervals as a function of the control input 
CtrlIn into output intervals, e.g.  Tma using Equations 
4, 5, and 6 in the forward flow direction or Equation 8 
instead of 6. The equations are extended to calculate 
intervals  taking input intervals, damper nonlinearities, 
parameter tolerances and other uncertainties into ac-
count.  

In the control simulation mode, the function fSim trans-
forms average SimIn or measured values into SimOut 
values as a function of SimCtrl values to close the 
controller feedback loop. Not shown in Figure 3 is a 
rule that compares CtrlIn with SimCtrl to detect con-
troller faults. 

In the fault simulation mode, faults FaultIn are intro-
duced into fSim and SimCtrl replacing CtrlIn. Typical 
economizer faults are stuck or leaking dampers.  

The cooling coil is a combined air and water transfor-
mation node.  The basic physical model is Equation 9: ( ) (9) 
Tca is the discharge air temperature, ccf a factor that is 
deducted from trend data, ucc the control value,  Tchws 
the chilled water supply temperature and pchw the 
water supply differential pressure. 

For the cooling power calculation, dehumidification 
has to be taken into account when  Tca is below the 
dew point for Hrma. In the case of a wet coil, the hu-
midity ratio Hrca is calculated assuming a relative 
humidity rHca=100%. The heat flow removal power 
Pcc of the coil is: ( ) (10) 
masf is the mass flow rate of the supply fan, hma and 
hca are the specific enthalpies of the incoming and 
outgoing air flows. The enthalpies are calculated from 
the air temperatures and humidity ratios using standard 
equations. Pcc is not the primary power needed for 
cooling. In the case of a compressor chiller with cool-
ing towers the electric power for the compressor can be 
a factor of 5 lower (COP=5 at optimal load conditions), 
but the power for the pumps and blowers has to be 
added. A detailed chilled water supply model is under 
development and will be added.  

The supply fan is a pressure controlled variable fre-
quency drive (VFD) fan wall with 9 fans with a maxi-
mum electric power consumption of 64 kW. The elec-
tric power consumption Psf is measured and recorded 
as a data point. For simulation purposes an exponential 
function has been derived from trend data by curve 
fitting for constant pressure. This is a good example for 
applying simple calibration methods. 

The reheat VAV is equipped with a flow sensor, but 
no discharge air temperature sensor. This lack of a 
temperature sensor makes it difficult to calculate the 
reheat power. With the simulation model of the VAV 
TdaSim is calculated for heating power estimates 

Space: Very little is known about the zones of the 
SUO. Floor plans show the 7 floors and the usages of 
the  rooms. Tables show the assignment of rooms to  
zones with VAVs. In the HFM, spaces and zones are 
related 1:1. The floor plans allow the calculation of 
floor area and outdoor wall length. No information 
about sun shading, wall or window materials are sup-
plied. Also, no occupation schedules are defined. 
Strongly varying occupancies have to be expected at 
all times. Together with unknown solar radiation loads, 
the model assumes a large heat load interval.  

RESULTS 
In addition to fault detection, the extended HFM-FDD 
system can be used in two ways to evaluate the power 
consumption of the SUO: 

• Full year energy consumption  data for indi-
vidual components and total cost based on a 
full year artificial measured data file  

• Short term power data using the current or re-
cent samples.  

In both cases the results of measured data are com-
pared with simulated data, the latter either without an 
assumed fault to get optimal design performance or 
with an assumed fault to analyze fault consequences. In 
addition, the model parameters, functions, or node 
types can be modified to test the effect of possible 
optimizations. 

Short term power data are useful for continuous obser-
vations for CCx, whereas full year data are mainly 
useful for optimization proposals. Short term power 
data together with model changes can also be used for 
dynamic situation dependent optimizations, e.g. weath-
er dependent set-point changes. 

Table 1 Full year heat flow energies in MWh  

case Ecc A Ecc B Esf A Esf B Erh Etot 

Real 928 280 118 132 69 561 

Sim1 103 103 48 48 32 169 

Sim2 197 197 106 106 0.27 291 

Sim3 292 292 241 241 0.77 600 

Sim4 133 133 172 172 0.79 398 

Sim5 295 295 78 78 0.96 275 
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The full year results are collected in Table 1 and will 
be interpreted in the following paragraphs. All data are 
extrapolations of using the 12 day artificial data file to 
365 days. It has to be observed that column Etot is not 
the sum of the heat flow energies, but the cooling coil 
data have been divided by an assumed COP=5 of the 
chiller to represent electrical energy consumption.   

The full year heat flow energies Ecc A and B of the 
cooling coils with measured data are shown as case 
Real. Although both AHUs  are identical, cooling coil 
A consumes 3 times as much energy as coil B.  

 
Figure 4 Enthalpy based monthly cooling energies of 
AHU A and B, measured (Real) vs. simulated (Sim2) 

 
Figure 5 3-day AHU A enthalpies:   measured: Pcc, 
simulated:  PccSim, 20% leaking valve: PccFault81 

Figure 4 clearly shows that AHU A excessively cools 
even in winter months. Fault analysis shows that the 
cooling coil valve is leaking at all times. This is con-
firmed by the short term fault simulation result in Fig-
ure 5 that shows a good correlation between the meas-
ured values Pcc and the fault simulation PccFault81. 
The  correct simulated values PccSim show a behavior 
as expected: Cooling only during daytime. From the 
Real data in Table 1, it can be assumed that AHU B 
works correctly. 

The two supply fans SF A and B are very large power 
consumers. The necessary air flow rates of all connect-

ed VAVs together determine fan powers. The minimal 
VAV air flow rates are set by fixed lower limits to 
guarantee air quality requirements. The actual electri-
cal  energy consumption is considerably higher than 
the electrical energy for cooling if compared to AHU B 
and  considering a COP=5  of the chiller.  

The total energy for all reheat coils Erh cannot be 
directly measured without discharge air temperature 
sensors in the VAVs. The shown values are based on 
estimated Tda values. Also, the values are extrapolated 
from 3 to 157. So these data can only be used for rela-
tive comparisons in this prototype experiment. 

Because of the uncertainty of the heat load conditions 
of the spaces, the cases Sim1 to Sim3 show simulation 
results with minimum, average, and maximum space 
load assumptions. It can be seen that in the case of 
Sim2 and Sim3 no reheating is necessary, Sim1 shows 
that reheat power is necessary, but all energy consum-
ers use less energy than in the real case. This result can 
be interpreted as an indication that in the real system 
there is much room for repairing not only AHU A but 
also improving the VAV control strategies and to re-
quire the users to turn off as much electrical load as 
possible during unoccupied times. The three simula-
tions also clearly show that the total energy consump-
tion reacts very sensitively to a change in one compo-
nent, in this case the heat load of the spaces. Without 
simulation this behavior would be very difficult to 
predict.  

 
Figure 6 Outdoor air fraction of mixed air of AHU-A 

Looking at the outdoor air fraction of the mixed air 
flow for a day in January 2011, a failure of the econo-
mizer of AHU-A becomes obvious. Figure 6 shows 
that during morning hours the mixed air temperature 
Tma goes much below the supply air set-point of 
13.3°C and in the late afternoon stays above the set-
point although the outdoor air temperature goes down. 
This may mean extra VAV reheat power in the morn-
ing, but in any case extra cooling power in the after-
noon and evening. The simulation TmaSim shows the 
optimal behavior. 
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This failure has a second implication: the outdoor air 
fraction is lower than necessary, meaning possibly 
higher VAV air flow rates and therefore higher supply 
fan power consumption. The simulation result 
mOaFrSim demonstrates the high optimization possi-
bility for reducing the airflow into the spaces. The real 
amount can be principally computed by the system, 
currently this is very imprecise because the VAVs have 
no discharge temperature sensor. Estimation is done 
but based on imprecise space load data. 

Another economizer optimization strategy is the  use of 
enthalpy based switchover points between fully open 
and fully closed  outdoor air damper. Taylor and 
Cheng (2010) have shown that this strategy results  in 
unsatisfying operation if sensor tolerances are high. 
Our data show for example in Figure 6 that this is the 
case. Tma and Toa should overlap precisely from 0 to 
12 because the outdoor air damper is fully open. There-
fore, this optimization option has not been implement-
ed.   

A more promising optimization is based on set-points. 
A HVAC system uses many fixed set-points, e.g. for 
supply water and air temperatures, space temperatures, 
water supply differential pressures and fan air pres-
sures. All set-points   have influence on the total power 
consumption, either on pump and fan power consump-
tion, on chiller and boiler COP or on cooling and heat-
ing coil heat flows. Table 1 shows a simple experiment 
with the same load as Sim2, but the supply air set point 
increased by 2°C (Sim4) and decreased by 2°C (Sim5). 
Because of resulting changes in supply air flow rates, 
decreasing the set-point requires less total energy. 
Cascia (2000) has developed an analytical method to 
calculate the chilled and hot water supply and the air 
supply near-optimal set-points based on measured data 
for installed compressor  chillers and the existence of 
more  sensors in the AHUs. Since we do not have this 
information and these sensors are not installed, we 
cannot show results of this strategy currently. 

CONCLUSION 
It has been shown that the extension of the HFM-FDD 
system yields important power and energy consump-
tion data for continuous commissioning® (CCx). The 
data can be short term data for comparing the current 
real consumption with a simulation of adapted models 
with optimal behavior, data for the near history, or full 
year estimations using an artificial data file. For the 
cost analysis of detected faults, results can be obtained 
inserting these faults into the simulation. In special 
system modes, experiments with optimization strate-
gies or improved components can be performed using 
the simulation instead of the real system. We believe 
that this extension can greatly simply and improve the 

HVAC system maintenance with the goal to guarantee 
optimal performance.  
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ABSTRACT 

An integrated statistical method for computing energy 
performance metrics of buildings and visualizing the 
energy performance through spatial analysis is 
described.  This technique combines the hierarchical 
multivariate regression models and the Variable Base 
Degree Day (VBDD) model  to compute the overall 
energy performance indicator, and the energy 
performance indices of base load, heating load and 
cooling load for each building in a portfolio.  Then the 
various energy performance metrics in the portfolio are 
selectively visualized on the associated Geographical 
Information System (GIS) based heat map.  The 
method provides useful information for accurately 
assessing energy performance, benchmarking and 
identifying energy performance improvement 
opportunities in a large portfolio of buildings. The 
method has been successfully applied and deployed for 
K-12 school buildings in New York City. 

INTRODUCTION 
In the United States, 40% of the nation’s total energy 
consumption occurs in commercial and residential 
buildings (U.S. Dept of Energy, 2006).  The buildings 
also contribute to 45% of the country’s greenhouse gas 
(GHG) emissions, which are linked directly to global 
climate change (EPA ESPM Greenhouse Gas Inventory 
2009).  Global warming, caused by gradually 
increasing concentrations of GHG in the atmosphere, is 
one of the most significant crises that human beings 
face today.  Already, it affects our lives, for even small 
changes in the Earth’s average temperature can increase 
the occurrences of severe weather conditions such as 
storms, floods and droughts, stimulate drastic climatic 
changes in all ecosystems, and initiate adverse impact 
on the health and lives of humans and other species.  
The majority of greenhouse gases are emitted when 
fossil fuels are burned to produce heat and electricity.  
The majority of the world’s population either lives or 
works in a building; therefore, everybody has a 
responsibility and a role to play in reducing energy 

consumption, controlling GHG emissions, and 
confronting climate changes and its potential impacts.  
End-use energy efficiency can contribute to more than 
50% of total global energy conservation (World Energy 
Outlook 2009).   

Saving energy, improving energy efficiency and 
reducing greenhouse gas (GHG) emissions are key 
initiatives in many cities and municipalities and for 
building owners and operators. For example, New York 
City (NYC)'s government spends over $1 billion a year 
on energy on their approximately 4,000 buildings (e.g. 
public schools, prisons, court houses, administrative 
buildings, waste water treatment plants, etc.), and is 
committed to reducing the City government's energy 
consumption and CO2 emissions by 30% by 2030 from 
the 2005 level through an initiative called PlaNYC 
(PlaNYC 2007).  NYC plans to invest, each year, an 
amount equal to 10% of its energy expenses in energy-
saving measures over the next 10 years.  The largest 
segment of NYC government buildings are the 1,200 
K-12 public schools serving 1.1 million students and 
covering about 150 million square feet.  The NYC 
public school system is one of the largest public school 
systems in the world.  The NYC Department of 
Education is interested in understanding how energy 
efficient their buildings are, what factors contribute to 
inefficiencies, what are the opportunities for 
improvements given budget constraints, and how much 
they can contribute to saving energy and reducing GHG 
emissions toward NYC’s PlaNYC initiative.  
Developed along the initiatives is the IBM Building 
Energy and Emission analytics (i-BEETM) Toolset (Lee 
et al. 2011), a new analytical tool which assesses, 
benchmarks, diagnoses, tracks, forecasts, simulates and 
optimizes energy consumption in building portfolios. 
Our focus in this paper is to introduce the 
computational method of energy performance metrics 
of buildings, along with the visualization and spatial 
analysis capability. 

We develop a multi-step statistical analysis procedure, 
which combines the hierarchical multivariate regression 
models and the Variable Base Degree Day (VBDD) 
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regression model (Kissock et al., 2003) to compute 
energy performance indices. The energy performance 
indices are further visualized through a GIS based heat 
map, which provides valuable insights for 
benchmarking and identifying buildings that have 
energy saving opportunities for large portfolios of 
buildings.  In this approach, we first build a 
multivariate regression model which correlates the 
overall energy consumption with building 
characteristics. The energy related building 
characteristics are identified through the stepwise 
variable selection technique. The results are valuable in 
providing building energy performance scores for each 
building in the whole portfolio.  Next, in order to 
accommodate building heterogeneity, we build VBDD 
regression models separately for each building. These 
models are used to separate the base load energy 
consumption from the weather dependent usage such as 
heating load and cooling load. The base load, being 
separated by the statistical model, typically includes 
energy consumption related to lighting, which is one of 
the largest source of consumption in commercial 
building. Other typical base load usage includes hot 
water, cooking and other plug loads such as appliances 
and computers. The results in this step consist of 
estimating the balance temperature, base load 
consumption, as well as calculating coefficients for 
HDD (Heating Degree Day) and CDD (Cooling Degree 
Day) for all buildings.  Finally, by generating 
multivariate regression models of the resultant 
coefficients from the VBDD model, we further 
breakdown the total energy use of each building into 
energy load types (e.g., heating, cooling and base load), 
leading to the respective performance scores for 
heating, cooling and base load energy consumption. 

 The proposed technique provides an integrated 
statistical analysis for building energy performance 
metrics calculation and visualization for building 
portfolios. The overall energy performance index for 
each building with respect to other buildings in the 
portfolio is displayed using the probability distribution 
curve, and can be compared with other peer buildings 
in the portfolio.  The energy performance indices for 
each energy load type (e.g., heating, cooling and base 
load) are also displayed using the corresponding 
probability distribution curves.  The energy 
performance indices are also visualized on the GIS 
based heat maps, where the varying shades of color 
represent the relative ranking of the performance 
indices.  This GIS heat map capability allows building 
managers to geographically characteristize the energy 
performance of buildings in a portfolio, and screen out 
potential buildings that may be good candidates for 
energy improvement projects such as retrofits. In the 

remainder of this paper, we will first describe the 
statistical approach, followed by the visualization 
techniques for K-12 school buildings in the NYC. 

STATISTICAL MODELING 
We develop a multi-step statistical analysis procedure, 
which combines the multivariate regression models in 
multiple hierarchy and the VBDD regression model to 
assess energy use and identify energy efficiency 
improvement opportunities for large portfolios of 
buildings.   

In the first step, we build a regression model which 
correlates the energy consumption with building 
characteristics. The energy related building 
characteristics are then identified through the stepwise 
variable selection technique. The results are valuable in 
providing building energy performance scores for the 
whole portfolio. Additionally, the energy consumption 
of buildings with similar characteristics can be 
predicted. For large building portfolios like the NYC 
K-12 public school system, the amount of data is 
usually huge. With the energy data being collected 
cumulatively over time for each building, the capability 
to quickly access the energy performance for the whole 
portfolio is very important for successful energy 
management. The U.S. Environmental Protection 
Agency (EPA) Energy Star Performance Rating (EPA 
2009) provides a valuable management tool to assess 
the building energy efficiency, relative to similar 
buildings and climate zones nationwide. In addition to 
the nationwide comparison, the assessment of the 
energy efficiency of a building, relative to its peer 
buildings within the portfolio, which provides local and 
more detailed information, is also of great value for the 
building managers. This calls for the development of a 
local performance indicator, solely based on the data 
within the portfolio. In this section, we describe the 
development of multi-step, multivariate regression 
models, which lead to a building performance indicator 
for local portfolio assessment. 

We first describe the general method utilized to derive 
the building performance indicator. Let  be the 
quantity of our interest (in this case energy 
consumption of a building), typically referred to as the 
response variable, and  be the 

iy

ipi xx ,,1 K p  predictor 

variables. The multivariate regression model then takes 
the form  

,= 2211 ipipiii xxxy εβββ ++++ K     (1) 

 where pββ K,1  are the regression coefficients and iε  

is the error term. As in EPA (2009), we utilize the 
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multivariate regression model in Equation 1 to 
normalize the response variable according to the 
predictor variables.  In the building portfolio context, 
the predictor variables consist of the building 
characteristics and operational activities, for example, 
gross floor area (GFA), number of windows, number of 
computers, and number of operating hours, and so on.  
Some of the predictors are not directly energy related; 
therefore, are not statistically significant.  We thus 
perform a stepwise variable selection procedure, which 
removes the redundant variables from the model. 

The multivariate regression model in Equation 1 also 
serves as a reference to the energy use for the general 
population in the building portfolio. As a result, while 
fitting the model, we remove data that cannot represent 
the general population (e.g., outliers). In practice, a data 
point is identified as an outlier and therefore is removed 
from the subsequent analysis if its absolute value of the 
standardized residual is larger than 2. After removing 
the outliers, we fit the model again and use the resultant 
estimates for further analysis. 

The expected value of the response variable, for a 
specific building with given characteristics, can be 
immediately calculated as  

 

      (2) 

.ˆˆˆ=),,|(=ˆ 22111 pipiiipiii xxxxxyEy βββ +++ KK

  The standardized residual, , can be then calculated 
as  

iẑ

,
ˆ

ˆ
=ˆ

σ
ii

i
yyz −

 

 where σ̂  is the standard error. We note that for a 
portfolio with many buildings, the  approximately 

follows the standard normal distribution. Matching  
to the standard normal curve, we can calculate the 
probability that buildings with the same characteristics 
consume more energy than building  as  

iẑ

iz

i

,)ˆ(1=)ˆ>( ii zzZP Φ−  

 where Z  is the standard normal random variable and 
 is the cumulative distribution function for the 

standard normal distribution. We further define the 
performance indicator for building  as  

)(⋅Φ

i

.)ˆ(100100=)ˆ>(100= iii zzZPPI Φ−×          (3) 

The resulting performance indicator is a number 
between 0  and 100 , with larger values indicating 
better energy efficiency. In addition, the interpretation 
of the performance indicator is very intuitive. By 
definition, the performance indicator is the percentage 
of similar buildings that consume more energy than 
building i  in the portfolio.  The performance indicator 
is graphically displayed to users using the probability 
distribution curve according to Equation 3 as shown in 
Figure 1.  For instance, the building of interest has the 
performance indicator of 56, implying that the relative 
performance of this building is about in the middle 
among other buildings in the portfolio. The 
performance indicator can also be  compared with peer 
buildings in the portfolio using selection drop down 
menus as shown the bottom half in Figure 1.  In this 
example, the user compares the energy performance 
scores by picking the top 10 performance peer 
buildings that are built between 1900 and 1960, have 

ver 100,000 square feet of GFA, are high schools, and 
ocated in a specified NYC borough. 

 
 

odel, the 
total monthly energy usage data for building , in 
period t is denoted , and is modeled as: 

i +                         

o
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Figure 1 Overall Performance Indicator 
 

In the second step, to accommodate building 
heterogeneity, we build the VBDD regression models 
separately for each building.  For the VBDD m
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where ib  is the base load usage, ic  is the cooling 

coefficient, ih  is the heating coefficient, and it

t

ε  are 
the error terms reflecting the month-to-m s 
that t be explained by base load, heating or 
cooling usage. We further restrict that 0>ib , 0>ic  
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c
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and .  The heating degree day (HDD) and the 
cool  (CDD) for buil  in month 
are defined as  

)( +− b
iitd TD  

for lding

day o

her 

he VBDD model, from which the 
performance scores can be derived for base l
consuption and energy consumption for 
cooling.  The multivariate regression mod l in the level 
takes the form  

,
1 221

= εβββ ++++ K                   
c x1 ββ +

2

 i.e., th se

0>ih
ing degree day ding i t  

, and  )(=)( )(

1=
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d

b
it TTCD

Here, itdT  is the outdoor temperature  i  on 

nth t , },{1, ni K∈ , },{1, mt K∈ , 

},{1, tdd K∈ , and )(b
iT  is the balance-point 

temperature for building i.  )( )(b
it THDD  and 

)( )(b
it TCDD  are the cumulative heating and cooling 

energy usage for month t  when the balance point 
temperature is )(b

iT .  These models are used to separate 
the base lo

bui

d  of m

ad energy consumption from the weat
dependent usage. The results in this step consist of the 
base temperature estimates, base load estimates, as well 
as the estimated coefficients for HDD and CDD for all 
buildings.  

In the third step, we further conduct root cause analysis 
by building the multivariate regression models for the 
results from t

oad energy 
heating and 

e
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hhhhh
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where ib , ic , ih are the base load usage, cooling 
coefficient, heating coefficient, e respon  
variables, and it

c

i

ε  are the error terms reflecting the 
month-to-month variations that can not be explained by 
base, heating or cooling usage.  ipi xx ,,1 K  are the p  

predictor variables, and pββ K,1  are the regression 

coefficients. 

The performance indicators for base load, heating load 
and cooling load are calculated using Equation 1 and 3 
as shown earlier.  The performance scores are also 
displayed graphically using cumulative distribution 

curve defined in Equation 3 as shown in Figure 2 
below.  In this example, a building in the portfolio has 

irly good performance indicator for heating (i.e., 73), 
ut medium performances for cooling (performance 
ore 43) and base load (performance score 50), 
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Figure 2 Performance Indicators for Base Load, 
Heating Load and Cooling Load 
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Figure 3 Integrated Statistical Approaches 
 

VISUALIZATION OF ENERGY 
PERFORMANCE 
The computed energy performance indicators explained 
in the earlier section are visualized graphically in a 
portfolio level so that building managers, operators and 
other related personnel can easily see the performance 
of buildings in a portfolio and their geographical 
distribution, select a subset of the buildings and make 
appropriate decisions.  As shown in Figure 4, energy 
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performance is displayed using a Graphical Information 
System (GIS) based heat map. 

Each building in a portfolio is represented by a circle in 
a geographical map.  The size of a circle typically 
represents the GFA (gross floor area) of the building.  
However, it can represent other characteristics of 
buildings if needed.  The color of a circle represents the 
relative performance of a certain energy usage of a 
building.  In Figure 4, we use the colors to represent the 
overall energy performance indicator (Equation 3) for 
all the energy types together (including electricity, 
natural gas, steam and fuel oil).  The green color 
indicates the high performance indicators, the yellow 
color indicates the medium performance, the red color 
represent low performance, and color gradients 
between red, yellow and green represent performance 
scores between them (see Figure 5 for color scheme).  

e call this visualization a “heat map”. Other 
performance indicators such as the ones for different 
energy type, load type, energy intensity (site and 
source) and even greenhouse gas emission can be 
represented by various colors at user’s command. 

 

W

 
Figure 4 Performance Indicators (Overall 

Performance) 
 

The heat map can be generated for a s

 
Figure 5 Heat Map Setting and Filtering 

 

Figure 6 shows building energy performance heat map 
for electricity consumption while Figure 4 is for all 
types of energy together.  There seems to be significant 
energy performance difference between overall energy, 
i.e.,electricity, steam, natural gas and fuel oil (Figure 4)  
and that of electricity only (Figure 6).  Energy 
performance indicators for usage levels i.e., for base 
load, heating load and cooling load can also be 
displayed in the heat map. 

In addition to energy performance indicators calculated 
by the multi-level statistical modeling described earlier, 
simpler and more common energy performance 
indicators such as energy intensity, which is energy use 
per unit GFA, can also be displayed for site energy 
consumption (site energy intensity) and source energy 
consumption (source energy intensity).  Energy use per 
tenant can also be displayed.  Figure 7 shows a heat 
map for site energy intensity.  It is interesting to see 
that the heat map for overall energy performance 
indicators (Figure 4) looks quite different from the 
simple energy intensity heat map (Figure 7). 

 

ubset of buildings 
in the portfolio.  For instance, buildings built in certain 
time periods, within a certain size, and in a certain 
performance range can be selectively filtered using the 
graphical user interface shown in Figure 5 and 
displayed in the GIS based heat map. 
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Figure 6 Performance Indicators (Electricity 
Performance) 

 
Figure 7 Performance Indicators (Site Energy 

Intensity) 
The GIS based heat map visualization tool can also 
allow users to identify a set of buildings in a portfolio 
that are candidates for energy efficiency improvement 
actions such as retrofits.  The heat map in Figure 8 
shows a sample set of buildings that have poor energy 
performance indicators, thus are good candidates for 
consideration in energy efficiency improvement 
programs. 

 

 

 

 

 

 

 

 

 
Figure 8 Heat Map Filtering Tool 

 

CONCLUSION 
This paper described a multi-step statistical procedure 
for computing energy performance indicators and 
visualizing the energy performance in statistical graphs 
and GIS based heat map for a large portfolio of 
buildings.  The tool was deployed for the K-12 public 
school buildings in the New York City.  The tool is 

being used for NYC building operator certification 
(BOC) training classes (Bobker et al. 2011) and has 
received very positve feedback from both the 
instructors and the students.  We plan to expand the use 
of the tool to more public school systems in the U.S. 
and other public building portfolios.  
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ABSTRACT 

This paper examines how the operational performance 
of ten buildings in Iowa compares to design projections 
after at least one year of operation. The design models 
were created as part of the Alliant Energy Commercial 
New Construction program and were used to help 
building owners and design teams understand the 
potential energy savings of a wide range of 
technologies. Utility bills, owner surveys, and field 
observations were used to update the models to 
understand the actual energy use in these buildings and 
the savings realized from the energy efficiency 
investments. 

This study describes the value of updating model 
projections for these ten buildings by connecting 
operational changes with actual building energy use 
through the use of energy models. The report discusses 
the importance of adjusting the baseline used in the 
comparative analysis evaluation of energy conservation 
measures. Operational parameters are a key component 
of building energy use but not governed by energy 
codes and often change from assumptions made during 
building design, construction and even the early 
operation period. 

INTRODUCTION 
This report provides a study of owner decisions made in 
building operations and their effect on projected 
savings from energy conservation investments made 
during design, through participation in Alliant Energy’s 
Commercial New Construction (CNC) program.  
Alliant Energy is an investor owned utility company 
offering this program to their customers.  They use an 
independent third party program consultant for this 
work in the state of Iowa. 

The CNC program provides Energy Design Assistance 
to owners and design teams to evaluate alternative 
energy efficiency strategies for new and renovated 
building projects during design. Owners and design 
teams select a set of energy efficiency strategies at the 
beginning of the Construction Documents phase, and 

the program consultant verifies inclusion of the selected 
strategies after construction. In response to the installed 
energy efficiency potential, Alliant Energy offers an 
incentive for the implementation of these strategies to 
help their customers reduce energy use.  

CNC program participation concludes with the payment 
of an incentive and tracking of projected savings based 
on the design-stage operational attributes. Of course, 
the building owner retains ongoing operational 
decisions. As a result, energy consumption and actual 
savings can migrate from the estimates due to actual 
occupancy, operations and weather conditions.  

Alliant Energy directed  an additional study to quantify 
how a building transitions from the “dream time” of 
design to the “real time” of actual operation.  In order to 
develop this comparison, additional energy model 
simulations were developed, tuned for actual operation 
findings, then compared to the design energy models. 
The additional study did not affect the incentives 
originally provided to the owner nor did it result in any 
additional incentives to the owners. 

DEFINITIONS 
This section defines energy model simulations as they 
relate to this study. Some energy models were 
developed during design, while others were created 
based on operational findings.  All have been compared 
to the actual metered use.  These simulations provide 
consistent reference points for building design and 
operation as they relate to a baseline minimum 
standard. The following terms will be used throughout 
the remainder of this paper.  

M1– CNC Baseline 

The original baseline model developed for the CNC 
program uses a standard typical meteorological year 
(TMY2) weather file. This model follows the Iowa 
State Energy Code in place at the time of design: 
ASHRAE 90.1-1989 for this set of buildings. The 
model is operated according to criteria in the code and 
discretionary parameters not governed by the code. 
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M2– CNC Selected Bundle 

Contains the set of energy efficiency strategies selected 
by the Design Team and Owner and uses a standard 
TMY2 weather file.  This model has the same operating 
and code parameters as M1.  This definition is provided 
for context but this model is not used in this paper. 

M3– CNC As-verified 

The as-verified model adjusts for physical design 
changes (implemented energy efficiency measures), but 
otherwise uses the same operating and code parameters 
as M1 and uses a standard TMY2 weather file. The 
difference between the M1 and M3 models is the 
projected savings calculated during the project’s design 
phase. 

M4– Adjusted Baseline Model 

The adjusted baseline model is the M1 model updated 
with operational information from the survey and site 
visit, using actual weather from the meter period. This 
M4 model uses the Iowa State Energy Code in place at 
the time of design, ASHRAE 90.1-1989, and then is 
adjusted for the operational parameters and building 
characteristics found during the operational 
walkthrough.  

M5– As-operated Model 

This model reflects the actual building as it is operating 
today, given the depth of the operational survey and 
walkthrough. The model has the same operating 
parameters and weather as M4, but includes the 
implemented efficiency measures. The difference 
between the M4 and M5 models is the updated 
projected savings from the CNC studied measures. 

Meter 

Meter represents the actual utility bill for the building. 
This reflects the first year of operation and is 
represented by the M5 model. 

ENERGY DESIGN ASSISTANCE 
MODELS 
This section provides some background information 
on the energy models used for the CNC program.  The 
program energy models are developed during early 
stages of design, in order to be timely during 
decision-making periods. These early models include 
the owner and project team’s best estimates for how a 
building that has not yet been built will be used.  They 
also often include default information on certain 
building characteristics such as outside air and supply 
air quantities. The State Energy Code is used to 
develop other baseline information. This is necessary to 
allow for a common starting point for all projects and 
also to allow the models to be developed at a time when 
they can be used to influence the design. 

Alliant Energy wanted to study 10 CNC program 
buildings in detail that were now in operation for at 
least 1 year to understand potential operation effects on 
performance.   

 

Figure 1, portrays the variables for the energy models in 
terms of three areas: physical design parameters; 
operational parameters; and weather parameters. Each 
set of variables contains preferences or requirements 
that are either known, discovered during operation or 
are assumed. Moreover, each of these three sets of 
variables interact with each other.  The initial models 
developed during design use TMY2 weather files and 
the owners’ best assumptions for operations. The 
operational parameters are held constant between the 
baseline (M1) and as-verified bundle models (M3).  
The physical design is studied in great detail and the 
M3 model reflects the physical (as-built) design of the 
building at the time of construction completion. 

Ten buildings were selected for this study. These 
buildings were a mix of office, school, retail, dormitory 
and hotel buildings. The study started by weather-
correcting the M3 models and comparing this to the 
meter. This was done to help Alliant Energy understand 
which buildings might be showing a large difference in 
actual energy use compared to the expectation set by 
the models and which projects were showing relatively 
minor differences.   

Differences were to be expected, given the effect of the 
“operations sphere” of decision-making by each 
building’s owner.  Following this initial comparison, a 
more detailed study was done, and the M4 and M5 
models were created to better understand these 

“operations sphere” differences. 

 
Figure 1: Energy Modeling Variables 

 

Operations  Independent 
variables not governed 
by code includes 
occupancy, set points 
and plug loads

Physical 
Design 

Physical variables partially 
fixed by Codes but with significant 
independent variables negotiated 
throughout design and  
construction  

Weather 

Design models use Typical 
Meteorological Year that 
will see variables based 

on microclimate, by hour 
and by year  

Model 
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In general, the study design included: 

 Projects that exhibited both strong and weak 
correlation between projected and actual energy 
consumption 

 Projects that exhibited a wide range of space use 
and therefore operational variables 

These two selection criteria allowed the study to gather 
the most knowledge while keeping the effort within a 
reasonable study budget. The initial correlation of the 
M3 models and the meters was within 98% of the total 
site energy use; this is a 2% difference between the 
model and the site energy use. The building meters 
showed 16% more electric use and 12% less natural gas 
use in total than the M3 models. Based on these initial 
comparisons, it was determined that the overall 
population energy use showed strong correlation with 
the forecasted energy use. However, there were 
individual projects that showed deviations from the 
model which warranted further investigation.   

The comparison of design models (M3) to metered use 
is a good benchmarking exercise to help understand the 
potential value of creating updated models based on 
actual operation, but in itself is not a fair comparison.  
When this comparison is made, the “operational 
sphere” from Figure 1 is no longer constant. Since there 
is no energy code for operational characteristics, direct 
comparisons should not be made between actual 
metered building performance and projected results 
from a model created in design phases. 

 

The goal of the detailed study was to better understand 
the operational differences and to determine the actual 
energy savings for these buildings when the operations 
are updated. As such, the study approach was to rely on 
a building walkthrough, construction documents and 
conversations with the building operators to create the 
M4 and M5 models. The strong initial correlation found 
through the comparison of the M3 model to the meter 
indicated that detailed audit type measurements were 
not needed for this sample of projects. 

The detailed study process consisted of the following 
steps. 

 Engage the building owner via a survey to confirm 
general building operational decisions: 

 Hours of operation and occupancy by area 

 Lighting systems control sequences 

 Mechanical systems control sequences 

 Actual operating temperature set points and 
schedules 

 Equipment plug load survey and schedule  

 Analyze survey results to develop energy model 
inputs 

 Conduct a site visit to confirm the survey results 
and gather observational field notes 

 Revise the energy model to create as-operated 
models based on survey and site visit results 

 Develop a findings report for the population of 
projects and each building 

The remainder of this report provides findings and 
conclusions for the population of projects, as well as 
more detail on a few case study projects that exhibit 
varying levels of correlation.  

 

SUMMARY RESULTS 
The project population as a whole was studied to see 
how close the overall M5 models were to the meter. 
This population was looked at in terms of  overall 
electricity and natural gas.  Table 1 below shows the 
results for each.  

 

Table 1 Population Annual Consumption Comparison 
 

 ANNUAL 
ELECTRIC -

MWH 

ANNUAL 
NATURAL GAS 

- THERMS 
M5 10,946 129,119 
Meter 10,911 115,982 
Percent variation 
from M5 

-0.3%  -10.2% 

 

The electric results in Table 1 show over the study 
population  excellent correlation with the meter, within 
.3%, meaning that the operational models predict 
100.3% of the consumption shown by the design phase 
models.   

Not all of the projects had natural gas meters associated 
with them and the natural gas proved to be more 
difficult to correlate to the meter for this population of 
projects. As shown in Table 1, the total population 
showed the M5 models predicting 10.2% more natural  
gas use than the metered use.  

Natural gas use is generally more dependent on outside 
air conditions for the heating systems making it more 
difficult to understand without more detailed 
monitoring than was called for in this study. In 
addition, service water heating for this population of 
projects used natural gas systems.  Without more 
detailed measurements this is difficult to understand, 
especially in hotel and dormitory building types. 

The difference between the M4 adjusted baseline model 
and the M5 as-operational model is the overall kWh 
savings associated with the energy efficiency measures 
incorporated in these ten projects. 
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 ANNUAL 
ELECTRIC -

MWH 

ANNUAL 
NATURAL GAS 

- THERMS 
Savings 
calculated during 
design (M1 – M3) 

7,469 -18,135 

Updated savings 
(M4 – M5) 

7,427 -1,788 

Percent change 
from design 
savings 

-0.6%  -90.1% 

Table 2 Population Annual Savings Comparison 

 

Table 2 shows the impact on savings after the models 
have been adjusted to account for the actual physical 
design, operational parameters and weather. The 
models are showing that the actual electric savings is 
99.4% of the original predicted savings.  On the natural 
gas side, the population as a whole was expected to use 
more natural gas than the baseline.  This results from 
strategies that decrease heat to the space; i.e. lighting 
design improvements and controls, requiring additional 
heating from the natural gas systems.  In this case while 
there is a significant difference between the predicted 
savings and the updated savings, it actually shows that 
the impact on natural gas was less severe than expected. 

While the overall study population on the electric side 
is very close for M5 to the meter and savings of M4-M5 
is very similar to the original design savings prediction 
of M1-M3, there are still variations within the ten 
projects.  
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Figure 2 – Site Energy Consumption Scatter Plot, 
Meter to M5 

 

Figure 2 shows the variation of the population in terms 
of the electrical consumption correlation of the M5 as-
operated model to the meter. A 100% correlation 
indicates that the meter matches the M5 model. The 
projects showing the greatest variation are the residence 
hall (#3), hotel (#6), one school (#7), and one office 
(#8). The following pages provide case studies 
concentrating on four projects; school (#5), office/lab 
(#9), retail (#10) and hotel (#6) from above. Three 

show good correlation after calibration, but in the initial 
benchmarking comparison showed moderate, moderate, 
and weak correlation respective to the meter and one 
project, the hotel, which continues to show weak 
correlation even after calibration.  

CASE STUDIES - OVERVIEW 
For each of the case studies, monthly meter data for 
electric and natural gas (where projects were served by 
Alliant Energy), was gathered for a 12 month period.  
Weather data was collected for the same 12 month 
period from the closest NOAA weather station. The 
weather station data provided updated temperature, 
humidity, pressure, wind conditions (speed and 
direction), and precipitation.  Cloud amounts were 
derived from the provided sky conditions. DOE2 was 
allowed to calculate the ASHRAE clear sky model and 
the cloud inputs derived from the NOAA site.  This 
approach was used as solar data was not available, the 
savings from daylighting controls and perimeter heat 
gains were checked against the original files to verify 
the validity of the approach. A custom weather file for 
use in DOE2 was then created, matching the weather 
file used in the simulations to that of the meter period.   

Statistical indices provided in ASHRAE Guideline 14 
were used to evaluate the deviations between the 
metered data and the M5 model. The coefficient of 
variation of the root mean square (CVRMSE) was 
computed to measure the fit of the simulated M5 model. 
Part of this calculation involved squaring the difference 
between M5 and the meter for each month such that 
offsetting errors were eliminated. A lower CVRMSE 
indicates a stronger correlation and the guideline 
recommends a maximum value of 15%.  

Although this index is geared towards a project by 
project analysis, an average CVRMSE for the 
population of the projects was calculated. For electricity 
consumption, the meter-weighted average CVRMSE 
was 14.6%, within the 15% guideline threshold. The 
average CVRMSE for natural gas consumption was 
49.5%, exceeding the guideline. Calibrating natural gas 
consumption was found to be more challenging and 
examples of these difficulties are discussed in the Case 
Study section.  

Calculating the CVRMSE also allowed for the energy 
savings uncertainty to be determined for each project. 
ASHRAE Guideline 14 recommends an uncertainty 
fraction of 50% or lower. These fractions are calculated 
at a 68% confidence level as the compliance guidelines 
require. The savings uncertainty results are discussed in 
the following Case Study section. 

.CASE STUDY – SCHOOL, PROJECT 5 
This project is a 70,000 sq. ft. addition and renovation 
of a middle school in Eastern Iowa.  
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During the construction work, a second utility meter 
was added serving only the addition and renovation 
areas. Having this dedicated meter allowed for 
inclusion of this project in the study.  

During the design phase modeling a number of energy 
conservation measures were studied. The school 
decided to implement ground coupled water to air heat 
pumps with an energy recovery ventilator to supply 
outside air to the spaces. No natural gas was used in the 
building. Demand controlled ventilation through the use 
of CO2 sensors was used to control the amount of fresh 
air in relation to building occupancy. Dual level 
switching and an efficient lighting design were used 
throughout the school, however no occupancy sensors 
were implemented. The school officials believed the 
teachers would turn off lights when the spaces were 
unoccupied. 

During the design phase the owner expected the 
building would be open from 6:30am to 11:00pm, with 
classrooms empty by 4:30pm. The gym would be used 
until 8:00pm. The school year would be mid-August 
through early June. A computer lab was designed for 
the students with regular desktop computers. 

The building walkthrough revealed that the classrooms 
are used fewer hours, 7:30am to 3:00pm and all 
cleaning is completed by 7:00pm, rather than the 
expected 11:00pm.  The gym and commons areas hours 
are the same as the classrooms, except on 3 nights per 
week renters use the space from 7:00pm to 8:30pm. The 
whole building is empty by 8:00pm.  The computer lab 
was renovated into another classroom.  Laptop carts 
were purchased instead for the students’ use. The 
laptops are charged each night in the original high 
school, thus their energy use does not show up on this 
meter. Temperature setpoints were found to be similar 
to the model expectation of 72 degree heating and 76 
degree cooling with a 2 degree setback on each during 
unoccupied periods. The model had anticipated a 4 
degree setback. 

 

 

 

 

 

 

 

 

 

 Figure 3 – School Total Annual Electric Consumption 

 

As shown in Figure 3, the M5 model closely matches 
the annual consumption of the meter.  Both the M4 

adjusted baseline and the M5 as-operated model 
incorporate the survey findings. With the decrease in 
plug loads and hours of operation, the overall result is a 
decrease in the expected energy consumption of the 
building.  This also resulted in a slight decrease in the 
overall energy savings associated with the implemented 
strategies, when the value of M1-M3 is compared to the 
value of M4-M5. 
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Figure 4 – School Monthly Electric Consumption 

Figure 4 shows the monthly electric use of the models 
as well as the meter. This shows that again on a 
monthly basis the M5 as-operated model compares well 
to the meter. The largest differences occur in September 
at the start of the school year.  

Based on ASHRAE Guideline 14 the savings 
uncertainty in terms of annual electricity is +/- 11% of 
the total savings, which is compliant with the 
Guideline.   

CASE STUDY – OFFICE/LAB, PROJECT 9 
This project is a 120,000 sq. ft. single story office and 
lab building in Eastern Iowa.   

During the design phase, the Owner implemented an 
efficient envelope with increased wall and roof 
insulation as well as exterior building shades.  
Automatic stepped daylighting controls were 
implemented throughout the office areas. Occupancy 
sensors and an efficient lighting design were 
incorporated throughout the building. The HVAC 
system used VAV air-handling units with hot water and 
chilled water coils.  Hot and chilled water was provided 
via a separately metered central plant, the energy used 
to produce this hot water and chilled water is on a 
separate meter and not included in the model. Thus only 
electricity was metered at the building. VFDs were 
implemented on all fans and pumps and demand 
controlled ventilation was designed for the offices. 

During design, the owner, expected the building would 
be occupied 7:00am to 6:00pm Monday through Friday. 
Some labs would operate through the night depending 
on experiments. The labs were expected to have a peak 
equipment load of 60 kW. The owner expected 400 full 
time occupants. 
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The building walkthrough determined that the building 
is actually used more that expected, from 6:00am to 
6:00pm Monday through Friday and at about 10% 
occupancy from 8:00am to 5:00pm on Saturday and 
Sunday. The building now has 530 full time occupants.  
The peak lab equipment load is now 92 kW. Exterior 
lighting was also on the building meter, but not 
included in the original design models.  This load was 
added to the M4 and M5 models. Airflow quantities and 
outside air quantities were updated to account for the 
additional occupants and equipment. 

 

 

 

 

 

 

 

 

 

Figure 5 – Office/lab Total Annual Electric 
Consumption 

 

As shown in Figure 5 and as expected from the 
walkthrough findings, the overall energy use of M5 as-
operated and the meter are greater than the design M3 
model. However, as the energy use has increased, the 
savings associated with the strategies has also 
increased.  The difference between M4 and M5 is now 
larger than that of M1 and M3, resulting in additional 
savings.  Again, the overall energy use of the meter 
correlates well with M5. 
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Figure 6 – Office/lab Monthly Electric Consumption 

 

Figure 6 shows the monthly profile of the models 
compared to the meter.  M5 shows increased energy 
consumption compared to the meter in the summer 
months. Further detailed measurements may help to 
explain this, however based on information gathered, a 
theory is that there are fewer weekends worked and 
fewer overnight lab experiments in these months.  Even 

with these differences, the savings uncertainty is within 
ASHRAE Guideline 14 compliance. The savings 
uncertainty in terms of annual electricity is +/- 7% of 
the total savings.  Note that this uncertainty is for the 
modeling only, any uncertainty associated with the 
owner’s measurement of the peak lab equipment was 
not available and thus not included in this calculation. 

This project is a strong example of why the initial 
comparison of the meter to the M3 as-verified design 
model may lead to the wrong conclusion. The Owner 
has increased the use of the building due to a growth in 
business. This has led to an increase in energy use, but 
as shown here, does not indicate an incorrect model or 
an inefficient building. 

CASE STUDY – RETAIL, PROJECT 10 
This project is a 100,000 sq. ft., single story, big box 
retail building located in central Iowa. The building is 
open 24 hours a day 

A number of energy conservation measures were 
studied and incorporated during the design phase, 
including dimming daylighting controls for the sales 
floor, occupancy sensor controls for back of house 
areas and efficient lighting design throughout. High 
efficiency constant volume single zone DX cooled 
rooftop units and outside air controls were incorporated.   

The owner anticipated the store being operated 24 hours 
a day with tenant type areas (photography, food court, 
etc. . .) being open 12 hours a day. 

The building walkthrough determined that the 
pharmacy and deli areas were not open 24 hours.  The 
electronics department was found to have additional 
plugs loads and there was a larger grocery section with 
increased refrigeration and process loads for cooking. 

 

 

 

 

 

 

 

 

 

Figure 7 – Retail Annual Electric Consumption 
 

Figure 7 shows that as expected with the increased 
loads, the building is using more electrical energy, 
resulting in a slight increase in savings for the M4-M5 
models compared to the original design prediction of 
M1-M3 when the baseline is also adjusted for the 
operational parameters. Again, excellent correlation 
overall between the M5 model and the meter. 
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Figure 8 – Retail Monthly Electric Consumption 

Figure 8 shows the monthly profile of the models and 
the meter. Here, M5 tracks very well with the meter, in 
fact, M5 is not visible on the graph as the correlation is 
so similar to the Meter..  The savings uncertainty, as 
calculated using ASHRAE Guideline 14, also reflects 
this strong correlation. The uncertainty in electric 
savings is +/- 2% of the total savings. The strategies 
implemented by the owner help to level out the summer 
use creating a more even load profile for the building.  
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Figure 9 – Retail Monthly Natural Gas Consumption 
 

Figure 9 shows the monthly natural gas profile.  
Note that since the gas use was minimal for this buildin 
only the monthly profile is shown. Space heating and 
service hot water including dishwashing are part of the 
building’s natural gas use. Here the M5 model and the 
meter are showing increased natural gas use compared 
to the M4 baseline. This is likely due to the reduction in 
lighting energy having to be made up in space heating. 
The M5 model and the meter do not correlate as well as 
on the electric side, although they do follow a similar 
pattern. This is most likely due to the service hot water 
loads. These are likely to reach full correlation with 
more detailed measurement and investigation. A 
savings uncertainty analysis shows +/- 15% variation in 
annual gas savings. Although the correlation shown in 
Figure 9 does not appear as strong, the savings 
uncertainty falls within ASHRAE Guideline 14 
compliance limits.  

CASE STUDY – HOTEL, PROJECT 6 
This project is an 80,000 sq. ft. four story hotel in 
Western Iowa. During the design phase a number of 

energy conservation measures were studied and 
incorporated into the design. These include an efficient 
envelope, occupancy sensor controls in conference 
areas and back of house spaces, and efficient lighting 
design throughout. Mechanical strategies include 13 
SEER PTAC units in the guest rooms, water loop heat 
pumps with boiler and cooling tower for the common 
areas, energy recovery for the outside air and 83% 
efficient service hot water heaters. 

During the walkthrough, test and balance reports were 
provided showing a number of changes relative to the 
design. Fans operate continuously for all areas, with 
ventilation rates always at occupied levels.  
Thermostats hold continuously at 76 F for cooling and 
72 F for heating, with no setbacks when guest rooms 
are empty. Fan statics are in general 1” higher than 
expected on all ERVs.  Pump head on the cooling tower 
loop is higher than expected.  Kitchen make up air is 
also greater than expected. Exterior lighting was not 
factored into the original model, but added to the M4 
and M5 models. Reservation information over the 12 
month period was provided and used to update 
schedules. 

 

 

 

 

 

 

 

 

 

Figure 10 – Hotel Annual Electric Consumption 
 

As shown here, the meter and M5 models do not match 
up as closely as the other case studies. The nature of a 
hotel with variation in occupants resulting in  variations 
in  guest room loads such as lights, TVs, and other 
equipment makes it difficult to align models based only 
on a walkthrough and survey.  

As shown in Figure 11 below, the M5 model follows a 
similar monthly pattern to the meter.  This suggests that 
there is a difference in the base load between the 
models such as equipment. Detailed measurement and 
investigation that was outside of the scope of this study 
would assist in correlating the models. Using Guideline 
14,the annual savings uncertainty of +/-24% meets 
guideline compliance. It is notable that the electricity 
savings uncertainty is greater compared to the other 
projects presented. 
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Figure 11 – Hotel Monthly Electric Consumption 

Natural gas meter information was also available for 
this project. 

 

 

 

 

 

 

 

 

Figure 12 – Hotel Annual Natural Gas Consumption 
 

Figure 12 illustrates that similar to the electric side, the 
M5 model is showing more natural gas use than the 
meter. Without detailed measurement in a hotel facility 
with varied kitchen equipment and shower usage, the 
natural gas use was challenging to update. 
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Figure 13 – Hotel Monthly Natural Gas Consumption 
 

Figure 13 illustrates that the meter is showing less 
natural gas use in the winter months and more natural 
gas use in the summer months.  The increased summer 
use compared to the model is likely due to service hot 
water use in showers and kitchens. The HVAC system 
may also result in some of these differences as 
individual users have control of thermostats within the 
various guest rooms.  The uncertainty analysis reflected 
a weaker correlation for gas consumption on this 
project. The annual savings uncertainty for gas 
consumption saving is +/- 76% of the total savings, 
which is higher than the 50% limit recommended by 

Guideline 14. These findings indicate that there may be 
opportunity to fine tune the model to achieve better 
calibration. 

CONCLUSION 
A number of variables contribute to an energy model 
and the physical building and design is only one set of 
key variables. If changes in weather or operational 
parameters such as occupancy are not accounted for in 
the energy models, comparing them to meter data is not 
a fair comparison and will likely lead to the wrong 
conclusions. 

Overall, when updated to reflect actual weather and 
operations, the baseline (M4) and as-verified models 
(M5) provide good estimation of the actual energy 
savings and metered energy use as determined by 
industry standard statistical guidelines.  

The largest impacts on the models were from the 
“operational sphere.”  Over the study population as a 
whole it was found that the average building operated 
10% longer than expected in design with a 10% 
increase in plug loads. 

The models that utilized ground source heat pumps or 
had central plants showed the best correlation when 
updated for the actual conditions. 

If detailed models are created during the design phase 
using relatively limited metering information it may 
allow for creating actualized models that accurately 
reflect a building’s true operation.  These models may 
then be used to study additional savings opportunities 
going forward. Furthermore, the detailed models 
created during the design phase can be useful to assist 
the owner with energy efficiency design and 
operational decisions.  
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ABSTRACT 
Building performance simulation and energy modeling 
has traditionally been focused upon the accurate 
modeling of the physical performance realities of a 
single, distinct building. Many modern institutions such 
as hospital complexes, higher education campuses, 
military bases and other large facilities consist of 
multiple buildings. Demonstrating the energy saving 
impacts of campus-wide building repairs and upgrades 
has proven to be a daunting task for a professional 
community focused upon the modeling of single 
buildings.  

The immediate objective of this paper is to describe the 
methods used for developing the University of North 
Carolina (UNC) Strategic Demand-Side Energy Plan 
(SDSEP). The SDSEP allows the University of North 
Carolina at Chapel Hill to identify the energy savings 
potential for 86 campus buildings from a statistically 
representative set of 20 buildings. The impact of energy 
savings within these 20 buildings was modeled using 
calibrated building energy models in eQuest. 

INTRODUCTION 
The Strategic Demand Side Energy Plan (SDSEP) 
project was designed to critically assess the building 
energy savings potential of UNC and identify which 
energy conservation measures could be most 
meaningful to the campus on a space-type basis. In 
addition to energy savings potential, energy cost 
avoidance and capital cost estimates were provided to 
make the dissemination of the SDSEP more effective in 
stating the opportunities available to UNC. 

Early project realities showed that creating calibrated 
energy models for every building on campus would not 
have been economically feasible. In order to overcome 
this limitation, the project team utilized a statistical 
approach to representing the campus buildings by space 
usage type. By auditing and analyzing a smaller set of 
buildings and estimating the energy savings for various 
options in each stand-along building, savings for the 

entire campus could then be developed using the 
statistical methods. 

PROJECT AND ANALYSIS SCOPE 

Creating Boundaries for the Modeling Effort 

Analyzing campus energy use and potential for energy 
conservation required reasonable limits on the scope of 
the SDSEP Project. The project included 86 campus 
buildings with footprints 50,000 GSF or greater that are 
neither tenant-supported nor associated with the UNC 
Hospitals. UNC energy monitoring data showed that 
85% of the campus energy was historically consumed 
by this set of 86 buildings.  

Originally, sample sets of varying sizes were compiled. 
These different sample sets were capable of 
representing the energy use of the 86 building 
population to various levels of statistical significance. 
However, budgetary constraints further restricted the 
level to which detailed investigations of individual 
buildings could be conducted. Sample design studies 
suggested a set of 20 buildings could be used to 
represent the energy consumption of the complete 
population with a projected relative precision of 22%. 
Relative precision here is defined by the percent error 
reflected in the energy consumption savings value. For 
example, a savings of 10,000 kWh considering the 
projected relative precision would yield a savings range 
of 7,800-12,200 kWh. This level of precision was 
determined sufficient by the project team. 

Sample Building Selection 

The selection of the 20 buildings was motivated by the 
assumption that there are more similarities between 
similar space types than there are between aggregated 
buildings. For example, the office spaces in a lab 
building are more similar to other office spaces than 
they are to the laboratory building as a whole. 
Therefore, the SDSEP project used space types within 
buildings as the primary study component, and space 
type was a critical component of developing the sample 
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set. Further detail on the methodology employed for the 
sample will be described later in this paper. 

The   total   square   footage   on   UNC   at   Chapel   Hill’s  
campus  is  comprised  of  11  ‘space  types’  in  accordance  
with North Carolina State Commission on Higher 
Education Facilities (HEFC) classifications. For the 
purposes of the SDSEP these 11 space types were 
combined into six. HEFC space labels and study space 
type classifications are shown in Table 1. 
 

Table 1: Space Type Classifications 
 

HEFC 
LABEL STUDY CLASS ABBREVIATION 

Classroom 
General & Study 

Facilities GS General Use 
Study 

Research Labs Research Labs RL 
Teaching Labs Teaching Labs TL 

Offices Offices OF 
Residential Residential RF 
Special Use Special & 

Support 
Facilities 

SS Support 

Nonassignable Other OTHER Unclassified 
Health Care EXCLUDED EXCLUDED 

 

APPLICATION OF STATISTICAL TOOLS 

Reducing a Campus to a Manageable Model 

Modeling the 86 most energy-intensive buildings on the 
UNC campus would be an enormous effort, even with a 
large group of skilled building energy modelers. The 
ultimate goal of the SDSEP effort was to project the 
savings of individual technologies across the entire 
campus, and the technique of stratified ratio estimation 
was deemed the best approach to sample design and 
estimation. 

Stratified ratio estimation (SRE) works by taking 
advantage of already known information available for 
each building on campus. For example, imagine that the 
project team could determine the energy savings for 
each potential technology deployed at UNC. The 
estimated energy savings could be used as a 
stratification variable, reducing the coefficient of 
variation for actual savings within each stratum (in this 
case, the strata would consist of the 86 buildings in the 
analysis). The use of stratification techniques also 
allows for variation in sampling fraction within each 
stratum to reduce the number of projects modeled while 
maintaining precision. For buildings with small savings, 

a smaller sample can be used. Those buildings with 
larger overall savings will have a larger sample size. 

Ratio estimation is a technique for making estimates 
about a population using auxiliary variables. Estimates 
for a total population can be made based on ratios of 
survey samples. Predicting campus-wide energy savings 
from a small sample of energy models necessitates the 
use of a realization rate, or the ratio of predicted energy 
savings to actual, achieved energy savings. If the 
realization rate were known, true energy saving could 
be predicted with a high degree of accuracy by 
multiplying the predicted energy savings by the 
realization rate. Experienced building energy modelers 
do not expect their savings estimates to exactly match 
the savings achieved in real life, so the realization rate 
is typically smaller or large than 1.0. By estimating the 
realization rate within each strata, it is possible to 
develop a more accurate estimation of energy savings 
that could be achieved with random sampling of the 
campus buildings. 

Regression Modeling 

When selecting the distribution of sample buildings and 
space types, the estimated contribution of each building 
was included in the variability of the savings estimate. 
Generally, buildings with higher energy use have a 
wider range of energy savings potential even if they 
have the same conditioned area as a building that uses 
less energy. As described previously, within the SRE 
framework the project team sampled higher variability 
sites at a higher rate than lower variability sites to 
reduce the overall variability of the sample. A 
stratification variable was therefore necessary to include 
variable energy use across space types when grouping 
buildings into strata. First, the energy used by each 
building's component spaces was estimated. To make 
these estimates, a least squares regression model of 
floor areas (energy use as the dependent variable) was 
applied. 

UNC provided two years (2006 and 2007) of aggregate 
energy use data for each of the 86 buildings, resulting in 
two figures of total annual energy use for each building. 
For buildings with two years of utility records, the data 
was averaged to produce a single estimate of annual 
energy use for each building. A few buildings were 
opened in 2006, or had renovation work that impacted 
that year of data. For these buildings, only the single 
complete year of data was used. 
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The floor areas by space type (GSi, RLi, TLi, OFi, Rfi, 
Otheri, and SSi respectively for each building) and gross 
annual energy uses (Energyi) were fed into an ordinary 
least squares estimate of the form: 

Energyi
 

=β1GSi+β2RLi+β3TLi+β4OFi+β5RFi+β6Otheri+β7SSi  

The intercept term was held to zero to reflect the 
assumption that all the energy use in the buildings could 
be attributed to one of the seven spaces. Table 2 shows 
the coefficients and associated statistics for this 
regression. The overall deviation was 0.873, showing 
that roughly 87% of the variation in energy use between 
buildings is a result of the constituent floor areas. Every 
floor area has a coefficient that is statistically significant 
and different from zero with a 95% level of confidence. 
All   space   types   except   “Other”   are   statistically  
significant with a 99.5% level of confidence. 

 
Table 2: Regression Results 

 

 β STD. 
DEV. T-STAT P-

VALUE 

GS 150.0 34.2 4.386 .000 
RL 1773.5 78.6 22.570 .000 
TL 1111.9 108.3 10.267 .000 
OF 445.2 75.8 5.876 .000 
RF 181.0 59.6 3.038 .003 

OTHER 214.5 100.8 2.128 .035 
SS 147.5 48.9 3.019 .003 

 

Determining the Stratification Variable,  zi 

The space type variables in the analysis are rewritten as; 

SF1=GS, SF2 =RL,  …  ,  SF2 =SS   
such that, for any building i, the total energy use, E, can 
be written as; 

Ei=∑
j=1

7

β j SF j ,i  

The total floor area for the whole set of 86 buildings, 
FA, can be written as; 

FAi=∑
j=1

7

SF j , i  

 

 

Ultimately, the savings per area for each space type can 
be expressed as; 

α j=
∑
i=1

n

Savings j ,i

∑
i=1

n

SF j ,i

 

for each space type as the estimated savings per square-
foot based on the sample of selected buildings. 
Therefore, the estimated savings Y, of any space, j, in a 
building, i, can be written; 

Y j ,i=α j SF j ,i+ε j ,i  

where ε  is the error associated with each estimate. 

The variance for any space type in a given building,  σj,i, 
can be written as;  

σ j , i=sd (ε j ,i)=σ 0(SF j ,i)γ j

 
where   the   realization   rate   is   some   value,   γj (typically 
assumed to be 0.8 for each space type). (Framework 
Team 2004) 

Since variation in savings increases with the amount of 
energy used annually, energy use estimates were 
included  the  expected  variance.  Assuming  all  γj=γ , the 
variation of each space in each building would be 
proportioned to the energy use of that space raised to 
the  power  of  γ.  Therefore, 

σ j , i=k(β j SF j ,i)γ  
Aggregating to the level of each building (where 
sampling decisions are made) gives us a an estimate of 
the total savings of any building in the population; 

Y i=∑
j=1

7

α j β j SF j ,i+ε j ,i where ε i=∑
j=1

7

ε j ,i  

Since the variance of a sum of terms is equal to the 
square root of the sum of squares of the summed terms' 
variances, the variance associated with each building's 
estimate,  σi, can be written; 

σ i=sd (εi)=k √∑j=1

7

( β j SF j ,i)
2γ

 
and with the assumptions of stratified sampling, this 
becomes; 

zi=√∑j=1

7

( β j SF j ,i)
2γ
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Stratifying by zi such that the sum of the zi in each strata 
are equal will be the most efficient way to stratify the 
population and designate the sample. 

PHASE I - DESIGNING THE SAMPLE TO MODEL 

Stratification 

Using zi for each building as the stratification variable, 
the population was divided into four strata. The six 
buildings expected to contribute the most uncertainty 
were placed in a certainty stratum (100% chance of 
selection) and the rest of the sample were drawn equally 
from the sites remaining in the other four strata. In 
discussions with UNC, it was determined that a target 
relative precision for the phase II sample design would 
be 18% with a 90% level of confidence. Assuming an 
error ratio across the space types of 0.8, the project 
team determined that a sample of 35 buildings would 
provide a satisfactory level of relative precision (18%). 
With no prior studies of this nature on which to base an 
error ratio, one was intuitively selected. An error ratio 
0.5 is much lower than expected in a building stock as 
widely   varied   as  UNC’s,  while  1.0   is   too   conservative  
given the amount of information in the sample design. 
As a starting point, an error ratio of 0.8 was chosen to 
be the most conservative but reasonable assumption. 

In subsequent discussions with the University and 
changes to the project scope and budget, the sample size 
decreased to 25 and then 20 buildings, with relative 
precision values determined to be 23% and 28%, 
respectively. Ultimately, the SDSEP was prepared using 
energy models develop for a sample of 20 buildings. 

Table 3 shows the cut points for zi chosen for the 
population of buildings. As expected, each strata has 
progressively fewer buildings as the uncertainty of each 
building increases with zi. The inclusion probability 
shows the percent probability of each building in that 
strata being chosen. The inverse of the inclusion 
probability will be the weight applied to each sample 
point when post stratifying. 

 

 

 

 

 

 

 

 

 

Stratified sample design uses knowledge about the 
population to add efficiency to the sample design. A 
stratum is any subset of the projects in the population 
that is based on known information. A stratification of 
the population is a classification of all units in the 
population into mutually exclusive strata that span the 
population. Under a stratified sample design, simple 
random sampling is used to select a chosen number of 
projects from each of the established strata. 

Added notation is needed to discuss stratified sampling. 
Let L denote the number of strata and assume that the 
strata are labeled h=1, 2, etc. Let Nh be the total number 
of population projects in stratum h. Let nh be the 
number of projects to be randomly selected from 
stratum h . Assume that nh is greater than zero for each 

stratum h . Then ∑
h=1

L

N h=N , the total population 

size, and  ∑
h=1

L

nh=n , the total sample size. 

Using this notation, the stratified ratio estimator can be 
defined. For each building i in the sample, the case 
weight is defined according to the 
equation wi=N h/nh  where h denotes the particular 
stratum that contains building i. Using the case weights, 
we can define the stratified ratio estimator, denoted b, 
as follows: 

b=
∑
i=1

n

wi yi

∑
i=1

n

wi xi

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3: Strata Cut-points and Sample Distribution (Initial 35 Building Sample Size) 
 

STRATUM Max zi POPULATION SAMPLE INCL. PROB 

1 7,773,693 98 8 8% 
2 15,891,699 37 7 19% 
3 32,988,368 22 7 32% 
4 58,527,890 13 7 54% 
5 146,678,697 6 6 100% 
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The statistical precision of b can be assessed by 
calculating the standard error using the following 
equation: 

se(b)= 1
X̂ √∑i=1

n

wi(wi−1)ei
2

 

Where X̂ =∑
i=1

n

wi xi  and ei=yi−bxi . Then, as 

usual, the error bound can be calculated as 
eb(b)=1.645se(b) and the relative precision can be 
calculated as rp=eb(b)/b.  

The Ratio Model 

To develop a suitable sample design, it is necessary to 
characterize the relation between x and y in the 
population. This is done by assuming a statistical model 
called the ratio model. The primary equation of the ratio 
model is yi=βxi+εi. Here xi and yi denote the value of x 
and y for each project i in the population, β   is an 
unknown but fixed parameter of the model that is 
similar to a regression coefficient, and εi is similar to the 
random error in a regression model. As in a regression 
model, the expected value of εi is assumed to be zero 
for each site i in the population. It is also assumed that 
εi, K , and εN are mutually independent. Then μi  is 
defined to be the expected value of yi given xi. Under 
the  ratio  model  μi=βxi. 

Instead of assuming that the standard deviation of εi is 
constant, the standard deviation of εi is allowed to vary 
from site to site. For any project i in the population, the 
standard deviation of εi is denoted as σi. This is called 
the residual standard deviation of project i. The 
population error ratio of x and y , denoted er , is defined   
 

 

er=
∑
i=1

N

σ i

∑
i=1

N

μ i

 

The error ratio is the key measure of the population 
variability in the relationship between x and y for 
stratified ratio estimation. The role of the error ratio in 
stratified ratio estimation is virtually the same as the 
role of the coefficient of variation in simple random 
sampling. Figure 1 shows several examples of error 
ratios ranging from 0.4 (a relatively strong relationship) 
to 1.0 (a weak relationship). 

The following specific functional form for σi is often 
assumed: σ i=σ 0 xi

γ
. This is called the secondary 

equation of the model. The secondary equation specifies 
that the residual standard deviation of each project i in 
the population is proportional to the value of xi raised to 
the   power   γ,   commonly   assumed   to   be   0.8.   This  
specification is used in constructing efficiently stratified 
sample designs and to assist in the estimation of the 
error ratio from a prior sample. The secondary equation 
includes a parameter denoted σ0 . This parameter is 
determined by the error ratio as follows: 
 

σ 0=
∑
i=1

N

μi

∑
i=1

N

xi
γ

 

 
 
 
 

Figure 1: Examples of Error Ratios 
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We've discussed the concept of repeatedly selecting a 
random sample of a fixed size from a fixed population, 
observing the value of a particular variable y for each 
sample project, and calculating appropriate statistics. 
This concept can be used to define the sampling 
distribution of a statistic such as the sample mean. This 
same concept of repeated sampling is used in the 
present discussion of ratio estimation with one 
extension. Instead of regarding yi as fixed for each 
project i, yi is assumed to vary randomly from sample to 
sample, generated by independent realizations of the 
ratio model. In other words, the sample is regarded to 
be randomly determined following the prescribed 
sample design, and the true values of are yi  considered 
to be randomly determined for all N units in the 
population following the ratio model. (Sarndal et al. 
1992) 

Model-Based Stratification 
This section will describe how the project team 
constructed an efficiently stratified sampling plan. The 
goal was to group the buildings into several strata based 
on the value of x, the estimated energy savings, and then 
specify the number of sample projects to be selected 
from each stratum. The following method is called 
model-based stratification by size. 
 

1. Create a database listing each building in the 
population and provide the value of xi for each 
building. 

2. Use the assumed secondary equation for the 
ratio model to calculate σi for each project. 
The value of σ0 can be assumed from the value 
of  the  error  ratio  assuming  γ  is  set  to  0.8.  Sort  
the list of buildings by increasing σi. Calculate 

the cumulative sum of the σi, ci=∑
i=1

N

σ i  

3. Choose the desired number of strata L, and 
divide the projects in the sorted list so that the 
sum of the ci is approximately equal in each of 
the strata. 

Once the strata have been constructed as just described, 
the sample should be allocated equally to each stratum. 
If the sample size in a particular stratum exceeds the 
population size in that stratum, the buildings in that 
stratum should be selected with certainty. If desired, the 
sample may be increased in the remaining strata so that 
the sample size is closer to the planned value. 

In some applications, it may be desirable to stratify the 
population by a categorical characteristic of the projects 
as well as by size. For example, the projects might be 
stratified by building type, technology, contractor, or 
region. The underlying principle is that the sample size 

allocated to each categorical stratum should be 
proportional to the sum of the σi within each stratum. 
Given the definition of the error ratio, a convenient way 
to determine the sum of the σi within each stratum is to 
multiply the expected actual savings in each stratum by 
the error ratio assumed in the stratum. This gives the 
rule: the sample size allocated to each categorical 
stratum should be proportional to the product of the 
expected actual savings in each stratum and the error 
ratio assumed in the stratum. 

Once the sample size has been determined within each 
categorical stratum, the projects within each stratum 
should be further stratified by size as described above. 
Using various sample sizes, it is then possible to 
determine the estimated relative precision of each, 
allowing for selection of a sample size that is 
appropriate for the desired level of confidence in the 
outcome. Table 4 shows the 20 building sample set 
finally selected to be modeled. 

Table 4: Final Sample Set 
 NAME STRATUM 

1 1700 Martin 1 
2 Lenoir Building 1 
3 General Storeroom 1 
4 Ehringhaus Residence 1 
5 Ram Village 1 
6 Kerr Hall 2 
7 Sitterson Co 2 
8 Tate, Turner 2 
9 Knapp-Sander 2 

10 Administrative Bldg 2 
11 Max Chapman 3 
12 Fordham Hall 3 
13 Taylor Hall 3 
14 Davis Library 3 
15 Michael J Ho 3 
16 Morehead Chem 4 
17 Thurston-Bow 4 
18 Kenan Lab 4 
19 Lineberger C 4 
20 Jones F.L.O. 5 

Estimated Relative Precision = .2775 
 

PHASE II -  AUDITING AND MODELING 

Audit Process 

The auditing process for the project, while time 
consuming, was much more straight-forward than the 
statistical methods used to arrive at the final sample set. 
The 20 buildings were audited to a level consistent with 
what  ASHRAE  would  deem  a   “Level   3”   energy   audit.  
(ASHRAE, 2011) Before the buildings were visited 
physically, drawings were collected along with 2 years 
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of utility data. The physical audits were very detailed, 
with data collected on the state of equipment, deviations 
in the building from the UNC drawing sets, and known 
building problems. Surveys were also given to the 
operations staff; these included questions related to 
occupancy patterns and scheduling, equipment that was 
broken or disabled, temperature setpoints, and other 
issues. With audits completed, the project team began 
the modeling effort aimed at determining the energy 
savings of various measures for the sample set. 

Utility Data Manipulation 

UNC personnel made it clear to the team that not all of 
the utility data was reliable. Certain buildings in the 
sample had been closed for repairs and maintenance, 
while others had known problems with metering. The 
most common problem was utility data from manually 
read meters. The project team wanted to develop a 
typical monthly utility rate per building for each fuel 
from the years of provided data, and the manually-
logged data did not always cover a single month, and it 
was often recorded in the middle of a month.  

The modeling team adjusted the utility data to make the 
energy model calibration effort more straightforward. 
Rather than using a statistical normalization technique, 
this process involved adjusting the manually recorded 
data and splitting it out to calendar months. UNC staff 
were questioned about periods when the buildings were 
not in use or when the meter was known to be in error 
was removed. This was an intuitive and iterative 
process involving close coordination with UNC 
personnel responsible for building metering and 
utilities. While such an effort does introduce 
inaccuracies into the modeling process, it was an 
unavoidable part of moving forward, and the benefit of 
estimating savings with models calibrated with user 
input far outweighed any error introduced by 
composing and harmonizing campus utility data into a 
usable format. 

Energy Modeling and Calibration 

The 20 buildings within the sample set were modeled 
using the eQuest energy modeling software. This tool 
provided the best combination of speed, flexibility, and 
the ability to handle models with many dozens or 
hundreds of zones. While energy modeling is not the 
focus of this paper, the process used for the SDSEP will 
be described briefly.  

As a first step, the project team set targets for accuracy 
between the metered data and the energy models of +/- 
5% difference on a monthly basis, and +/-10% 
difference on an annual basis. Energy models were built 
using detailed blueprints provided by UNC and marked 

with important information by the auditors. A high level 
of zone specificity was used, with many individual 
rooms and space being modeled, rather than being 
joined  into  “thermal  blocks”.  This  was  done  to  account  
for the unique pieces of equipment, specific airflow 
requirements, and unusual occupancy patterns observed 
by the auditors. 

With 20 energy models generated, the project team set 
out to calibrate the models based upon data collected in 
the audits. Initially, all audit-related information was 
placed into the energy model input assumptions. For 
certain buildings, this initial data was sufficient to move 
the model into desired accuracy range. Other models 
did not meet the desired level of accuracy after the 
initial calibration effort, so further effort was warranted. 
A dialogue was developed between the energy modelers 
responsible for each building and UNC personnel 
familiar with that facility. Discrepancies between actual 
and predicted data were openly discussed, and this 
detailed interaction helped to mold the remainder of the 
calibration effort. A few examples of these many issues 
are as follows; 

1. Staff determined which building economizers 
were actually functional vs. fixed in a set 
position 

2. UNC determined the steam conversion losses 
between the main steam lines and building hot 
water systems 

3. Unusual equipment, such as manually-
controlled demonstration fume hoods for 
chemistry instruction, or kitchen equipment, 
were more accurately accounted for in the 
models 

4. Previously unknown conditions, especially 
poorly performing VAV terminals, were 
diagnosed and added to the models 

This effort not only brought all of the models into the 
desired accuracy range, but it helped to identify some of 
the major issues the campus faced in terms of building 
maintenance and possible measures for investigation 
moving into the final phase of analysis. 

Energy Conservation Measure Analysis 

With the project effort primarily focused on helping 
UNC personnel understand whole-campus energy 
savings potential, a series of energy conservation 
measures (ECMs) were developed. These ECMs were 
developed in conjunction with UNC, and were arrived 
at by looking at the findings of audits and calibration 
process, UNCs own internal conservation programs, 
and known deferred maintenance projects. 22 distinct 
ECMs were developed for the SDSEP, and the team 
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determined that each ECM should modeled as stand-
alone as well as part of a grouping of similar scale 
ECMs. In this way, the merit of each measure could be 
demonstrated while also showing the interactive effects 
of applying multiple ECMs as part of a larger 
deployment strategy. The 22 ECMs chosen by UNC and 
the project team are shown in Table 5. 

As part of the SDSEP process, the specific details 
regarding each of the 22 ECMs were developed to meet 
UNC expectations and guide cost estimating exercises 
for those ECMs UNC might chose to pursue. Detailed 
descriptions for each ECM were provided along with 
discussion of how ECMs could be deployed for 
different space and building types. When modeling the 
ECMs, care was taken to not model them in a way that 
would not be possible due to existing building 
requirements or specific conditions. For this reason, not 
all of the ECMs were modeled for each building (e.g. 
VAV fume hoods were not modeled for non-lab 
buildings or those labs already equipped) and minor 
alterations to some ECMs were necessary (e.g. setpoint 
schedules for academic buildings vs. residences and 
dining). This variation is acceptable because it mimics 
the outcome of an actual deployment of these ECMs 
throughout the UNC Chapel Hill campus. 

ECM groupings were also modeled to demonstrate 
interactive effects. Each grouping (Low, Mid, and High 
Capital Investment) was modeled separately as well as 
in a final combined scenario with all potential ECMs for 
the building being analyzed together.  

Unique to this effort was the use of a proprietary tool 
developed by (removed for review). This tool, known 
within the project team as the 'Space Load Processor', 
was developed to parse data from eQuest simulationsat 
each time step in order to determine energy use not only 
on a building level, but on a space-type basis as well. 
Using this technique, it was possible to determine how 
the savings of each ECM would be portioned out  to 
each space type within a building. The space load 
processor was developed with multiple error checking 
features, and all results were compared against eQuest 
simulations not running the proprietary tool in order to 
ensure consistency of results. 

Cost Estimating 

High level cost estimating was also conducted for each 
ECM on a building-by-building basis by a team of 
experienced cost estimators. This effort generally used 
$/sf values for the deployment of each ECM, 

Table 5: ECMs Analyzed as Part of SDSEP, Broken into Grouping Categories 
 

ECM DESCRIPTION 
Grouping 1: No Cost and Low Capital Investment 

1 (Setback): Day vs. Nighttime Temperature Setpoints 
2 (Seasonal Differentiation): Summer vs. Winter Temperature Setpoints 
3 (VAV Terminal Minimum Position): Reduced to 30% Flow 
4 (HVAC Scheduling): Allows Units to Cycle On/Off at Night 
5 (Lighting Scheduling): Utilize BAS-Programmed Lighting Sweeps 
6 (Simultaneous Heating and Cooling Solutions): Preheat Control Correction 
7 (Economizer Dampers Re-enabled and Set-point Recalibration to 65F) 
8 (Supply Air Temperature Reset: 3F Higher Based on Zone Feedback 
9 (Laboratory Airflow Reduction): VAV Labs Reset to 6 ACH Min. 

Grouping 2: Mid Level Capital Investment 
10 (Lighting Upgrades): T12 to T8 Conversion 
11 (Conversion to Task/Ambient Lighting): Lower Installed Wattage 
12 (Occupancy Sensors): Occupancy Sensors Inform Lighting Control 
13 (Daylight Sensors): Allow for Dimming of Lights with Sufficient Daylight 
14 (VAV Full Shut-off): Minimum Position Reduced to 0% When Unoccupied 
15 (Outside Air Variation with CO2 Sensors): Control OA Based on Occupancy 
16 Variable Frequency Drive Fan Conversion 

Grouping 3: High Level Capital Investment 
17 Full CAV to VAV System Conversion 
18 (VAV Fume Hoods): CAV to VAV with 6 ACH Min. Setpoint 
19 (Fume Hood Removal); 20% Hood Reduction with 6 ACH Min. Setpoint 
20 (Water Source Heat Recovery Chiller): Provide Simultaneous HW & CHW 
21 (Heat Recovery): Enthalpy Wheel or Run-Around-Loop 
22 (Supply Air Static Pressure Reset): Reduced Fan Power 
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corresponding to the level of estimating typically done 
in the initial phases of project design. Costs were also 
developed for each building that would require an 
upgrade to a DDC style control system. 

SDSEP PROJECT RESULTS 

With energy savings, energy cost avoidance, and first 
cost information developed for each of the 20 buildings 
within the sample set, it was possible for the project 
team to use the statistical techniques outlined previously 
to begin extrapolating energy savings back out to a 
whole-campus level. 

Results 

As shown in Table 6, low capital investment ECMs, 
including strategies such as set-point changes, schedule 
modifications, and simple air change rate reductions, 
offer a savings of 17.5-22.5%. Low capital investment 
combined with mid capital investment payback 
measures such as lighting control upgrades and demand 
control ventilation could save 19-27% of the base 
energy consumption. Including the high capital 
investment ECMs such as heat recovery technology, 
raises the savings potential to 32-42%. The energy 
savings are not uniform across all utilities; 40% of the 
overall energy reduction results from steam reduction, 
45% from chilled water, and only 15 % from electricity. 
Most of the electrical energy conservation potential is 
associated with mid capital investment payback ECMs 
that are extensions of current lighting system upgrades. 

The potential economic implications are also shown in 
Table 6. The capital costs are based on extrapolation of 
estimated costs for ECMs associated with each of the 20 
buildings. The energy cost avoidance estimates are 
based on the utility rates provided by the University. 

Table 7 provides energy savings potential related to the 
six space type categories. The impacts of ECM 
groupings and combinations of groupings were shown 
to UNC in order to depict how interactions of ECMs 
can reduce the contribution of any one cluster.  

The results of the Strategic Demand Side Energy Plan 
indicated that there was significant opportunity to 
reduce energy consumption on the UNC Chapel Hill 
campus by as much as 37%, and reduce energy 
consumption costs by approximately $22.5M annually 
through building improvements alone. The SDSEP was 
intended to give the University the investment 
confidence to leverage energy cost savings against the 
implementation costs of energy conserving measure 
deployment. 

In addition providing an overall savings potential 
estimate, the SDSEP provided the University with the 
analytical tools used and output data developed for any 
further investigation and study. The calibrated energy 
simulation models for the twenty surveyed buildings 
were provided to UNC as tools for studying future ECM 
options, for ongoing assessment of building 
performance, or, perhaps, for adaptation to represent 
other buildings no included in the audit process. In 
addition to the models, complete sets of the output and 
cost estimation data were provided. These data will 
provide UNC staff the ability to update and modify 
capital investment cost and cost avoidance estimates as 
more detailed information becomes available and utility 
rates are altered. Commitment beyond the scope of the 
SDSEP analysis can be informed by the data provided 
and can assist the University in meeting the energy and 
carbon reduction goals. 

Table 6: Projected Campus Energy Savings 
 

 CURRENT GROUP 1 ECMs GROUP 1 & 2 ECMs 
(COMBINED) ALL ECMS 

ENERGY USED 
(MMBTU/yr) 2,640,000 2,110,350 2,024,000 1,658,350 

ENERGY SAVINGS 
(MMBTU/yr) -- 529,650 ± 12.7% 616,000 ± 16.7% 981,650 ± 13% 

ENERGY SAVINGS  
($) -- 20% ± 2.5% 23% ± 3.8% 37% ± 4.8% 

CAPITAL COST 
($) -- $2,320,000 $30,763,000 $50,480,000 

ENERGY COST 
AVOIDANCE ($/yr) -- $5,207,000 $14,245,000 $22,627,000 
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ONGOING RESULTS & REAL-WORLD PROGRESS 

The majority of the work associated with the SDSEP 
project was completed and delivered to UNC in 2009. 
Since then, the Energy Management Office of the UNC 
Facilities Services division has been engaged in an 
effort to deploy a variety of low capital cost ECMs 
(most coming from the Group 1 ECMs described in the 
SDSEP). (University of North Carolina, 2011) Seven 
energy conservation measures were given priority by 
the Energy Management Office, with a small team 
created to facilitate thorough deployment across the 
campus. These seven strategies and their SDSEP ECM 
counterparts are listed as follows: 

1. Supply Air Temperature Reset: 3F Higher 
Based on Zone Feedback (ECM 8) 

2. Implement HVAC Unoccupied Setbacks and 
Shutdown (ECM 4) 

3. Change minimum cooling airflow set points 
(SDSEP ECM 3&9) 

4. Identify and eliminate simultaneous heating 
and cooling (ECM 6) 

5. Implement temperature standards: Summer 
76F-78F, Winter 69F-71F (ECM 1 & 2) 

6. Enable all heat recovery loops and 
economizers (ECM 7) 

7. Enlist campus community to shut off lights and 
equipment (ECM 5 & 12) 

The Energy Management Office is a working part of 
UNC Facilities Services, and verification of the 
modeling and statistical approaches of the SDSEP is not 
of critical importance to them. Long term tracking of 
the applicability of the statistical analysis is not 
currently formalized, so it will be difficult to gauge the 
accuracy of the SDSEP effort in predicting the 

occurrence of individual issues, such as simultaneous 
heating and cooling. 

Data collected by the UNC Energy Management office 
beginning in 2009 shows that the deployment of ECMs 
across the campus has saved approximately $12M as of 
the beginning of 2012. Unfortunately, it is not possible 
to determine what portion of these savings can be 
attributed directly to the SDSEP due to the aggressive 
pursuit of unique ECMs and other measures not 
presented within the SDSEP analysis. Figure 2 shows 
the latest data published by UNC outlining monthly 
savings for the first half of the 2012 fiscal year and the 
cumulative savings of the project since deployment in 
August 2009. All values have been normalized for 
weather conditions by the UNC Energy Management 
Office. Figure 3 shows the weather normalized monthly 
savings of the ECM program for fiscal years 2011 and 
2012 (all data provided by UNC). 

FINAL THOUGHTS 

While large-scale efforts like the Strategic Demand-
Side Energy Plan prepared for UNC are not always the 
best approach to treating institutional energy savings 
programs, it does provide a unique framework for 
developing estimates for energy savings for any 
collection of buildings. Those who are seeking to use 
this framework must understand that even with the time-
saving benefits of statistical techniques, this is not a 
simple or expedient process. It is often easier to make 
investments based upon high-level audits of existing 
buildings than to attempt to predict the energy savings 
of an entire campus, but there are situations where such 
broad understanding is required. 

 
 
 

Table 7: Energy Savings of ECMs by Space-Type (kBTU/sf-yr) 
 

 GROUP 1 
ECMs 

GROUP 2 
ECMs 

GROUP 3 
ECMs 

GROUP 1 & 2 ECMs 
(COMBINED) 

ALL 
ECMS 

GENERAL & STUDY(GS) 26.3 14.4 7.6 34.2 39.0 

RESEARCH LABS (RL) 213.4 7.9 397.9 156.0 480.1 

TEACHING LABS (TL) 257.4 146.8 430.4 292.5 504.8 

OFFICE(OF) 134.2 100.8 73.5 179.1 218.3 

RESIDENTIAL(RF) 30.5 19.1 0.0 46.8 46.8 

SUPPORT & SPECIAL(SS) 33.6 11.6 6.6 37.4 41.7 

OTHER(OTHER) 39.1 16.6 56.0 47.3 91.1 

TOTAL 455.7 278.3 510.5 558.8 811.6 
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Figure 2: Monthly and Cumulative Avoided Costs for ECM Buildings - Weather Normalized 

(Provided By UNC Energy Management) 
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Figure 3: Monthly Savings - Weather Normalized 

(Provided By UNC Energy Management) 
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ABSTRACT 

This paper evaluates the energy and cost savings of 7 
retro-commissioning measures and 29 retrofit 
measures applicable to most large office buildings. The 
baseline model is for a hypothetical building with 
characteristics of large office buildings constructed 
before 1980. Each retro-commissioning measure is 
evaluated against the original baseline in terms of its 
potential for energy and cost savings, while each 
retrofit measure is evaluated against the commissioned 
building. All measures are evaluated in five locations 
(Miami, Las Vegas, Seattle, Chicago and Duluth) to 
understand the impact of climate conditions on energy 
and cost savings. The results show that implementation 
of the seven operation and maintenance measures as 
part of a retro-commissioning process can yield an 
average of about 22% energy use reduction and 14% 
energy cost reduction. Additionally, widening zone 
temperature deadband, lowering VAV terminal 
minimum air flow set points and lighting upgrades are 
found to be the most effective retrofit measures.  

INTRODUCTION 

Office buildings consume approximately 17% of 
energy use in commercial buildings in the U.S. (EIA 
2003). Almost 60% of existing office buildings were 
built before 1980. Many are past due for upgrades to 
aging building equipment, systems, and assemblies. 
Therefore, there are significant opportunities for 
energy efficiency improvements in existing office 
buildings. Available resources on office building 
retrofits are either general guides or specific case 
studies. General guides offer general procedures and 
guidance on building retrofits or the existing building 
commissioning process. No quantified results of 
energy and cost savings are provided for different 
measures. Specific case studies offer quantified 
savings based on measurement or simulation. In this 
case, however, only a few measures specific to a 
particular building and location are investigated.  

This paper presents use of a building simulation to 
evaluate the energy and cost savings of retro-
commissioning and retrofit measures. Starting from a 
hypothetical baseline building with representative 
characteristics of large office buildings constructed 
before 1980, seven retro-commissioning measures 
were evaluated individually and as a package against 
the baseline in terms of their potential for energy and 
cost savings. Then, based on the commissioned 
building, a total of 29 retrofit measures were evaluated.  
The measures are retrofits to the interior and exterior 
lighting, plug and process loads, heating, ventilation 
and air conditioning (HVAC) equipment and control, 
service hot water system, and building envelope. All 
measures are evaluated using the EnergyPlus 
simulation program version 6.0 in five locations to 
understand the impact of climate condition on energy 
and cost savings. The five locations and their 
representative climates include Miami (hot and 
humid), Las Vegas (hot and dry), Seattle (marine), 
Chicago (cold) and Duluth (very cold). 

BASELINE BUILDING MODEL 
DEVELOPMENT AND BENCHMARKING 

To evaluate the energy and cost savings of various 
energy efficiency measures, a baseline building model 
needs to be developed as a reference. This baseline 
building should represent the typical design and 
operating conditions for a pre-1980 vintage office 
building, which is the targeted building type for this 
study. The U.S. Department of Energy (DOE) has 
developed a reference building prototype for pre-1980 
large office buildings. The DOE reference large office 
building is a high-rise building with 12 above-ground 
floors and a basement. The building has a total floor 
area of about 42,000 m2. However, based on the 
commercial building energy consumption survey (EIA 
2003), such a high-rise office building is not 
representative of office buildings with floor areas more 
than 10,000 m2. Therefore, a low-rise large office 
building with a smaller area than the DOE reference 
model was developed to have typical, pre-1980 
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construction characteristics, as described in this 
section.  

The building has four floors and a total floor area of 
18,500 m2. All floors have a floor-to-floor height of 
3.96 m, including an air plenum with the height of 1.22 
m. The building footprint has an aspect ratio of 1.5 and 
an overall window-to-wall ratio of 40%. With a 
window sill height of 1.1 m, the windows are 
distributed evenly in continuous ribbons around the 
perimeter of the building. Figure 1 shows an 
axonometric view of the large office building and the 
thermal zones defined in the simulation model. As can 
be seen in Figure 1, a computer server room is defined 
as an individual thermal zone in the core area on each 
floor. On the top floor, a big conference room is 
defined as another thermal zone in the core area. One 
perimeter zone on the ground floor is also defined as a 
conference room. The server rooms and the conference 
rooms, respectively, occupy about 0.9% and 3% of the 
total building area. The thermal zones are thus defined 
to account for the trade-off between model 
simplification and the needs of retrofit measure 
evaluation.  
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Figure 1: Axonometric view (top) and thermal zoning 

(bottom) of the large office building 

 

The building has concrete block walls, a flat roof with 
insulation entirely above metal deck, and a slab-on-
grade concrete floor with carpets. All exterior opaque 

assembly constructions are configured according to 
Appendix A in ASHRAE Standard 90.1 (ASHRAE 
2010). The performance values of the exterior 
envelope are taken from the U.S. DOE reference 
building model for the pre-1980 vintage (Deru et al. 
2011).  

Although the baseline building represents the pre-1980 
construction vintage, it was assumed that some 
building systems and equipment have likely been 
upgraded since the building was first constructed. 
These upgrades were considered to determine the 
appropriate baseline building characteristics. For 
example, the baseline interior lighting system is 
assumed to have been upgraded to comply with the 
ASHRAE Standard 90.1-1999 requirements. Hence, 
the lighting power density (LPD) of the baseline 
building is calculated as the area-weighted average of 
LPD values for different spaces. The area-weighted 
average LPD is then applied to all thermal zones. For 
exterior lighting power allowance, it is calculated as 
the sum of maximum power used for building façade, 
entrances and exits, and the parking area according to 
ASHRAE Standard 90.1-1999 to account for past 
upgrade.  

To determine the plug load power density for those 
spaces other than computer server rooms, a break-
down of plug loads was developed for the large office 
building in accordance with ASHRAE’s recommended 
heat gains from various office equipment and 
appliances (ASHRAE 2010). Following the same 
procedure as used by Thornton et al. (2009), the plug 
load power density for the baseline building is 
calculated as 8.1 W/m2. In contrast to the conventional 
spaces, the computer server room has a much higher 
equipment load, assumed at about 269.1 W/m2 based 
on the monitored data from a real server room in a 
large office building. According to rules of thumb 
(Deru et al. 2011), a total of four elevators are used in 
the building. Each elevator is equipped with a 20-hp 
hydraulic motor. In addition, the elevator cab 
continuously consumes about 162 W for lighting and 
ventilation (Thornton et al. 2010). 

The large office building is fully heated and cooled 
with a central HVAC system. There are two water-
cooled, centrifugal chillers for cooling and two gas-
fired, hot water boilers for heating. Two open cooling 
towers with constant speed tower fans are used as the 
heat rejection equipment. The chillers, boilers, and 
cooling towers are equally sized according to the 
EnergyPlus simulation program. The chiller and boiler 
efficiencies are set according to their capacities (Deru 
et al. 2011). Constant primary systems with headered 
pumps are used to distribute chilled water and hot 
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water in the building. For the condenser water loop, a 
constant speed headered pump is used to circulate 
condenser water between the chillers and the cooling 
towers. 

The large office building has a variable-air-volume 
(VAV) system on each floor for all spaces except for 
the computer server rooms. The VAV system is 
composed of a central air-handling unit (AHU), air 
ducts and VAV terminal boxes with hot water reheat 
coils. The AHU contains a mixing box, a hot water 
heating coil, a chilled water cooling coil, and a variable 
speed supply fan. The return and outdoor air flows are 
mixed and treated in the central air-handling unit, and 
then supplied to each zone through VAV boxes. The 
central heating and cooling coils operate to maintain 
the temperature set point of the discharge air from the 
AHU at 12.8°C. The AHU includes airside economizer 
control to reduce the need for mechanical cooling. The 
VAV system controls the zone air temperature by 
varying the airflow rate through the terminal box 
damper modulation. As the zone cooling load 
decreases, the damper of VAV box closes until the 
airflow rate reaches the minimum value, which is set at 
50% of the design air flow. If the cooling load of a 
zone continues to decrease, the reheating coil valve of 
corresponding VAV box is modulated to maintain the 
space temperature set point. 

For the computer server rooms, one water- or glycol-
cooled direct expansion (DX) unit is used in each 
server room. In Miami, Las Vegas, and Seattle, water-
cooled DX units are used with the central cooling 
tower as the cooling source. In Chicago and Duluth, 
glycol-cooled DX units are used with a dedicated fluid 
cooler as the cooling source. 

Figure 2 shows the simulated energy end use intensity 
for the baseline building. The whole building energy 
use intensity (EUI) ranges between 970 and 1090 
MJ/m2/year. In comparison, the average EUI for 
existing office buildings with more than 10,000 m2 
built from 1945 is about 880 MJ/m2/year (EIA 2003). 
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Figure 2: Baseline building energy end use intensity 

RETRO-COMMISSIONING AND 
RETROFIT MEASURES 

This section describes the retro-commissioning and 
retrofit measures investigated in this study. Because of 
space limitation, only a brief description is provided 
for each measure. The retro-commissioning measures 
are coded as RC and the retrofit measures are coded as 
RT. For more details, refer to Liu et al. (2011). 

Retro-commissioning measures 

Revise air filtration system (RC1). The baseline 
building assumes that both pre-filters and final filters 
are used in AHUs for air cleaning. This measure 
intends to replace both filters with an extended surface 
air filter, leading to a lower pressure drop across the 
filters. This measure was modeled by reducing the 
supply fan total static pressure by 45 Pa.  

Supply air temperature reset (RC2). The AHU supply 
air temperature (SAT) is fixed at 12.8°C in the 
baseline. This measure resets the SAT based on outside 
air temperature (OAT): SAT=12.8°C when OAT> 
23.9°C; SAT = 15.6°C when OAT<7.2°C; SAT is 
linearly interpolated when OAT is between 23.9°C and 
7.2°C. 

Reduce HVAC equipment runtime (RC3). In the 
baseline, HVAC equipment operates between 6 am and 
10 pm weekdays and between 6 am and 6 pm on 
Saturdays. This measure reduces the scheduled HVAC 
operations hours to more closely match the occupancy 
schedule. Thus, the HVAC operation schedule is 
shortened to between 6 am and 7 pm weekdays and 
between 6 am and 3 pm on Saturdays. 

Close outside air damper during unoccupied periods 
(RC4). The baseline assumes that the outside air 
damper opens whenever the supply fan is operating, 
including the early morning warm-up and cool-down 
periods before normal occupancy. This measure closes 
the outside air damper during unoccupied hours. 

Reduce the AHU damper leakage (RC5). The baseline 
assumes that outside air and return air dampers do not 
have blade and jamb seals. As a result, only 70% 
outside air is supplied during 100% economizer 
operation. After adding seals, 95% OA is supplied 
during 100% economizer operation. 

Shut down cooling plant when there is no cooling load 
(RC6). In the baseline, the chilled water plant 
(including chillers, cooling towers, and chilled water 
and condenser water pumps) operates whenever the 
main air handlers operate. After applying this measure, 
the chilled water plant operates only when there are 
cooling needs from the air handlers. 
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Reduce envelope leakage (RC7). Based on the DOE 
reference building model (Deru et al. 2011), the air 
infiltration rate is assumed to be 0.0043 m3/s/m2 of 
exterior envelope at 75 Pa pressure difference. This 
measure assumes that the air infiltration rate reduces 
by 10% from the baseline after weather stripping the 
exterior door, windows and crack caulking on exterior 
walls.   

Retrofit measures 

Interior lighting retrofit (RT1 through RT4). This 
measure involves four levels of incremental lighting 
upgrades. Starting from the baseline, the incremental 
changes of these four levels include lamp and ballast 
replacement for Level 1, lighting fixture replacement 
for Level 2, lighting system redesign for Level 3, and 
using high-performance linear fixture and light-
emitting diode downlight for Level 4.  The lighting 
fixtures used in different spaces and their efficiencies 
are based on the lighting subcommittee work for 
ASHRAE Standard 90.1 development. Following the 
same approach used to calculate baseline LPD, the 
LPDs are calculated for the above four levels of 
upgrades as 12.8 W/m2 (RT1), 11.3 W/m2 (RT2), 10.4 
W/m2 (RT3) and 9.2 W/m2 (RT4), respectively. 

Install occupancy sensors to control interior lighting 
(RT5). The baseline assumes that all interior overhead 
lights are manually controlled with a nighttime sweep. 
After applying this measure, occupancy sensors are 
installed to control general lighting in the following 
spaces: open offices, private offices, conference rooms, 
restrooms, stairways, and break rooms. Following the 
approach used by Thornton et al. (2009), the 
percentage of lighting energy savings from occupancy 
sensor control is calculated as 10.1%, which is used as 
the percentage of LPD reduction to model this 
measure.  

Add daylight harvesting (RT6). This measure involves 
the installation of photocells to sense the space lighting 
level. The overhead lighting fixtures are dimmed 
continuously in the perimeter zones to maintain the 
desired illuminance set point at 300 lux. The 
continuous dimming control can dim down to 10% of 
the maximum light output with a corresponding 10% 
of the maximum power input.  

Upgrade exterior lighting (RT7). This measure 
involves two aspects of effort: lighting retrofit and 
lighting control. First, lamps currently used for parking 
lots, entrances and building facades are replaced with 
more efficient ones. For example, the high pressure 
sodium lights used for parking lots are replaced with 
pulse start metal halide lamps. The change of lighting 
bulbs reduces the exterior lighting power from 33.6 

kW to 22.4 kW. For control, the baseline assumes that 
all lights are based on astronomical time clock control, 
which means that the lights are on at 100% whenever it 
is dark outside. In contrast, this measure assumes that 
parking lights are lowered to 25% of the full power at 
7 pm and remain at that level for the rest of the night. 
Other exterior lighting control remains unchanged.  

Add advanced control for plug loads (RT8). This 
measure intends to turn off plug loads when they are 
not in use through the following techniques: 1) power 
management software for networked computers; 2) 
power strips with integrated occupancy sensors to 
control task lighting; 3) vending miser controls for 
vending machines; and 4) timer switches for coffee 
makers and water coolers. The advanced control of 
plug loads is simulated by changing the plug load 
schedule. The detailed procedure can be found in 
Thornton et al. (2009). 

Control elevator cab lighting and ventilation (RT9). 
The baseline assumes that the cab lighting and 
ventilation are on continuously. This measure adds a 
motion sensor in each cab to turn off lights and 
ventilation when the cabs are unoccupied.  

Add optimum start strategy for HVAC equipment 
(RT10). In principle, optimal start requires an adaptive 
control sequence to determine the time used to reach 
the space temperature set point. Because of the 
simulation program constraints, this measure was 
modeled by simply delaying the start time from 6 am 
to 7 am in shoulder seasons (March to May and 
September to November).   

Revise air-side economizer damper control (RT11). In 
the baseline building, except for Miami, the air-side 
economizer is used in all other four locations: in Las 
Vegas and Seattle, the economizer control is based on 
fixed outdoor air dry-bulb temperature at 21.1°C; in 
Chicago and Duluth, it is based on fixed outdoor air 
enthalpy at 55.8 kJ/kg. With this measure, the 
economizer control is based on differential dry-bulb 
temperature in the above four locations. 

Widen zone temperature deadband and add conference 
room standby control (RT12). In the baseline building, 
all spaces served by the VAV systems have thermostat 
set points at 21.7°C for heating and 22.8°C for cooling. 
This measure intends to upgrade the control of VAV 
terminal units from pneumatic to direct digital control 
(DDC). Then, the space temperature set points are 
widened to 20.6°C for heating and 23.9°C for cooling. 
For conference rooms, when they are unoccupied for 
more than 10 minutes, the temperature set points are 
widened further to 19.4°C for heating and 25°C for 
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cooling. In addition, the minimum air flow is reduced 
from 50% to 15% of the zone design flow. 

Lower VAV box minimum flow set points and reset 
duct static pressure (RT13). In the baseline, all VAV 
terminal boxes have the minimum air flow set at 50% 
of the maximum flow. The AHU supply fans maintain 
a constant static pressure at 1500 Pa. This measure 
reduces the minimum air flow to 40% of the maximum 
for all VAV boxes except those serving the conference 
rooms. The supply duct static pressure is reset based 
on VAV box damper positions.  

Add demand-controlled ventilation (RT14). The 
baseline assumes that the outdoor air is always 
supplied at 15% of the supply flow. This measure 
controls the amount of outdoor air based on space 
ventilation needs. 

Replace supply fan motor and Variable Frequency 
Drive (VFD) (RT15). The supply fan motor efficiency 
is assumed at 88% and the VFD efficiency at 70% for 
the baseline building. This measure replaces the fan 
motors and VFDs with premium efficiency: 91% for 
the motor and 92% for the VFD.  

Shut down heating plant when there is no heating load 
(RT16). The baseline assumes that the heating plant 
(boilers and hot water pumps) operates whenever the 
AHUs operate. After applying this measure, the 
heating plant operates only when the AHUs run and 
the outside air temperature is less than 23.9°C. 

Increase efficiency of condenser water system (RT17). 
The baseline assumes that the cooling towers with 
constant speed fans are cycled to achieve a constant 
condenser water supply temperate at 26.7°C. With this 
measure, VFDs are added to the cooling tower fans 
and the condenser water supply temperature is reset to 
the outside air wet-bulb temperature plus 5.6°C, but no 
less than 21.1°C. 

Change cooling plant pumping system to variable 
primary (RT18). This measure upgrades the primary-
only chilled water pumping system from constant flow 
to variable flow.  

Replace cooling and heating plant pump motors 
(RT19). For all pumps used for chilled water, 
condenser water, and hot water, the motor efficiency 
increases from 88% for the baseline to 91% after the 
motor replacement.  

Add a VFD to the leading chiller (RT20). The baseline 
building has two constant speed centrifugal chillers, 
each sized for 50% of the peak cooling load. This 
measure equips the lead chiller with a VFD, which 
increases the chiller’s part-load performance. 

Replace boilers and change the heating plant pumping 
system (RT21). This measure involves the following 
changes: 1) the current boilers at 76% thermal 
efficiency are replaced with condensing boilers at 90% 
efficiency; 2) the hot water pumping system is changed 
from constant primary to variable primary 
configuration; 3) differential pressure set point across 
the hot water loop is reset based on the heating coil 
valve positions; and 4) hot water supply temperature 
(HWST) set point is reset based on the outside air 
temperature. HWST is at 65.6°C when outdoor air 
temperature (OAT) is above 18.3°C; HWST is at 
82.2°C when OAT drops below 4.4°C in Las Vegas, 
1.7°C in Seattle, and -6.7°C in Chicago and Duluth. 
Linear interpolation is used when OAT lies in between 
the two boundaries. Note that in Miami, HWST is 
maintained at 65.6°C and no HWST reset is used.  

Replace boiler burners with modulating burners 
(RT22). The baseline uses two-stage burner operation 
in the two boilers. This measure intends to replace the 
boiler burners with fully modulating ones with a 
minimum of 5:1 turndown ratio. The measure was 
modeled by using different boiler part-load 
performance curves in EnergyPlus.   

Increase the efficiency of computer server room 
cooling units (RT23). In this work, water- or glycol- 
cooled DX units are modeled as closed-water-loop heat 
pumps. With this measure, the rated cooling efficiency 
of the water-loop heat pump units is improved from 
10.9 energy efficiency ratio (EER) in the baseline to 
16.4 EER for the new cooling units. 

Replace windows (RT24). The windows are replaced 
with code-compliant ones. The new windows have the 
minimum thermal performance as required by the 
Standard (ASHRAE 2010). 

Add exterior window shading (RT25). In the baseline, 
no exterior shading devices are used on the windows. 
This measure adds horizontal exterior shading devices 
with a 0.5 projection factor on the south windows. As 
recommended by (Thornton et al. 2009), exterior 
shading is not used in Duluth. 

Add wall insulation (RT26). Wall insulation is added 
to meet the minimum requirement by the Standard 
(ASHRAE 2010). 

Add roof insulation (RT27). Roof insulation is added 
to meet the minimum requirement by the Standard 
(ASHRAE 2010). 

Replace the service hot water heater (RT28). The 
baseline has a gas-fired-storage water heater with 80% 
thermal efficiency. It is replaced with a condensing 
water heater with 95% thermal efficiency.  
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Replace the electric transformer (RT29). The electric 
transformer is used in the large office building to 
reduce the voltage from 480/277v to 208/120v. The 
transformer efficiency is 95% for the baseline and 
98.5% for the new transformer. 

ENERGY SAVINGS 

Table 1 provides the percentage of onsite energy 
savings for retro-commissioning measures relative to 
the original baseline. NA is used in a cell if the 
corresponding measure is not applied in that location. 
This table shows that: 

 Of the seven evaluated retro-commissioning 
measures, reducing HVAC equipment runtime 
(RC3) saves the most energy, followed by the 
measure of SAT reset (RC2). SAT reset has a 
large impact on energy savings because it can 
significantly reduce the reheat energy used by 
VAV terminal units. This is especially true for the 
baseline building, which has terminal minimum air 
flow at 50% of the design. 

 Except for Miami, shutting down the cooling plant 
when there is no cooling load (RC6) can save 
more than 2% of whole building energy use. This 
measure is not as effective in Miami because there 
is cooling load almost all year around.  

 The impact of reducing envelope leakage (RC7) is 
insignificant in locations with hot or mild 
climates.  

 

Table 1: Percentage of energy savings relative to the 
baseline for retro-commissioning measures 

RCs 
Location 

Miam
i 

Las 
Vegas 

Seattl
e 

Chicago Duluth 

RC1 0.4 0.4 0.4 0.3 0.3 

RC2 1.3 6.7 13.1 10.0 11.1 

RC3 13.1 12.8 13.4 12.5 11.0 

RC4 0.2 0.1 0.0 0.2 0.8 

RC5 NA 1.1 1.3 0.4 0.7 

RC6 0.5 3.2 2.4 2.7 3.1 

RC7 0.0 0.0 0.1 0.2 0.3 
 

Figure 3 shows the overall energy savings from the 
combined seven retro-commissioning measures. The 
modeled results show an average of about 22% of 
energy use reduction. This magnitude of energy 
savings from energy simulation is comparable to the 
measured energy savings from actual retro-
commissioning projects (Mills 2011). 
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Figure 3: Percentage of energy savings from the 
packaged retro-commissioning measures relative to 

the baseline 

Using the retro-commissioned building as the new 
baseline, each retrofit measure is evaluated in terms of 
the percentage of energy savings. Table 2 lists the 
results. This table shows that: 

 After the control of VAV terminal units is 
upgraded from pneumatic to DDC, decreasing the 
terminal minimum flow set points (RT13) and 
increasing the zone temperature deadband (RT12) 
are the two measures with the largest energy 
savings. Depending on the location, both of them 
can achieve 8% to 13% of onsite energy savings. 
RT13 can significantly reduce the reheat energy 
and the fan energy after lowering the terminal 
minimum flow set points. RT12 has a large impact 
on both heating and cooling energy because of the 
widened temperature deadband. 

 Shutting down the heating plant when there is no 
heating load (RT16) is an effective measure in hot 
climates. Simulation results show that this 
measure achieves more than 4% of whole building 
energy use in Miami and Las Vegas. 

 Boiler replacement and the related heating system 
upgrades (RT21) achieve between 2.5% and 6.5% 
of whole building energy use. It is more effective 
in cold climates because of the dominated heating 
needs. 

 Lighting retrofits (RT1 to RT8) are generally 
effective energy savings measures for all five 
locations. Depending on the location and the level 
of interior lighting upgrade, reducing LPD can 
reduce whole building energy use by between 
1.1% and 5.0%. 

 Except in cold climates, upgrading exterior 
envelope to ASHRAE Standard 90.1 minimum 
requirements (RT24 to RT27) usually has less 
than 1% of energy savings. This is mostly because 
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all HVAC equipment sizes are fixed when 
investigating these measures. The benefits of load 
reduction on sizing are not considered. 

 Because of the small percentage (~1%) of whole 
building energy use is for service hot water, 
upgrading the hot water heater reduces the 
building energy by less than 0.3%. 

 

Table 2: Percentage of energy savings relative to the 
commissioned building for retrofit measures 

RTs 
Location 

Miam
i 

Las 
Vegas 

Seattle Chicago Duluth 

RT1 1.8 1.5 1.3 1.4 1.1 

RT2 3.3 2.8 2.2 2.5 2.1 

RT3 4.0 3.5 2.7 3.0 2.5 

RT4 5.0 4.4 3.3 3.6 2.9 

RT5 1.7 1.4 1.2 1.3 1.0 

RT6 2.0 1.6 0.4 0.7 0.3 

RT7 2.3 2.2 2.4 2.5 2.5 

RT8 2.2 1.9 1.5 1.6 1.2 

RT9 0.1 0.1 0.1 0.1 0.1 

RT10 0.8 0.6 0.7 0.6 0.5 

RT11 NA 0.1 0.0 0.3 0.0 

RT12 9.3 10.3 10.6 9.1 7.9 

RT13 11.7 13.1 11.9 10.0 8.5 

RT14 0.6 0.5 0.0 0.2 0.8 

RT15 2.7 3.4 2.9 2.6 2.7 

RT16 7.1 4.2 0.2 1.1 0.1 

RT17 0.9 1.9 0.5 0.6 0.3 

RT18 1.3 1.4 0.5 0.6 0.4 

RT19 0.2 0.2 0.1 0.1 0.1 

RT20 1.7 1.5 0.5 0.7 0.3 

RT21 2.5 3.8 5.7 5.0 6.5 

RT22 0.2 0.3 0.3 0.4 0.5 

RT23 1.0 1.1 1.2 1.3 1.2 

RT24 -0.6 -0.4 2.2 0.3 3.8 

RT25 0.6 0.6 -0.4 -0.2 NA 

RT26 NA 0.6 0.8 0.9 2.2 

RT27 0.0 0.7 0.9 1.0 2.2 

RT28 0.1 0.2 0.2 0.3 0.3 

RT29 0.9 0.9 1.0 1.0 1.0 

ENERGY COST SAVINGS 

Energy costs for the baseline and each case after 
implementing a retro-commissioning and retrofit 
measure are calculated by the EnergyPlus simulation 
program. Energy costs include electric energy costs, 
electric demand costs, and gas energy costs. The 
electricity and gas rates from the major utility 
companies in the five locations are used in the cost 
calculation. Table 3 lists the percentage of energy cost 
savings for retro-commissioning measures relative to 
the original baseline. This table shows the following: 

 Similar to the energy savings in Table 1, reducing 
HVAC equipment runtime (RC3) saves the most 
energy cost, followed by the measure of SAT reset 
(RC2).  

 A measure may have different impacts on energy 
and cost savings, as can be seen by comparing 
Tables 1 and 3. Because natural gas costs less than 
electricity, measures saving more heating energy 
and therefore natural gas (e.g., RC2) usually lead 
to a higher percentage of energy savings than cost 
savings.  

Table 3: Percentage of energy cost savings relative to 
the baseline for retro-commissioning measures 

RCs 
Location 

Miam
i 

Las 
Vegas 

Seattl
e 

Chicago Duluth 

RC1 0.4 0.6 0.4 0.4 0.4 

RC2 0.7 3.4 7.1 4.6 4.4 

RC3 7.2 7.6 8.2 7.3 5.9 

RC4 0.2 0.1 0.0 0.1 0.3 

RC5 NA 0.9 1.5 0.2 0.5 

RC6 0.4 2.9 2.6 3.0 3.8 

RC7 0.0 0.0 0.1 0.1 0.1 
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Figure 4: Percentage of energy cost savings from the 
packaged retro-commissioning measures relative to 

the baseline 
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Figure 4 shows the overall energy cost savings from 
the package of seven retro-commissioning measures. 
This figure indicates that implementation of operation 
and maintenance measures as part of a retro-
commissioning process can yield an average of about 
14% of energy cost reduction. 

Table 4 lists the percentage of retrofit-related energy 
cost savings relative to the commissioned building. 
This table leads to similar observations as those from 
Table 2. However, the percentage of cost savings is 
more prominent than the percentage of energy savings 
for those measures saving electricity (e.g., RT1-RT6). 

 
Table 4: Percentage of energy cost savings relative to 

the commissioned building for retrofit measures 

RTs 
Location 

Miam
i 

Las 
Vegas 

Seattle Chicago Duluth 

RT1 2.7 2.3 2.6 3.0 3.0 

RT2 5.1 4.5 4.9 5.5 5.7 

RT3 6.4 5.7 6.2 6.8 7.2 

RT4 8.2 7.4 8.0 8.8 9.3 

RT5 2.6 2.2 2.5 2.9 2.9 

RT6 4.5 3.8 3.2 3.8 4.0 

RT7 1.5 1.7 2.1 2.4 2.5 

RT8 2.0 2.1 2.1 2.8 2.8 

RT9 0.1 0.1 0.1 0.1 0.1 

RT10 0.4 0.3 0.4 0.3 0.2 

RT11 NA 0.0 0.0 0.4 0.2 

RT12 5.6 7.7 5.8 5.1 4.1 

RT13 7.9 9.0 9.1 7.6 7.3 

RT14 0.7 1.0 0.0 0.1 0.2 

RT15 3.0 4.1 3.4 3.1 3.5 

RT16 4.7 3.4 0.9 1.7 1.3 

RT17 0.7 2.0 0.8 0.8 0.5 

RT18 1.3 1.6 0.6 0.7 0.4 

RT19 0.2 0.2 0.1 0.1 0.1 

RT20 1.5 1.8 0.8 0.7 0.4 

RT21 2.1 2.8 3.9 3.2 3.8 

RT22 0.1 0.1 0.1 0.1 0.1 

RT23 0.9 1.1 1.2 1.3 1.4 

RT24 1.6 3.1 2.1 0.8 1.9 

RT25 0.9 0.9 0.5 0.4 NA 

RT26 NA 0.5 0.4 0.3 0.7 

RT27 0.2 0.8 0.5 0.4 0.3 

RT28 0.1 0.1 0.1 0.1 0.1 

RT29 0.9 0.9 1.1 1.1 1.2 

 

CONCLUSION 

This paper applied building simulation to evaluate the 
energy and cost savings of 36 retro-commissioning and 
retrofit measures potentially applicable to most large 
office buildings. The modeled results show that 
implementation of operation and maintenance 
measures as part of a retro-commissioning process can 
yield an average of about 22% of energy use reduction 
and 14% of energy cost reduction. Widening zone 
temperature deadband, lowering VAV terminal 
minimal air flow set points and lighting upgrades are 
effective retrofit measures to be considered. The 
findings from this work can help to screen and 
prioritize energy conservation measures if the studied 
building has similar characteristics as the baseline 
building in this paper.  
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ABSTRACT 
Historic building preservation should not be 
considered an obstacle to sustainability, they 
inherently share the fundamental goal of preserving 
the environment.  The renovation and rehabilitation 
of a building envelope provides a preservation 
benefit of the embodied value/energy of the historic 
building.  The scope of this paper examines how the 
architectural preservation of Ludwig Mies van Der 
Rohe's S.R. Crown Hall, (home to the Illinois 
Institute of Technology's College of Architecture) 
has impacted the energy use intensity (EUI) of the 
building as well as the indoor environmental quality 
(thermal comfort) of its occupants.  S.R. Crown Hall 
has adapted to many new technologies and 
ventilation strategies in a recent envelope 
rehabilitation but at the most fundamental level of the 
project the original philosophy of Mies' 1954 design 
of the building had to be maintained (the fabric of the 
building was regarded as sacrosanct).  Advanced 
building simulation was used to provide an in4depth 
building performance analysis to derive the EUI of 
the building and to model the occupant thermal 
comfort with the use of Computational Fluid 
Dynamics (CFD) to simulate internal airflows.  

INTRODUCTION 
S.R. Crown Hall (a donation by the Crown Family in 
the name of Sol R. Crown provided the iconic name 
for the building) was completed in 1956 (see Figure 
2) and since then had deteriorated for nearly fifty 
years of continuous use to the point where the 
integrity of the building envelope had been seriously 
compromised.  2006 marked an important year for 
the historic landmark when the entire building 
envelope underwent a complete rehabilitation.  The 
scope of work included replacing corroded steel 
components of the envelope, sandblast removal of all 
lead4based paint from the interior and exterior steel, 
application of a three4coat epoxy paint,  and the 
replacement of all the glass lites including the stops.   
Such a rigorous rehabilitation of an envelope could 
positively or negatively affect the energy utilization 
of the building as well as the thermal comfort of its 
occupants.  This paper appraises the original design 
of S.R. Crown Hall at its completion in 1956 

(according to the 1954 permit set) where a 
retrospective on how the original building operated 
was examined and compared to the energy profiles 
and indoor environmental quality of an ASHRAE 
90.142004 Baseline (code compliant) Model and the 
2006 renovation.  Three building simulations of S.R. 
Crown Hall are presented: (1) the 1956 Historic 
building design (2) the code compliant Baseline and 
(3) the 2006 Proposed building design.  There were 
several interim renovations leading up to the 2006 
rehabilitation of the envelope that will be included in 
the Proposed simulation to examine the 
compounding effects of the new building 
components, electrical loads, and system changes to 
the heating, ventilation, and air4conditioning of the 
building.  The Baseline building is provided in this 
study as a benchmarking reference to faithfully 
compare the design alternatives implemented in the 
Proposed building design.  The Historic building 
model is merely an academic examination of the 
influence that modern architecture once had on the 
energy utilization of a building.  The Proposed 
building will be compared to the Historic building 
model solely to analyze how the indoor 
environmental quality has improved.  The following 
building metrics will be discussed: 

1. Building Load  
2. Daylight Factor  
3. Whole Building Performance 
4. Thermal Comfort 

A general description of the featured elements of the 
Historic, Baseline, and Proposed building designs are 
provided in the preceding section. 

 
Figure 1  S.R. Crown Hall IES<VE> Rendering 
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Historic, Baseline, and Proposed Building Designs  
Franz Schulze best describes S.R. Crown hall from 
his published work Mies van der Rohe, A Critical 
Biography, 1985. 
 

 

 

Figure 2  S.R. Crown Hall 1956 

S.R. Crown Hall consists of a 120 foot wide by 220 
feet long, 18foot high columnfree hall (known now 
as the Upper Core), in which the space is subdivided 
by low freestanding wall and two nonstructural 
service shafts into student work areas, a central 
exhibition space and administration corral. The hall 
is raised 6 ft above the ground in order to provide 
natural light and ventilation for the workshops and 
lecture rooms located on the floor below. From the 
south the building is approached by a broad flight of 
steps, interrupted at mid point by a floating platform; 
this structure is separately articulated from both the 
building and the ground, and upon mounting it one is 
imperceptibly lifted from the one to the other. 
Four externally exposed steel bents  located at 60 ft 
intervals  carry a steel framed roof, which in turn 
cantilevers in the longitudinal direction 20 ft beyond 
the end supporting members. The building's 
substructure is of reenforced concrete construction 
and is independent of the superstructure. The skin is 
composed of welded steel components and is glazed 
with clear and translucent glass. All exposed steel is 
painted black. The exterior stairs are steel framed 
and paved with travertine. In the interior, the floors 
are either dark gray terrazzo with black and white 
flecks or black Formica tiles, the ceiling is a white 
acoustic gypsum tile, the walls of the two service 
shafts are plastered and painted white, and the 
freestanding walls are panelled in oak. 

Historic Building Design 
S.R. Crown Hall was completed when the influence 
of Mies van Der Rohe's Modernist style was at its 
highest.  The result of the stunning simplicity and 
elegance of Mies' transparent design came with its 
share of environmental challenges. 
The Historic building facade consisted of two types 
of glazing: non4tempered ¼"4thick upper panels 
which spanned 9'48" by 12'49" (Center4of4Glass: 
U=1.025, SHGC=0.818, VLT=0.884) and non4
tempered ¼"4thick lower panels with a sandblasted 
interior surface to provide privacy to the building 

occupants (Center4of4Glass: U=1.025, SHGC=0.844, 
VLT=0.891).  A 5/8” thick steel bar stock was used 
for the Historic window stop (see Figure 3).  With no 
energy codes to dictate the size, thickness, or 
performance of the glazing (at that time), Mies was 
unrestricted with his architectural concepts. 
The 1954 design relied heavily on louvered natural 
air inlets at the perimeter of the building (located at a 
low level) that worked in tandem with the cross 
ventilation system to cool the building.  The local 
mechanical extraction air path was located at a high 
level (through a perimeter reveal at an 18' floor4to4
ceiling height) to encourage the venting of heat gains 
from the envelope while supplying fresh air directly 
to the occupied zone.   
 

 
Figure 3 – Baseline vs Proposed Stop Detail 

 
Heating was provided by means of a hydronic radiant 
floor system (concrete slab embedded with 
pipework) and through the introduction of forced 
warm air through the overhead ceiling diffusers.  The 
interstitial radiant concrete floor provided heating to 
zones on the main floor as well as lower floor zones 
(in the basement).  The perimeter zones were 
designed on a 1' grid spacing where it operated 
continuously to counteract cold downdrafts from the 
glazing and compensated for the heat loss at the 
envelope.  Interior zones were designed on a 2' grid 
spacing that was thermostatically controlled which 
allowed the system to respond to variations in 
internal loads.  The main floor ventilating system 
comprised of three constant volume air4handling 
units (AHUs) located in the mechanical penthouse.  
AHU41 supplied air to the north perimeter of the 
building; AHU42 supplied perimeter and interior 
diffusers in the southeast quadrant; and AHU43 
supplied perimeter and interior diffusers in the 
southwest quadrant of the main floor.  Penthouse 
exhaust fans (four in total) provided extract for the 
entire building. 
The lower floor rooms were in the most part naturally 
ventilated by bottom4hung windows that opened 
approximately 20° from the vertical plane of the 
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window into the interior of the rooms.  Mechanical 
ventilation was provided only for select interior 
spaces such as Restrooms and Offices.  Perimeter 
heat was provided by hot water steel finned4tubed 
radiators that operated on a continual basis. 
The Historic internal loads of S.R. Crown Hall were 
very different from the Proposed building design.    
The main floor overhead lighting (T412 fixtures with 
magnetic ballasts) operated continuously at 2.7 
Watts/ft2 with no programmable control.  This 
undoubtedly conflicted with the transparent facade 
design (the lighting was extensive).  The occupancy 
of building was maximized at 230 occupants and 
simulated at an approximate sensible and latent heat 
load of 225 Btu/person and 105 Btu/person 
respectively.  The main floor was primarily used as a 
studio space (see Figure 4) where there was little to 
no plug load simulated in the Historic building 
design.   
 

 
Figure 4  View of Main Floor 1956 

Proposed Building Design 
As previously mentioned, the envelope rehabilitation 
included replacing all of the original glazing.  The 
original lites of the upper panels were replaced with 
PPG Starphire (low iron) glass (Center4of4Glass: 
U=0.944, SHGC=0.830, VLT=0.899) and the lower 
lites were replaced with a clear tempered glass from 
Viracon (Center4of4Glass: U=0.572, SHGC=0.431, 
VLT=0.799).  To recreate the exact same effect as 
the original lites, the inner face of the lower glazing 
panes were sandblasted in addition to an application 
of three layers of ultra4clear epoxy (which has no 
reflectivity) to improve the durability of the interior 
surface.   
The Proposed window stop (as shown in Figure 3) 
has the lower stop matching the original while the 
upper stop was improved with a 5/8” sloped face 
which facilitated the removal of moisture 
accumulation at the glazing channel.  The design of 
the Historic building stop was prone to corrosion and 
oxidation from the presence of water and air moisture 
that pooled at the steel stop.  This made the steel 
stops buckle thereby fracturing the large panes of 
glass (see Figure 5).  This type of deterioration was 
common throughout the building enclosure. 
 

 
Figure 5 – PreRenovation Window Stop Corrosion 

The natural ventilation louvers at the perimeter of the 
building had all but deteriorated away with the 
envelope.  Operationally, the day4to4day management 
of opening the 120 or so louvers became unrealistic 
and quite tedious for the occupants of the building.  
During the renovation, the louvers were repaired and 
restored however; the function of introducing air at 
floor level to feed the cross ventilation system was 
abandoned.   
S.R. Crown Hall relies on district energy to provide 
steam and chilled water to the building (cooling was 
added to the building during an interim renovation in 
1979).  The chilled water runs on the primary side of 
an exchanger and the secondary side is plain water in 
the building's closed loop system.  The district chilled 
water energy is transferred to the building loop 
through a plate4and4frame heat exchanger located in 
a lower level mechanical room.  Hot water is 
generated from the campus steam system at a 
converter.  The three main constant volume air4
handling units that serve the main floor have been 
equipped with 64row chilled water coils and one4row 
steam coils.  The steam coils are located in the pre4
heat position upstream of the cooling coils.  The 
basement of the building is served by two new 
ventilation systems.  The west unit supplies air to all 
classrooms, offices, and similar spaces on the lower 
level  while the east unit supplies air to the shop area 
to make up for local exhaust from woodworking 
tools, paint and welding booths.  
During occupied periods when the AHUs are 
running, the system can modulate the relief air 
dampers and the outside and return air streams to 
maintain 1,0004ppm CO2 levels in occupied areas.  
The result of using demand control ventilation is that 
ventilation rates can be measured and controlled to a 
specific cfm/person based on actual occupancy 
whereas the more traditional method of ventilating a 
space is fixed, regardless of occupancy.  The 
reduction of energy of such a system is the avoidance 
of heating, cooling, and dehumidification of more 
ventilation air than is needed. 
The radiant floor heating system remained as part of 
the renovation of the building because it is a very 
effective means of heating a space.  However, the 
control and operation of the system was dramatically 
improved with several features.  During unoccupied 
periods, the temperature of the slab sets backs as a 
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function of the temperature of the space. The 
convertor steam valve resets the perimeter radiation 
supply water temperature as an inverse function of 
outside air temperature.  The supply water 
temperature is provided at 125°F at an outside design 
temperature of 410°F and resets to 70°F at an outside 
temperature of 65°F.  The interior slab system is 
operated so that the ventilation system responds more 
quickly to changes in the load of the space (the 
thermal inertia of the floor slab results in a lagging 
response time to varying room temperature changes). 
A run4around coil heat recovery system has been 
retrofitted on three of the AHUs in the penthouse.  
The heat recovery system involved installing a piping 
loop containing a circulator pump that is connected a 
series of finned4tube coils (one in the exhaust plenum 
and one in the make4up air plenum).  In the case of 
S.R. Crown Hall, the run4around coil preheats fresh 
air and pre4cools fresh air when the exhaust air 
stream is cooler than the fresh air (a reduction in 
peak heating and cooling loads can be expected with 
this type of configuration). 
The main floor was upgraded with modern day 
lighting controls to maximize daylight harvesting.  
There were 34 daylight photo sensors installed to 
control the dimming of the overhead fluorescent 
lighting system.  The daylight control system can 
reduce the energy demand of the lighting by 
dimming the lights proportionally to the amount of 
daylight that penetrates into the space while 
maintaining the proper illumination level at a 
specified working plane.  The original main floor 
fixtures were replaced with energy efficient T48 
fluorescent lights and electronic dimming ballasts 
reducing the full load of the lighting to 1.8 Watts/ft2. 
The Proposed building occupancy is now more than 
1.5 times the Historical building occupancy (total of 
330 occupants) increasing the sensible and latent heat 
significantly.  Not only has the number of occupants 
and their associated heat gain to the space increased 
but also the type of technology the students now 
utilize within S.R. Crown Hall.  Computer 
workstations, task lighting, and other electronic 
devices have significantly increased the casual gains 
on the main floor, which requires more heat removal 
and ventilation. 
During a roof repair in the 1980's, a coring of the 
roof revealed that the original specification of 2"4
thick cellular polyisocyanurate insulation was 
actually reduced to a minimum thickness of 1" due to 
a change in the way the drainage falls were achieved 
on the roof plane.  As a result of this discovery, the 
roof insulation in the Historic, Baseline, and 
Proposed building models incorporated the actual 
cored insulation roof value of 14inch. 

Baseline Building Design 
At the time of the envelope rehabilitation, the 
governing energy code for the City of Chicago was 
ASHRAE 90.142004.  To evaluate the energy impact 

of the various renovations made to S.R. Crown Hall, 
a Baseline code compliant energy model was created 
according to the methodology outlined in Appendix 
G.  S.R. Crown Hall has been evaluated as an 
“Existing Building,” (as described by Appendix G), 
where the baseline building envelope reflects the 
existing conditions prior to any renovations.  The 
baseline HVAC system in the Baseline building 
design was based on usage, number of floors, 
conditioned floor area, and heating source as 
specified in ASHRAE Standard 90.142004, Table 
G3.1.1A.  The baseline system type was determined 
to be System 5 4 Packaged VAV with Reheat (DX 
Cooling and Electric Resistance Heating).  However, 
as explained later in this paper the Baseline System 
was revised from the ASHRAE Appendix G 
instructions to account for District Energy Systems 
used in the Proposed design.  As a result, the 
Baseline system was revised to System 7 to include 
both District Heating and Cooling. 
The Proposed and Baseline models utilized the same 
space setpoint temperatures.  In summer mode the 
air4handling systems provide minimum ventilation 
air and supplies conditioned air at a design 
temperature of 75°F and 50% RH (with a setback 
temperature of 80°F) to maintain comfort levels.  In 
winter mode the air4handling systems provides 
minimum ventilation air and supplies conditioned air 
at a design temperature of 70°F and 50% RH (with a 
setback temperature of 60°F) to maintain comfort 
levels.  The systems schedules overlap the occupancy 
schedules with 1 hour of morning4warm4up time and 
30 minutes of after hours operation.  In an effort to 
normalize the operating schedule of S.R. Crown Hall, 
the following annual schedule was used: 8:00am4
9:00pm Monday4Friday, and 8:00am43:00pm 
Saturday4Sunday. 

SIMULATION 
Simulations were compiled through Integrated 
Environmental Solutions (IES) VE4Pro Building 
Performance Assessment Tools (version 6.4.0.7).    
All reasonable efforts have been taken to ensure the 
accuracy of the energy model inputs, including 
verifying that actual details correspond to the original 
Historic building design, the Baseline model, and its' 
Proposed renovation (see Figure 1). 
While no utility bills were available to properly 
calibrate the models in accordance to ASHRAE 
Guideline 1442002 the simulated HVAC systems 
were configured and operated to maintain the 
comfort settings established within each respective 
design.  Identical weather simulation data was used 
across the three building design models to facilitate a 
performance comparison between the envelope and 
system configurations.  The annualized typical 
metrological year weather data used for the 
simulations was type TMY version 3 
(USAILChicagoOHareIntlAP725300TMY3.epw). 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

507



This annualized data set typifies 
conditions across all energy simulations.

RESULTS ANALYSIS  
Several building performance metrics are illustrated
in the preceding section that directly 
energy use intensity of the building and 
comfort of its occupants.   

Building Load 
Heating and cooling load calculations significantly 
affect the energy consumption of a building and the 
comfort of its occupants.  Understanding how the 
rates of heating and cooling (addition or removal) 
required to maintain a satisfactory indoor 
environment at a desired temperature and humidity 
condition is the basis of design for most heating and 
air4conditioning systems and components.
variables that affect the cooling load results from 
many convective, conductive, and radiative heat 
transfer processes throughout the building envelope 
as well as from internal sources and system 
components.  These variables include the 
environmental influences on the walls, roofs, floors, 
and fenestrations; internal loads of lights, peop
equipment; infiltration; and system effects of outside 
air, fan and pump energy, heat gains, and energy 
recovery.  The heating load calculation determines 
the heat loss due to envelope losses and 
The outdoor and indoor design conditions are integral 
to the derivation of the both the heating and cooling 
building loads.  Analyzing established
maps, as found in ASHRAE Standard 90.1
the pre4design or renovation of a building provides 
an effective means of exploring 
strategies.  

 
Figure 6  Climate Summary Metrics IES<VE>

S.R. Crown Hall resides in Climate Zone 5A where 
the weather is defined as humid snow (cold winters), 
fully humid with no dry season, and hot summers 
(sub4tropical).  Winter is the most dominant 
which the design of the building must minimi
heating energy.  The latitude is mid4solar where the 
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Climate Zone 5A where 
the weather is defined as humid snow (cold winters), 
fully humid with no dry season, and hot summers 

tropical).  Winter is the most dominant season in 
which the design of the building must minimize 

solar where the 

radiation on south/east/west walls and roof are 
significant.  The summer season has a large diurnal 
range which indicates potential for passive nigh
cooling and the use of thermal mass (see
THERM, a computer program developed at 
Lawrence Berkeley National Laboratory (LBNL) for 
modelling heat transfer was used to simulate the two
dimensional heat4transfer effects in the improve
glazing stops.  As shown in Figure 
performance of the stops remained in the most part 
unchanged (thermal flux through the stops are 
illustrated).  The U4value of the stops as simulated in 
THERM accounted for a 3.5% change in the 
performance (Baseline U42.637 and Proposed U
2.543).   

Figure 7  Baseline vs Proposed Stop Thermal 
Performance 

As shown in Table 1, clearly the peak 
the Baseline and Proposed models dominate.  The 
peak reduction in the heating load of the Proposed
model is attributed to the slightly better insulating 
class of glazing from the envelope rehabilitation
the run4around coil heat recovery system
on the existing air4handling units.   
 

Table 1 – Peak Heating/Cooling Load Comparison

Historic Load 
(kBtu/h) 

Proposed Load 
(kBtu/h) 

HTG CLG HTG CLG 

8,553 N/A 5,016 3,897 

 
The Historic building model peak heating load is 
provided to illustrate how the programming of S.R. 
Crown Hall has changed as compared to the 
Proposed design model as well as understand the 
HVAC system selection in the original 1954 design.  
To counteract the envelope losses and downdrafts 
from the cold surface of the windows the perimeter 
radiant floor heating zones required greater heat flux 
than the core zones and were thus designed on a 
tighter grid (14foot pipe spacing compared to the core 
zones 24foot pipe spacing).  Operating
the radiant floor system promoted uniform 
temperature conditions from the floor to the ceiling 

radiation on south/east/west walls and roof are 
has a large diurnal 

range which indicates potential for passive night time 
(see Figure 6). 

THERM, a computer program developed at 
Lawrence Berkeley National Laboratory (LBNL) for 
modelling heat transfer was used to simulate the two4

transfer effects in the improved 
Figure 7, the thermal 

performance of the stops remained in the most part 
(thermal flux through the stops are 

value of the stops as simulated in 
THERM accounted for a 3.5% change in the 

2.637 and Proposed U4

 
Baseline vs Proposed Stop Thermal 

peak heating load of 
the Baseline and Proposed models dominate.  The 

reduction in the heating load of the Proposed 
model is attributed to the slightly better insulating 
class of glazing from the envelope rehabilitation and 

around coil heat recovery system retrofitted 

Load Comparison 

Baseline Load 
(kBtu/h) 

HTG CLG 

5,821 4,318 

The Historic building model peak heating load is 
provided to illustrate how the programming of S.R. 
Crown Hall has changed as compared to the 
Proposed design model as well as understand the 
HVAC system selection in the original 1954 design.  

the envelope losses and downdrafts 
from the cold surface of the windows the perimeter 

required greater heat flux 
than the core zones and were thus designed on a 

foot pipe spacing compared to the core 
).  Operating continuously, 

the radiant floor system promoted uniform 
temperature conditions from the floor to the ceiling 
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while avoiding any radiant asymmetry from the cold 
windows. The inclusion of radiant heat in system 
designs was popularized in the 1950’s and 1960’s 
when modern architecture in the United States was 
becoming more and more prevalent (the two were 
undeniably intertwined). 
Similarly, a reduction in the peak cooling
achieved by the Proposed design model
attributing factors to the load reduction is the 
responsive controls in the Proposed design
heat gains due to artificial lighting in the “upper 
core” studio spaces are significantly reduced when 
the specified illuminance level is achieved (see the 
discussion provided in Daylight Analysis).
vast majority of envelope is wrapped with the
by 12'49" upper glass lites a dramatic difference in 
the SHGC of the lower glass lites is 
the Proposed design (a design difference of 
approximately 49%).  The SHGC indicates 
solar fraction of energy is transmitted through the 
window as heat.  As the SHGC increases, the solar 
gain potential through a glazing assembly
Therefore, as result of the envelope rehabilitation the 
lower lites contributed to lowering the peak cooling 
load of the Proposed design model. 

Daylight Analysis 
The daylight analysis of S.R. Crown Hall was 
simulated through FlucsDL a day lighting analysis 
module of Integrated Environmental Solutions (IES) 
VE4Pro Building Performance Assessment Tools.  
The FlucsDL module assesses the light levels of a 
room and generates a daylight factor plot.  This 
provides a means of determining the feasability 
using photometric room sensors in th
room.  Daylighting can be a viable energy
energy conservation measure in any building
especially with the transparent facade design of S.R. 
Crown Hall. 

Figure 8  Historic Building Daylight Factor Plot
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Building Daylight Factor Plot 

The daylight simulation models for S.R. Crown Hall 
were simulated for regularly occupied spaces, 
specifically at the perimeter of the building.  The 
simulations included the glazing property effects as 
well as the surface reflectance properties for interior 
finishes.  For the applicable areas at the perimeter, a 
horizontal calculation grid was used at the typical 
work height level for the intended use of the space 
(approximately 34" for architectural drafting).  The 
metric used to analyze the potential of daylight 

harvesting within S.R. Crown Hall is the daylight 
factor.  The daylight factor simply expresses the 
daylight availability in a room.  It describes the ratio 
of outside illuminance over inside illuminance 
expressed as a percentage (the higher the da
factor percentage the more natural daylight is 
available across the analyzed working plane).
A daylight analysis was done for both the 
and Proposed models to examine the effect of the 
new glazing.  Secondly, a comparison of the 
Proposed and Baseline models are made to examine
the percent energy savings from the photo
controls in the Proposed design.  As shown in 
8 the Historic model shows great daylight penetration 
on the north and south facades as well as the east and 
west exposures of the building at a depth of 30 feet 
and 20 feet respectively. One of the fundamental 
goals of the rehabilitation project was to preserve 
original philosophy of Mies' design including the 
interior environment.  This is evident in the two very 
similar daylight factor plots (see 
comparison).  Both maintain daylight factors in the 
range of 30440% where students of the Illinois 
Institute of Technology's College of Architecture 
could work in a vibrant daylit environment (rooms 
above 5% are perceived as well daylit).  
 

Figure 9  Proposed Building Daylight Factor Plot

 
The original 1954 design of S.R. Crown Hall could 
not capitalize on reducing the connected lighting load 
of the overhead artificial lighting because the 
technology was just not available. 
model capitalizes where the Historic model
not.  The photo4responsive controls in the Proposed 
design are used to maintain a consistent light level to 
minimize the occupants perception of the transition 
from natural light to artificial light.  The light fixtures 
connected to photometric controls have the ability to 
gradually reduce the connected power to 10% of the 
fixture wattage total when the illuminance level of 
500 LUX is acheived in the space(s)
photometric sensors were simulated using 
RadianceIES, another module of IES<VE>
The photometric light savings are summarized in
Table 2.  Three consumption values are illustrated: 
(1) the Baseline lighting consumption using the code 
compliant maximum lighting power allowance 
calculated by the Space4by4Space method
Proposed lighting consumption 

harvesting within S.R. Crown Hall is the daylight 
factor.  The daylight factor simply expresses the 
daylight availability in a room.  It describes the ratio 
of outside illuminance over inside illuminance 
expressed as a percentage (the higher the daylight 
factor percentage the more natural daylight is 
available across the analyzed working plane). 
A daylight analysis was done for both the Historic 
and Proposed models to examine the effect of the 

.  Secondly, a comparison of the 
Baseline models are made to examine 

the percent energy savings from the photo4responsive 
controls in the Proposed design.  As shown in Figure 

model shows great daylight penetration 
on the north and south facades as well as the east and 
west exposures of the building at a depth of 30 feet 

One of the fundamental 
goals of the rehabilitation project was to preserve the 
original philosophy of Mies' design including the 
interior environment.  This is evident in the two very 
similar daylight factor plots (see Figure 9 for 
comparison).  Both maintain daylight factors in the 

40% where students of the Illinois 
Institute of Technology's College of Architecture 
could work in a vibrant daylit environment (rooms 
above 5% are perceived as well daylit).   

 
Proposed Building Daylight Factor Plot 

The original 1954 design of S.R. Crown Hall could 
not capitalize on reducing the connected lighting load 
of the overhead artificial lighting because the 

  The Proposed 
Historic model could 

responsive controls in the Proposed 
design are used to maintain a consistent light level to 
minimize the occupants perception of the transition 

ificial light.  The light fixtures 
connected to photometric controls have the ability to 
gradually reduce the connected power to 10% of the 
fixture wattage total when the illuminance level of 
500 LUX is acheived in the space(s). The 

e simulated using 
<VE>.   

The photometric light savings are summarized in 
Three consumption values are illustrated: 

(1) the Baseline lighting consumption using the code 
compliant maximum lighting power allowance 

Space method (2) the 
posed lighting consumption simulated with 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

509



retrofitted T48 lights only and (3) the Proposed 
lighting consumption simulated with photometric 
controlled T48 lights.  While the Proposed renovation 
lighting consumption (without photometric controls) 
was greater than the code compliant Baseline model, 
the natural lighting dynamics of the upper core 
provided the necessary reduction in lighting power 
through the use of photometric controls to satisfy the 
requirements of an energy code compliant building 
(see Whole4Building Performance section).  The 
Proposed savings shown (39%) is exclusively the 
energy consumption difference between the Proposed 
and Baseline designs.  However, the actual dynamics 
of the lighting system is globally included within 
whole4building simulation of the Proposed building 
design where an increase in the heating load of the 
“upper core” occurs from the internal gains 
reduction. 
   

Table 2  Simulated Photometric Lighting Savings 

Baseline1 
Model 

Proposed2 

Model 
Proposed3 

Model 
Proposed 
Savings 

1,421 MBtu 2,292 MBtu 861 MBtu 39% 
Notes:  
(1)Baseline model lighting consumption with the code compliant 
maximum lighting power allowance.   
(2) Proposed model lighting consumption simulated with 
retrofitted lights only.  
(3) Proposed model lighting consumption with Photometric 
controlled retrofitted lights. 
 

WholeBuilding Performance 
The envelope thermo4physical properties, zone 
thermal data, and HVAC systems; plants and 
components were simulated in both the Baseline and 
Proposed building to derivate the whole4building 
performance.  This paper makes use of the energy 
use intensity (EUI) of a building as a metric 
comparison between the whole4building performance 
of the Historic, Baseline, and Proposed models.  The 
building model’s EUI was calculated by taking the 
total energy consumed in one year (measured in kBtu 
to normalize units between fuels) and dividing it by 
the total floor space of the building.  Table 3 shows 
the simulated whole4building performance resultant 
of the three models.  
 

Table 3  Energy Use Intensity Comparison 

Historic EUI Proposed EUI Baseline EUI 

355 285 293 

 
The Illinois Institute of Technology uses a District 
Energy System (DES) where chilled water and steam 
are provided to selected buildings on the college 

campus.  The Historic, Baseline, and Proposed 
models utilized an energy neutral DES modelled in 
accordance to the U.S. Green Building Council 
(USGBC) design document titled the Treatment of 
District or Campus Thermal Energy in LEED V2 and 
LEED 2009  Design & Construction.  This USGBC 
document provides guidance for modeling district or 
campus thermal energy in building energy 
simulations when the minimum energy performance 
of a building is submitted for LEED certification.  
While this paper does not assess the viability or 
potential of S.R. Crown Hall pursueing LEED 
certification, it was the author's intent to use a 
standardized and documented method for modeling a 
complex district energy heating and cooling system.  
The DES cooling and heating system was 
implemented as described in Option 1 of the 
document which the energy model’s scope accounts 
for only downstream equipment.  
Using the energy neutral DES in the Baseline and 
Proposed building simulations appropriately 
evaluates the performance of the Proposed 
rehabilitation of S.R. Crown Hall per ASHRAE 
Standard 90.1.  The iconic building required a 
performance4based code compliance where tradeoffs 
between building components and systems could 
occur to offset inefficiencies in Mies’ sacrosant 
design.  The success of the envelope rehabilitation 
and rennovation of S.R. Crown Hall is evident in the 
lower energy use intensity of the Proposed buidling 
model.   
The Historic building model also utilized the same 
energy neutral DES as in the Baseline and Proposed 
models.  This type of configuration was selected 
because the actual efficiency of the Steam only plant 
in the 1950’s was not documented nor could it be 
fathomed how it operated.  While the DES remained 
neutral in all three building models the Historic 
model deviated from the others in regards to the 
Appendix G methodology.  This included the outside 
air ventilation rate, schedules, internal gains, and 
HVAC systems.  The Historic building model was an 
attempt to historically document the plausible energy 
use of a building for acedemic purposes; to 
understand how a building once operated, the design 
intent both architecturally and mechanically, and the 
energy profile that it maintained over a couple of 
decades. 

Comfort Analysis 
The comfort analysis for the Historic and Proposed 
building models was performed using the MacroFlo 
and MicroFlo modules within IES<VE>.  MicroFlo 
is a Computational Fluid Dynamics (CFD) system 
concerned with the numerical simulation of air flow 
and heat transfer. The CFD analysis includes the 
generated boundary conditions from the whole4
building simulation such that the effects of climate, 
internal energy sources and the different HVAC 
systems and configurations are included in the 
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simulation.  The Historic buidling model was 
selected rather than the Baseline model to observe 
the effects of three components of the original 
design: (1) the natural ventilation louvers (2) the 
local extract and (3) the performance of the original 
glazing specifications.  Even though the building is 
heating dominated, it is more interesting to observe 
the system/envelope interaction during a cooling 
design day. 
MacroFlo simulates the interaction between air 
flows, pressures (including exterior wind and internal 
bouyancy forces), and the thermal conditions of the 
space.  The bulk airflow analysis in MacroFlo 
simulates airflow between building elements such as 
the facade and the perimeter natural ventilation 
louvers and provides the infiltration boundary 
conditions for use in the CFD calculation. The 
opening properties for the ventilation louvers are 
defined by serveral factors in the bulk flow analysis: 
the crack dimensions and flow characteristics, free 
opening area, timing and degree of opening, and 
opening controls.  The MacroFlo analysis does not 
consider the operation variability of louvers to 
simulate the actual manual operation of the louvers 
(they are either fully open or fully closed).  The 
ventilation louvers were simulated to open when the 
room temperature exceeds 75°F where the 
unconditioned space would become slightly 
uncomforable (no mechanical cooling provided).  
The bulk flow analysis in MacroFlo is static where 
the variability of the various boundary conditions is 
not included.  As a result, the design day for peak 
cooling (from the building load calculation ~ July 
19th) was selected to analyze the worst4case 
condition for thermal comfort in the Historic and 
Proposed building models.  The CFD analysis uses 
comfort metrics developed by ASHRAE Standard 
552007, Thermal Environmental Conditions for 
Human Occupancy (in particular the predicted mean 
vote and the predicted percentage of dissatisfied). 

  

Figure 10  CFD Historic: PPD at Student 

The predicted mean vote (PMV) model uses the heat 
balance principle to relate metabolic rate, clothing 
insulation, air temperature, radiant temperature, air 
speed, and humidity to an average response (on a 7 
point thermal sensation scale) of an occupant in a 
conditioned space.  The predicted percentage of 
dissatisfied (PPD) index is related to the PMV where 
the acceptable thermal environment for general 

comfort lies between the PMV Range of 4
0.5<PMV<+0.5 and a PPD<10.  The thermal comfort 
of the Historic and Proposed building designs was 
evaluated within an identical occupied perimeter 
zone at the seated height of an occupant at a drafting 
desk.   

 

 
Figure 11   CFD Historic: Airflow Temperature 

 
The Historic PPD index illustrated in Figure 10 
ranges from 14428.  Juxtaposed with Figure 11 the 
space is clearly being overheated.  This is a result of 
two factors: (1) exterior warm air passing through the 
perimeter ventilation louvers and (2) the solar heat 
gain at the facade of the building.  Outside air enters 
through the ventilation louvers to the occupied 
thermal zone at a temperature of approximately 83°F.  
With the typical hot weather of Chicago, it was 
presumed that S.R. Crown Hall would overheat for 
many months in the summer. Therefore, the absence 
of students during the summer term would have 
made the natural ventilated perimeter Historic design 
of S.R. Crown Hall acceptable.  
 
 

 
Figure 12  CFD Proposed: PPD at Student 

 
In comparison, Figure 12 illustrates the thermal 
comfort of the Proposed building design at the 
identical position simulated in the Historic.  A 
significant improvement in comfort is clearly 
illustrated where a PPD index of less than 8 is 
achieved.  This affirms the improved performance of 
the proposed glazing where it was specified with a 
better SHGC than the Historic.  ASHRAE Standard 
5542007 defines a PPD index of less than 8 as an 
acceptable thermal environment for general comfort.  
The two major contributing factors in the 
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improvement of thermal comfort was the 
introduction of forced cooled air from the overhead 
diffusers and the improved SHGC of the lower glass 
lites of the envelope. 

  

 

Figure 13  CFD Proposed: Airflow Temperature 

 
As shown in Figure 13, the tempered cool air is 
forced downward and is mixed at the occupied air 
level.  This mixing effect is especially useful to 
counteract the heat gains at the glass facade.  
However, the thermal comfort directly beneath the 
supply air diffusers illustrates a common issue with 
forced air systems where cool air, being heavier than 
warm air, naturally tends to drop and increases its 
velocity when forced downward.   
 

 
Figure 14  CFD Proposed: PPD at Supply Diffuser 

 
This is evident in Figure 14 where the plumes of the 
supply air are clearly defined.  The PPD index within 
this area is in the range of 40450 (unsatisfactory for 
thermal comfort).  Of the six primary factors that 
must be addressed when defining satisfactory thermal 
conditions for comfort, clearly the air speed is 
excessive directly beneath the supply diffusers. 

CONCLUSION 
The energy estimating and modelling methods used 
in this paper to simulate the energy use of an existing 
building after a major renovation and rehabilitation 
of the building envelope is in no way absolute.  There 
are numerious refinements to the energy simulation 
that can be made to reconcile any differences from 
the simulation to the actual operation of the building.  
Among these are differences in building design 
relative to the building modeled, abnormal weather 

conditions, variations in schedules for equipment, 
systems, and occupancy, inconsistencies in the 
application of controls and operations strategies 
compared to those used in the model, the level of 
direct loads, and changes in connected loads.  
Nevertheless, refinements of the energy simulation to 
reconcile all these differences, when these 
adjustments are made by a capable building Energy 
Analyst, can yield simulation results that are more 
consistent with actual energy use.    
In conclusion, historic building preservation is 
inherently tied to sustainability and should not be 
overlooked during the feasibility and planning of a 
project.  Clearly, S.R. Crown Hall is a paradigm 
success a renovation and rehabilitation of a building 
envelope can provide; the preservation benefit of the 
embodied value/energy of an iconic and historic 
building.   
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ABSTRACT 

This paper introduces a scalable methodology that 

supports energy retrofit decision-making at two levels. 

The methodology is based on normative energy models 

to provide objective and transparent benchmarking and 

assessment. The aggregate-level analysis evaluates the 

effectiveness of policy and business plans on energy 

savings by benchmarking the energy performance of a 

collection of buildings and projecting the effects of 

different retrofit scenarios over time. The individual-

level analysis supports risk-conscious decision-making 

for building stakeholders by providing explicit 

information about the energy performance risks 

associated with specific retrofit alternatives. This paper 

describes model results for a small set of commercial 

buildings in the Chicago Loop and findings relevant to 

the method’s application.  

INTRODUCTION 

Retrofitting existing buildings to achieve higher energy 

efficiency is one of the best ways to save energy and 

reduce CO2 emissions. In 2008, the U.S. commercial 

building sector consumed 8.6 Quads of delivered 

energy, generating more than 5,800 million metric tons 

of CO2 (DOE, 2010). This energy is predominantly 

consumed by existing buildings. According to the 

Commercial Buildings Energy Consumption Survey 

(EIA, 2003), the floor area of existing buildings totaled 

71.6 billion square feet in comparison to the 1.6 billion 

square feet of newly constructed buildings in 2003.  

In their seminal report, McKinsey & Company 

estimated an efficiency potential of 1.1 Quads in 

energy savings in retrofitting existing private and 

public commercial buildings, not considering plug 

loads (Granade et al., 2009). In a meta-analysis on 

retro-commissioning projects for 643 existing 

buildings, Lawrence Berkeley National Laboratory 

found that existing buildings contain energy 

inefficiency problems in heating and cooling plants, 

distribution systems, lighting systems, and building 

envelope that, when retrofitted, yielded a median 

energy savings of 16% (Mills, 2009). These studies 

and energy data trends point to energy retrofits of 

existing buldings as essential to achieving reduction 

targets in energy consumption and CO2 emissions from 

the commercial building sector.  

In response to this need, federal, state, and city 

governments have established retrofit initiatives and 

programs to promote the reduction of energy 

consumption by the building sector. President Obama 

launched the "Better Buildings Initiative" with a target 

of reducing energy consumption by 20% in 

commercial buildings by 2020 through cost-effective 

retrofit interventions (White House, 2011). In response 

to the initiative, organizations so far have committed to 

enhancing the energy performance of 1.6 billion square 

feet of floor area (EERE, 2012). At the city scale, 

Chicago initiated a Chicago Climate Action Plan to 

achieve 30% energy reduction by 2020 through 

retrofitting 50% of existing commercial and residential 

buildings in Chicago (CCAP, 2011).  

Reaching these targets will rely on the decisions made 

by public agencies in planning policy and incentives, 

utilities in executing energy efficiency programs, 

financiers in providing capital to the market, energy 

service companies in developing their business models, 

and building owners in investing in energy efficiency 

retrofits. These stakeholders face decisions that span 

individual buildings, portfolios of buildings, and large 

aggregates of buildings and are constrained by various 

degrees of available information about each building. 

Their decisions will be based on their evaluations of 

the cost, benefits, and risks associated with the 

implementation of energy efficiency technology. 

Currently, there are gaps in the analytic tools available 

to support these decisions. 

The energy service company (ESCO) business model 

highlights one gap in decision support. For their retrofit 

projects, ESCOs typically perform an audit to evaluate 

the potential energy savings of feasible energy 

efficiency measures (EEMs). The audit involves 

collecting data about actual building physical and 

operational characteristics, establishing an energy 

baseline of the building, and evaluating the effects of 

EEMs. Moreover, ESCOs need to quantify risks 
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associated with EEMs because their service is based on 

performance contracting that guarantees certain 

savings and compensates the customer for what has not 

been realized according to the contract clauses. In 

practice, they often rely on their historical experience 

and expert judgment to estimate energy-saving 

potential of candidate EEMs and quantify their 

underperformance risks. The rule-of-thumb approach 

based on expertise tends to limit the set of EEMs to 

those with proven records while not properly 

evaluating all possible EEMs including advanced 

retrofit technologies. Properly supporting energy 

retrofit decisions can be realized by a formal method 

that can evaluate all feasible EEMs while accounting 

for all major sources of uncertainty. 

Improving the energy efficiency of a large set of 

buildings requires a new generation of scalable and 

adaptable modeling methodologies. The new retrofit 

analysis framework is based on normative energy 

models that greatly enhance the cost-effectivenss of the 

analysis process in terms of data collection, modeling, 

and computation.  The speed and ease of normative 

modeling enables analysis in the aggregate using 

consistent, proven calculations for energy performance 

of the individual buildings and retrofit technologies. 

METHODOLOGY 

This study proposes a scalable methodology as the core 

of a retrofit decision-making environment to support 

two distinct levels of analysis:  

 Aggregated Level: This level targets the support of 

commercial and policy-makers’ decision-making 

by evaluating the effectiveness of business plans 

or policy in reducing energy consumption. This 

analysis inspects buildings in the large portfolio 

and projects the effects of different energy 

improvement scenarios over time. At this level, 

one can decide which level of intervention in 

certain categories of buildings is necessary to 

reach certain overall energy improvement targets. 

 Individual Level: This level targets the support of 

individual building stakeholders’ decision-making 

by selecting the right mix of EEMs while 

adequately recognizing risks associated with them. 

This analysis can indicate whether certain 

interventions satisfy the mandate or incentive to 

obtain a certain energy savings. In addition, this 

analysis can support establishing performance 

contracts by providing explicit information about 

risks in failing to realize the expected performance 

from EEMs.  

At both levels, all decisions are supported by building 

energy models based on actual information about the 

buildings in the portfolio. The main driver of the 

methodology is the choice of normative energy 

models, which are particularly suited for scalable, 

transparent, and state-of-the-art energy benchmarking 

and assessment over time. In addition, the individual 

level calibrates normative energy models such that 

resulting models can reliably project actual savings 

while quantifying risks associated with testing EEMs. 

The section below summarizes the major features of 

the normative model and Bayesian calibration, and 

elaborates how the two analysis levels take different 

approaches to supporting their distinct decision-making 

contexts. 

Normative Model  

We propose a normative energy-modeling approach for 

assessing energy use in groups of buildings. Relative to 

standard building energy simulation approaches, this 

approach requires significantly less effort in data 

collection, model construction, and computation. The  

European Committee for Standardization (CEN) 

defines the recipe according to a set of normative 

statements about functional building category, building 

usage scenario, system efficiency, etc., for calculating 

and rating the energy performance of new and existing 

buildings. Its simplicity and unified modeling 

assumptions allow this approach to assess building 

energy performance in a standardized and transparent 

way (Hogeling and Dijk, 2008). The normative 

calculation method does not intend to “predict” the 

actual use of the building but rather provides an 

objective measure to compare the energy performance 

of buildings. 

The use of the normative calculation method offers two 

major strengths. First, the method greatly enhances the 

cost-effectiveness of the modeling process, since it 

requires a much smaller set of parameter data to 

capture major characteristics of a building and systems. 

Second, the method does not involve modelers’ bias, 

since it uses all normative assumptions and usage 

scenarios. Hence, the normative model promises to be 

a good candidate for a scalable approach for large-

scale benchmarking and retrofit studies. 

Currently, the normative calculation method is widely 

used to rate building energy performance in many 

European countries and Qatar. The method has been 

validated for its applicability to rate designed buildings 

through a number of rigorous validation efforts 

(Jokisalo and Kurnitski, 2007; Kokogiannakis et al., 

2008). A recent validation study that compared 

normative models with simulation models for 30 

campus buildings helped validate the accuracy of the 

normative calculation for predicting building energy 

performance (Lee, 2012). Beyond rating, a recent 

research project by Heo et al. (2012) showed the 

applicability of the  normative calculation method to 

represent a building as operated and correctly evaluate 
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candidate EEMs for retrofit projects when the model is 

adjusted by calibration.  

Following the CEN-ISO standards, Georgia Institute of 

Technology developed an Energy Performance 

Standard Calculation Toolkit (Lee et al., 2011). The 

toolkit calculates thermal energy demands for heating 

and cooling on the basis of the monthly quasi-steady-

state method. Thermal energy demand takes account of 

heat losses by transmission and ventilation, heat gains 

from solar and internal sources, and the effect of 

thermal inertia driven by building mass. The total 

thermal energy demand can assess the energy 

efficiency of the architectural design. The toolkit also 

calculates energy consumption by the end uses: heating, 

cooling, ventilation, lighting, pumps, and domestic hot 

water (DHW) systems. The calculation takes into 

account heating and cooling losses through the 

distribution and heating and cooling system efficiency 

to determine the energy for each energy carrier. From 

the calculated delivered energy, the toolkit derives 

primary energy and CO2 emissions, considering the 

specific details of the energy supply utilities and 

network and tracking the generation and emission 

efficiency of the local mix of utilities.  

Bayesian Calibration 

We apply the Bayesian approach as a new calibration 

method for the normative energy model to quantify 

uncertainty in calibration parameters in the form of 

probability distributions. Bayesian calibration can 

enhance the reliability of predictions by using 

calibration outcomes as a set of plausible baseline 

scenarios in which candidate EEMs are evaluated and 

by yielding probabilistic outcomes of predicted energy 

savings.  

The Bayesian paradigm treats a probability as a 

numerical estimate of the degree-of-belief in a 

hypothesis. Under this paradigm, our prior belief in 

true values of calibration parameters is quantified as 

prior density functions     . The prior distributions 

are updated, given monitored data on building 

performance, through the likelihood function       . 

The likelihood function compares how closely model 

outcomes with testing parameter values match the 

monitored data. As the result of Bayesian calibration, 

we obtain posterior distributions of calibration 

parameters       :     

                    

The Bayesian calibration module requires three major 

steps: (1) specification of prior probability distributions 

for uncertain parameters, (2) formulation of the 

likelihood function, and (3) application of the Markov 

Chain Monte Carlo (MCMC) method for posterior 

simulation. We quantify prior distributions on the basis 

of expert knowledge collected by reviewing technical 

papers and industry reports. We formulate the 

likelihood function as the Gaussian Process model, 

following the Bayesian framework of Kennedy and 

O’Hagan (2001). To approximate posterior 

distributions from one joint multivariate distribution 

           , we apply one of the MCMC methods, 

the Metropolic-Hastings method. The method explores 

the parameter space in an iterative manner and accepts 

those steps that satisfy an aceptance criterion (Gelman 

et al., 2004). As a result, the Bayesian calibration 

module provides a set of accepted parameter values as 

posterior distributions. The calibration process is 

described in detail elsewhere (Heo et al., 2012).  

EEM Database 

We have used a database for common retrofit 

technologies in the market and grouped them following 

the hierarchy of Category, EEM, and Retrofit 

Technology. The database includes 30 retrofit 

technologies for envelope, HVAC, lighting, DHW, 

appliance, and building energy management systems.   

The database further defines the input parameters 

adjustments that are required to represent the retrofits 

in the energy model. The details have been 

summarized by Zhao et al. (2011).  

Retrofit Decision-Making Environment 

Figure 1 shows the components and interfaces of the 

overall system in the Retrofit Decision-Making 

Environment. The two level analyses are based on 

normative energy models, but have different 

approaches in treating normative models and 

translating decision-making contexts.  

The aggregate-level layer strictly follows the 

normative scenarios and assumptions in the CEN-ISO 

standards to benchmark buildings and relatively 

evaluate the effectiveness of retrofit scenarios. This 

layer uses the normative model without calibration to 

support the deterministic analysis. This approach arises 

from our hypothesis that the normative model without 

calibration is still adequate for the comparative study. 

On the other hand, the individual-level layer tackles the 

questions of what energy savings are achievable from 

EEMs and at what level of confidence. Hence, we 

apply two additional steps in this layer: (1) operational 

adjustment based on site visits and measurements, and 

(2) parameter estimation based on the Bayesian 

approach, such that the resulting baseline model can 

accurately reflect a building as operated and reliably 

predict potential energy savings from candidate 

packages of EEMs. This layer no longer follows 

normative scenarios for building usage and operation, 

but makes operational adjustments to the model 

parameters such that the model is in alignment with 

actual building operation. Furthermore, this layer 

calibrates the model on the basis of the Bayesian 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

515



approach to enhance the reliability of the baseline 

model and quantify uncertainty in the energy use 

predictions. Then, we incorporate uncertainties 

associated with the EEMs to provide probabilistic 

predictions of retrofit scenarios.  

 

Figure 1 Scheme of the analysis environment  

AGGREGATE-LEVEL ANALYSIS 

This section illustrates the proposed aggregate-level 

analysis process using a pilot pool of seven office 

buldings in the Chicago Loop.   We illustrate the use of 

normative energy modeling for (1) benchmarking 

building energy performance; and (2) evaluating 

alternative retrofit scenarios.  

The aggregate analysis capability will be useful to 

stakeholders with interests in large numbers of 

buildings, as examples: policy analysts with access to 

building data collected through city mandates; owners 

and managers of building portfolios; utilities in 

designing energy efficiency programs; and energy 

service companies for market development. Compared 

to less rigorous energy savings evaluation methods, the 

normative energy model allows the unique 

characteristics of the individual buildings and the 

interactions of systems within a building to be reliably 

factored into the assessments of portfolio investments.    

Benchmark Buildings  

With a normative energy model, one is able to rate 

buildings without performing deep dynamic 

simulation. We use a standardized expression of 

performance, referred to as the energy performance 

coefficient (EPC), to benchmark individual buildings 

by their performance with respect to thermal need 

(denoted as EPCneed), delivered energy (EPCdel), and 

primary energy (EPCpri). 

EPCs are an objective measure of energy performance 

to rate buildings in a standardized manner and identify 

those with the greatest opportunity for energy 

efficiency improvement. Equation 1 defines the 

calculations of EPCs: 

    
                 

                 
                    (1)  

                  is the whole-building annual energy 

use calculated by the normative model, and 

                  is a reference value representing 

the annual energy use for a functionally equivalent 

building of the same type. There are various ways of 

defining such a reference value. For our pilot example, 

we select the building with the best energy 

performance (Building 1) from our seven building 

sample to serve as a reference for the EPCs.  In 

practice, the reference values would be derived from a 

statistical analysis of all buildings in the portfolio or 

from national-level databases and ratings, such as 

Energy Star ratings, CBECS data, or those under 

development by the DOE (Asset Rating and Buildings 

Performance Database  programs) (DOE, 2012a; DOE, 

2012b).  

Table 1 shows EPCs calculated for each the seven case 

buildings. These data show a significant range of 

energy performance amongst the seven buildings and 

highlight those buildings with the greatest thermal 

loads and least efficient energy systems. The EPCneed 

and EPCdel benchmark data reveal that possible 

improvements could be achieved by upgrading both the 

building envelopes and the mechanical and lighting 

systems in the buildings.   

The value of benchmarking with the normative energy 

model is the capability to evaluate the performance of 

buildings independent of differences in how they are 

occupied or operated.  Comparison of normative 

energy model benchmark rankings against those based 

on measured energy consumption (for example Energy 

Star Portfolio Manager) will provide a deeper 

understanding of energy use in the buildings and the 

focus areas for energy improvements. 

Table 1 EPCs of seven case buildings 

BUILDING EPCneed EPCdel EPCpri 

Building 1 1.0 1.0 1.0 

Building 2 1.8 1.6 1.9 

Building 3 1.5 1.8 1.8 

Building 4 1.5 1.8 1.4 

Building 5 1.3 1.4 1.3 

Building 6 1.5 1.5 1.4 

Building 7 1.3 1.3 1.1 

Retrofit Scenario Analysis  

In addition to benchmarking, the normative energy 

modeling methodology can be used to study retrofit 

scenarios, testing the effects of a mix of retrofit 

technologies on certain groups of buildings for energy 

savings. First, we design a set of retrofit palettes by 

selecting specific retrofit technologies. Then, we 

associate different palettes with different sets of 

buildings to create retrofit scenarios. For demonstration 

purposes, we selected all seven buildings for energy 

efficiency improvements and applied two retrofit 
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palettes (shown in Table 2), which consist of both 

envelope-related and system-related EEMs, to all. 

Hence, we have two retrofit scenarios: (1) retrofit 

palette 1 on the seven buildings and (2) retrofit palette 

2 on the seven buildings. 

Table 2 Specification of the two retrofit palettes 

PALETTE ENERGY EFFICIENCY MEASURE 

1 High-efficiency Chiller / Energy Recovery 

Occupancy Sensor / Infiltration Reduction / 

2 High-efficiency Chiller / Energy Recovery 

Occupancy Sensor / Infiltration Reduction / 

Triple Glazing, Low-e 

Using the normative energy model, we evaluated the 

two retrofit scenarios in relation to the Chicago 

Climate Action Plan target of 30% energy use 

reduction. Figure 2 shows that scenarios 1 and 2 reduce 

the total delivered energy expressed as Energy Use 

Intensity (EUI) by 10% and 20%, respectively, in 

comparison to the baseline. The results suggest the  

need for more aggressive retrofit strategies to achieve 

the Chicago Climate Action Plan (green bars).   

 

Figure 2 Effects of retrofit scenarios on energy 

consumption at aggregate level  

INDIVIDUAL-LEVEL ANALYSIS 

This section illustrates the proposed individual-level 

analysis process through a case study. In the 

individual-level analysis, one can closely inspect the 

energy savings potentials of EEMs and their associated 

performance risks. As a result, decision-makers can 

rationally select EEMs according to their objectives 

and risk attitude.  

Quantify Uncertainties in Model 

We quantified uncertainties in model parameters of the 

normative model. Uncertainty information is used to 

objectively identify dominant parameters and derive 

calibration results.Table 3 summarizes the base, the 

minimum, and the maximum value for uncertain model 

input parameters on the basis of industry reports, 

standards, and technical reports.  

Table 3 Range of uncertainty in model parameters 

PARAMETER BASE MIN MAX 

Roof U value (Btu/h·ft²·°F) 0.09 0.08 0.10 

Roof Solar Absorptance 0.63 0.43 0.83 

Roof Emissivity 0.91 0.87 0.85 

Wall U value (Btu/h·ft²·°F) 0.09 0.08 0.10 

Wall Solar Absorptance 0.63 0.43 0.83 

Wall Emissivity 0.91 0.87 0.95 

Window U value (Btu/h·ft²·°F) 0.32 0.29 0.36 

Window Solar Transmittance 0.22 0.16 0.26 

Envelope Heat Capacity (Btu/ft²·°F) 0.81 0.60 1.02 

Heating Temperature—Occupied 72 68.5 75.5 

Heating Temperature—Unoccupied 65 61.5 68.5 

Cooling Temperature—Occupied 70 66.5 73.5 

Cooling Temperature—Unoccupied 75 71.5 78.5 

Occupancy Density (ft²/person) 208 46 245 

Occupant Metabolic Rate 

(W/person) 

80 70 130 

Appliance Power Density (W/ft²) 1.63 0.56 3.16 

Lighting Power Density (W/ft²) 1.34 1.11 1.58 

Cooling System Mean Partial Load 

Index 

0.84 0.83 0.99 

Cooling Distribution Loss Factor 0.00 0.00 0.15 

DHW System Efficiency 0.91 0.88 0.95 

DHW Distribution System 

Efficiency 

0.60 0.54 0.66 

Infiltration Rate (ACH)  0.15 0.10 1.25 

Identify Dominant Parameters  

We applied the Morris method (Morris, 1991) to 

identify the most influential parameters with respect to 

their effect on the predicted energy use distribution. 

This step aims to minimize the role of expert judgment 

in the selection of calibration parameters. Figure 3 

plots elementary and interaction effects of 22 uncertain 

parameters. The elementary effect refers to the average 

of the changes in the model outcome as the result of 

the change in one input value. The interaction effect 

refers to the standard deviation of the changes. In this 

example, infiltration rate is the most dominant 

parameter, followed by appliance power density, 

heating temperature during the occupied period, and 

heating temperature during the unoccupied period. We 

observed that those four parameters have by far the 

greatest impact on energy use, and selected those four 

parameters for calibration. 
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Figure 3 Elementary effects of uncertain parameters 

Calibrate Selected Parameters  

We calibrated the four dominant parameters in the 

normative energy model with five-year monthly utility 

bills. The calibration requires three types of inputs: (1) 

monthly utility bills, (2) prior density functions of 

calibration parameters, and (3) energy model outcomes 

exploring the calibration parameter space. The Latin 

Hypercube Sampling technique is used to explore the 

parameter space efficiently with limited samples (Wyss 

and Jorgensen, 1998).  

Figure 4 shows the calibration results (blue histograms) 

of the four parameters against the prior beliefs (red 

lines). The posterior distribution of infiltration rate is 

towards the lower bound, and greatly reduces 

uncertainty from the prior distribution. In contrast, the 

appliance power density is likely to be higher than 

expected. The heating temperature during the occupied 

hours is likely to be 2°F higher than the expected prior 

estimate, while that during the unoccupied hours does 

not change much from the prior estimate.  

 

 

Figure 4 Calibration results for the four parameters 

(prior – red, posterior – blue)  

Then, we validated the calibrated model against the 

five-year utility data. Figure 5 compares energy uses 

calculated from the uncalibrated model and the 

calibrated model against measured energy uses. The 

comparisons demonstrate that the calibrated model 

enhances the reliability of the model by reducing the 

coefficient of variation of the root mean squre error 

(CVRMSE) from 0.46 to 0.25.  

 

Figure 5 Validation of the calibrated model 

Evaluate Retrofit Palettes 

We evaluted the effectiveness of the two retrofit 

palettes specified in Table 2 with respect to energy 

savings in the example building. We propagated both 

uncertainties in the calibrated parameters and 

additional uncertainties associated with the EEMs 

through the normative model to estimate (1) the energy 

savings achievable with the retrofit palette and (2) the 

magnitude of risk associated with those savings. Figure 

6 shows a box plot of energy savings from the two 

retrofit palettes. The bottom and top bars of the box 

indicate the lower and upper quartiles, and the range 

between the whiskers includes about 99% of the 

distribution. The box plot suggests that the possible 

savings from retrofit palette 1 range between 9% and 

12%, while the savings from retrofit pallete 2 fall 

between 12% and 17%. The performance risks are 

small for implementing these retrofit palettes in the 

example building because (1) the EEMs considered 

contain a relatively small magnitude of uncertainty in 

their physical properties and (2) the variation in the 

energy baseline model does not influence the 

performance of EEMs, so EEMs perform quite 

consistently regardless of the baseline scenarios 

obtained from calibration. 
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Figure 6 Effects of retrofit palettes on energy saving  

DISCUSSION AND FUTURE WORK 

This paper presents a scalable analytic method that 

supports retrofit decision-making at the individual 

building and aggregate levels. In the method, 

normative energy modeling is used to forecast the 

comparative energy use of buildings before and after 

candidate EEMs are implemented. The methodology 

allows decision makers to evaluate policy and planning 

options in the context of the actual building portfolio 

and informs individual building stakeholders of 

specific retrofit strategies suited to their buildings and 

their objectives and risk attitude.    

This study is ongoing to develop a web-based retrofit 

decision-making tool. In order to enhance the strengths 

of the tool in applications, we need to tackle the 

following objectives: 

1. Scaling the aggregate-level analysis: 

The retrofit analysis method based on normative 

models tackles scalability with respect to modeling 

efforts and computational expense. However, 

collecting building data for each bulding at city or 

regional scales is still more labor-intensive than 

desired. In order to reduce the data collection 

burden, we need to further investigate the 

possibility of reusing existing data sources. We 

conducted a sensitivity analysis to evaluate the 

effects of parameter data that are difficult or 

impossible to obtain on analysis outcomes and 

final decisions, and are implementing streamlined 

data requirements on data collection (Guzowski et 

al., 2012).   

2. Calibrating energy models for the aggregate-level 

analysis: 

In this study, the aggregate-level analysis is based 

on normative models without calibration. This 

approach can be adequate for relative comparisons 

of different retrofit scenarios. However, this 

approach is not able to reliably estimate the actual 

baseline energy uses and forecast energy 

consumptions after EEM implementation. Hence, 

if we want to enhance the predictive power of the 

models, it is necessary to calibrate every model of 

a building in the portfolio. However, since current 

calibration approaches are too computationally 

expensive for this purpose, we should further 

investigate how to derive correction factors based 

on a pool of buildings that can properly adjust a 

model on the basis of measured data without the 

rigorous calibration process. 

3. EPC benchmarking of “as-operated” performance:  

Calculation of EPCs is based on the standard 

scenario of building usage and operation for the 

energy baseline and the reference values. 

Accordingly, EPCs rate building energy 

performance regardless of how the building is 

actually used. This rating approach is valid if the 

ranking by “as-operated” performance should be 

equivalent to the ranking by calculated EPCs. 

Hence, if we want to benchmark buildings in terms 

of their “as-used” performance, we need to further 

investigate the correlation between EPCs and 

metered energy consumption on the basis of a 

large basket of buildings with metered data 

available.    

4. Enhancing the individual-level analysis: 

The energy analysis method was developed to 

reliably predict the effects of candidate EEMs on 

energy savings and quantify their associated 

performance risks. To fully support retrofit 

decision-making, the analysis tool needs to have 

the following capabilities: First, it should support 

financial decision-making based on realistic costs, 

benefits (energy savings, incentives, and other 

value streams), and risks. To that end, we will 

integrate the energy analysis method with the 

financial decision-making tool developed by 

Argonne National Laboratory. Second, the analysis 

currently requires some expert judgment, 

particularly in the uncertainty quantification. To 

improve the utility of the analytic tool, these 

computations need to be automated and linked to a 

database of uncertainty data and feasible EEMs for 

various types of buildings. 
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ABSTRACT
A run-time coupling between ESP-r and TRNSYS has been
developed to offer the possibility of an integrated simulation
environment that simultaneously manages detailed perfor-
mance prediction of both building physics and energy sys-
tems. The co-simulator’s design and implementation are de-
scribed, together with a series of tests used in its verification.
An example of the type of system which can be addressed by
the coupling of these tools is demonstrated, and its compu-
tational efficiency is assessed.

INTRODUCTION
The topic of run-time coupling (also known as co-
simulation) has been addressed by numerous authors
within the past decade(Dorer and Weber, 1999; Huang
et al., 1999; Janak, 1997; Djunaedy, 2005; Trc̆ka et al.,
2009; Wetter, 2010). This paper focuses upon the spe-
cific example of the run-time coupling between ESP-r
and TRNSYS that is under development (Beausoleil-
Morrison et al., 2011). The coupling of these comple-
mentary tools exploits the strengths of both simulation
tools to facilitate the modelling of innovative building
and energy system configurations more vigorously than
either simulation program could achieve on its own.
These new co-simulation capabilities can support the
analysis of advanced systems such as Net Zero Energy
Housing (NZEH). NZEH requires the rigorous treat-
ment of a coupled simulation to accurately determine
energy impacts of low-energy homes (load reduction/
energy efficiency) and renewable energy production
strategies and systems.

This paper describes the design of the co-simulation
environment in which ESP-r and TRNSYS iterate in-
ternally and between the two programs by exchanging
data within the time-step. Each program iterates and
converges internally, once converged, the harmonizer is
called to ensure the other program has also converged.
If both programs do not simultaneously converge the
two programs are forced to continue iterating (with
the last values exchanged) at the same time step until
overall convergence is reached. The design is based on
running both ESP-r and TRNSYS on separate threads
that are managed by a middle-ware. The functionality
and implementation of this middle-ware, referred to as
the Harmonizer, is explained together with the modifi-
cations required to the ESP-r and TRNSYS source code
to enable their cooperation with the Harmonizer. The
main focus of the paper is to report the results obtained

from a series of tests devised to verify the co-simulator,
and to demonstrate its potential application. The com-
putational efficiency is considered by comparing the
simulation times of the co-simulator with ESP-r only
and TRNSYS only simulations of the same systems.

DESIGN OF CO-SIMULATOR
The co-simulator is based on the use of shared li-
braries. Shared libraries are libraries of functions that
are loaded into memory by executables at load time
or run time, and can be shared with other executable
files. A shared library is known as a dynamic link
library (DLL) under the Windows operating system,
which this co-simulator is currently limited to. Com-
piling the harmonizer, ESP-r and TRNSYS as shared
libraries, allows each of the libraries to have access to
the subroutines in the other libraries. The co-simulator
comprises a launching executable which loads and ini-
tializes the Harmonizer shared library and executes
the main function. This in turn loads and initializes
the ESP-r and TRNSYS shared libraries, and executes
the co-simulation. The design of the co-simulator is
based on ESP-r and TRNSYS on separate threads to in-
crease its computational efficiency, as this enables each
program to perform its internal calculations indepen-
dent of the other program. The Harmonizer manages
the data exchange and evaluates the convergence be-
tween the two programs. The justification for a num-
ber of the software design decisions made regarding
the co-simulator are discussed elsewhere (Beausoleil-
Morrison et al., 2011).

The role of the Harmonizer is to establish and maintain
the coupling between the ESP-r and TRNSYS shared
libraries. It does this by performing the following
functions:

• Loading the ESP-r and TRNSYS DLLs and exe-
cuting the initialization processes (including pars-
ing input files) required prior to simulation.

• Creating the threads to initiate the simulation
time loop in each program.

• Synchronizing the data exchange between ESP-r
and TRNSYS.

• Controlling the convergence between the two solvers.
• Acting as the simulation clock, controlling the

marching forward through time.

Figure 1 describes the design of the Harmonizer. The
Harmonizer receives its inputs from an input (text) file
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Figure 1: Harmonizer design

which stores the location of the ESP-r and TRNSYS
DLLs as well as the location of the input files required
by each program. Then each of the DLLs is loaded
and ESP-r and TRNSYS are initialized. For the sim-
ulation to produce meaningful results both ESP-r and
TRNSYS must run with the same weather file and with
the same simulation period and number of time-steps.
With the current design satisfying this condition is the
user’s responsibility. The ESP-r thread is created first
which begins the simulation. For every time-step ESP-
r first solves building domain, followed by the plant
domain. Having achieved convergence in the plant do-
main, communication with the Harmonizer is initiated.
The first call to the Harmonizer’s PassDataToTrnsys
function creates the TRNSYS thread and commences
its simulation. The first call TRNSYS makes to the
Harmonizer is the call to GetEsprData, to collect the
boundary condition data that ESP-r passed to the Har-
monizer. TRNSYS subsequently uses that data in its
own internal iterations until convergence is reached and
then passes the newly calculated boundary conditions
back to the Harmonizer with PassDataToEspr. ESP-r
then collects the new data with the call GetTrnsysData.
Once the data exchange is complete, both programs
call GetSystemConv to see if the whole system has
converged; if it has then both programs may proceed
to the next time-step and if not then another invocation
of the current time-step is performed. The convergence
criteria for ESP-r and TRNSYS solvers are set by the
user, as are the tolerances in the Harmonizer.

The building-domain data that ESP-r passes to TRN-
SYS are calculated at the future time-row. They are the
discrete values for the point in time at the end of the
simulation time-step. As ESP-r solves the building and
plant domains sequentially within the time-step, these
are solved by ESP-r prior to the iteration between ESP-
r’s plant domain and TRNSYS for the given time-step.

The plant domain data passed by ESP-r are the discrete
values it is solving for the future time-row. As there
are multiple invocations per time-step, these values are
evolving but converge to the future time-row once the
Harmonizer concludes the system has converged for
the time-step.

Because both ESP-r and TRNYSYS are loaded into
the harmonizer as DLLS, they essentially become part
of a single software program and can exchange data
by passing variables through subroutines. This means
they do not require any external means of data ex-
change such as shared memory, file I/O or sockets,
but can pass variables directly. The required variables
are passed via a shared derived data structure (DDS),
which allows all the data that needs to be shared to
be grouped (rather like an array made up of different
data types) and facilitates the data dispatch. The order
of the calls to the Harmonizer’s data exchange func-
tions is critical for ensuring synchronization, and is as
follows:

1. PassDataToTrnsys waits for GetTrnsysData to
complete (except in the first call).

2. GetEsprData waits for PassDataToTrnsys.
3. PassDataToEspr waits for GetEsprData.
4. GetTrnsysData waits for PassDataToEspr.

A number of flags are used to ensure that the ESP-r
thread and the TRNSYS thread (which are otherwise
operating independently) call these functions in the
correct sequence.

PassDataToTrnsys is called by ESP-r to pass the DDS
to the Harmonizer. Once all the data has been copied,
the flag EsprData.Ready is set to true which allows GetE-
sprData to continue. GetEsprData is forced to wait for
the data copying in PassDataToTrnsys to be complete
before it can execute its commands. With the excep-
tion of the very first call, the bPassingDataToEspr flag
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is used to force PassDataToTrnsys to wait for data to
be copied from TRNSYS to the Harmonizer and from
the Harmonizer to ESP-r before ESP-r can pass its data
into the Harmonizer.

GetEsprData is called by TRNSYS to retrieve the data
passed by ESP-r and stored in the Harmonizer. The
function will only return once the data has been re-
trieved which will only happen once EsprData.Ready
is set true (i.e. once ESP-r has made that data avail-
able). After TRNSYS has received the data, the flag
bPassingDataToTrnsys is set to allow PassDataToEspr
to proceed.

PassDataToEspr is called by TRNSYS to pass data to
the Harmonizer. As with PassDataToTrnsys, the DDS
is copied before the TrnsysData.Ready flag is set to allow
GetTrnsysData to continue. This ensures GetTrnsys-
Data waits until the data copying in PassDataToEspr is
complete. PassDataToEspr is in turn forced to wait (us-
ing the bPassingDataToTrnsys flag) for data to be copied
from ESP-r to the Harmonizer and from the Harmo-
nizer to TRNSYS before TRNSYS can pass its data
into the Harmonizer.

GetTrnsysData is called by ESP-r to retrieve the data
passed by TRNSYS and stored in the Harmonizer. The
function only returns once the data has been retrieved,
which only occurs once the flag TrnsysData.Ready is
set to true (i.e. after TRNSYS has made that data
available). Once ESP-r has received the data, the flag
bPassingDataToESP-r is set to allow PassDataToTrn-
sys to proceed. The multi-threaded design of the co-
simulator necessitates the use of multiple flags to force
the coordination of the threads, otherwise data from
the DDS may only be partially transferred when con-
vergence is assessed.

GetSystemConv is called by ESP-r and TRNSYS to
see if both programs have converged. Subsequent to
ESP-r having satisfied convergence within its plant do-
main and TRNSYS having utilized its iterative solu-
tion method to converge a solution within the current
time-step, the Harmonizer’s convergence checker is in-
voked. It determines whether the two simulation pro-
grams have collectively converged by examining the
state of the boundary conditions that are passed back
and forth. If the Harmonizer concludes that the overall
system has converged, each program is instructed to
march forward in time to execute the simulation at the
next time-step. If convergence of the boundary con-
ditions is not attained, ESP-r and TRNSYS exchange
boundary conditions via the Harmonizer and perform
another invocation at the current time-step.

Under normal circumstances, the Harmonizer contin-
ues to invoke ESP-r’s plant domain and TRNSYS until
the values of the variables passed between the two
simulators have stabilized. When there is no flow of
water or air through the ports connecting the two sim-
ulators, ESP-r’s plant domain and TRNSYS are essen-

tially decoupled numerically. As such, to economize
on computations the Harmonizer has been configured
to minimize the invocations between the two solvers.
As explained, ESP-r’s plant domain and TRNSYS are
invoked sequentially; on the first invocation at a given
time-step, ESP-r’s plant domain is passed data that
TRNSYS solved at the previous time-step. As such,
when flow through the ports becomes zero, a second in-
vocation of ESP-r’s plant domain is required to ensure
an accurate simulation. Therefore, when the Harmo-
nizer detects that the flow through the ports has ceased,
it ensures there are two invocations of the solver before
marching forward in time.

MODIFICATIONS TO ESP-r and TRNSYS
A number of additions were required in the ESP-r and
TRNSYS source code to realize the coupling:

• ESP-r was modified such that data computed by
a TRNSYS network could be imposed onto ESP-
r’s plant domain and such that flow and tem-
perature data computed by ESP-r’s plant domain
could be imposed onto a TRNSYS network. This
computed data comprises flow and temperature
data for hydronic systems and includes additional
moisture flow rates in the case of air-based sys-
tems.

• ESP-r was modified to enable temperature and
humidity conditions determined by ESP-r’s build-
ing domain to be imposed upon a TRNSYS net-
work.

• ESP-r will be modified to enable heat transfer
from a TRNSYS network to be imposed onto
ESP-r building domain (i.e. internal gains).

• A new TRNSYS type (Type 130) was created to
allow inputs and outputs to be passed to and from
ESP-r modelling domains.

• A new category of TRNSYS type was created
which is capable of preventing the TRNSYS en-
gine from proceeding to the next time-step, which
is required when the co-simulation fails to con-
verge at a given time-step.

Two additional plant components have been added to
the ESP-r code base to enable the interaction between
ESP-r’s plant domain and the Harmonizer. These new
plant components have been generically termed TRN-
SYS coupling components ( TCC), of which there are
two types; the hydronic coupling component ( HCC);
and air-based coupling component ( ACC). The ESP-r
user is required to specify which real components in
the plant network supply or receive a fluid stream (liq-
uid or air). Coupling components can be either sending
or receiving: a sending component indicates that ESP-r
will send data to the Harmonizer; whereas a receiving
component indicates that ESP-r will receive data from
the Harmonizer.

A new subroutine, TCC communication, handles all
the data exchange between ESP-r and the Harmonizer.
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It has been designed such that TRNSYS types can
be contained within ESP-r building zones and thermal
losses (e.g. from the skin of a thermal storage tank)
can be injected into an ESP-r building zone. All the
zone air-point temperatures are passed from ESP-r to
the Harmonizer and thereby made available to Type
130. In TRNSYS the user needs to specify the con-
tainment of each type by mapping these zone air-point
temperatures to the type’s input. Similarly, the user
also specifies the parasitic heat losses from types by
mapping these outputs to Type 130, which will then
be communicated via the Harmonizer to the ESP-r. In
ESP-r these heat transfer rates will be injected as casual
gains into the appropriate zones.

Type 130 has been created to receive data from each
of ESP-r’s sending HCCs and ACCs and dispatch data
to each of ESP-r’s receiving HCCs and ACCs. The
standard TRNSYS procedure for connecting compo-
nents is used to map ESP-r outputs (representing real
components in the plant network) to Type 130 inputs
and Type 130 outputs to the inputs of the other TRN-
SYS types. Likewise, the outputs of TRNSYS types
are mapped to Type 130 inputs which are mapped to
ESP-r inputs.

The main distinction between Type 130 and types rep-
resenting real components is that Type 130 can pre-
vent the TRNSYS engine from proceeding to the next
time-step when TRNSYS has converged but there is
no overall convergence for the system (TRNSYS and
ESP-r). To implement this, a new category of type, the
data exchanger type, was created. The data exchanger
type is called directly after internal convergence to de-
termine whether the simulation can proceed to the next
time-step. Thus, during a co-simulation, Type 130
calls GetSystemConv in the Harmonizer and if overall
convergence is reached TRNSYS calls after conver-
gence types and then proceeds to the next time-step.
If not, new iterations of the same time-step are made,
after getting renewed data from ESP-r with a call to
GetEsprData.

VERIFICATION
Three tests were used to verify the results obtained
through the run time coupling of ESP-r and TRNSYS.
The first test was to ensure data was not corrupted in
its passage between the three programs. The two other
tests were designed to ensure the results obtained in
simulating first hydronic based and secondly air based
systems were credible.

As previously described a DDS is used to transport
data between ESP-r, TRNSYS, and the Harmonizer.
TRNSYS uses double precision real numbers by de-
fault, whereas and ESP-r uses a mix of single preci-
sion, double precision, and integer variables. There-
fore, data passed between them needs to be cast to its
appropriate type in the Harmonizer. To prove the in-
tegrity of the data communications between ESP-r and

TRNSYS via the Harmonizer the following test was
used. An HCC sending component in ESP-r passed
time-varying flow rates and temperatures to TRNSYS
(via the Harmonizer) for every iteration through ESP-
r’s plant domain solver. The Harmonizer passed this
onto Type 130 and TRNSYS incremented the value
by two. This result was subsequently passed back to
the Harmonizer and then to an HCC receiving com-
ponent. Both the sent and returned values were made
them available in ESP-r’s reporting facility. The re-
sulting .csv file was examined to ensure that the data
were correctly passed through all the communications.
This test demonstrated that transporting data between
ESP-r and the Harmonizer and between TRNSYS and
the Harmonizer was successful.

HYDRONIC SYSTEM TEST
A hydronic system test was devised to test a co-simulation
in which ESP-r treats the building and the HVAC sys-
tem’s terminal device and in which TRNSYS treats the
HVAC system’s heating and circulation devices. This
test case was based upon BESTEST case 600 (Judkoff
and Neymark, 1995) and required a minimal plant net-
work consisting of a sending and receiving HCC and
a radiator in ESP-r. The HVAC system in TRNSYS
comprised: a boiler and pump activated by a controller
trying to maintain a constant room temperature. The
test was further subdivided to investigate different con-
trol strategies using: an on/off controller to control the
flow rate of a constant temperature stream of water
(B1); an on/off controller to control the temperature of
a constant flow rate of water (B2); and a PID controller
used to control the flow rate of water at a constant tem-
perature (B4). The implementation of this system is
detailed in the schematic shown in Figure 2.

The results from these test cases are presented in the
graphs in Figures 3, 4, and 5. Depicted in these graphs
are the zone air temperature (sensed in ESP-r) and the
controller set points used to control the plant network
(in TRNSYS). In each case the air temperature can be
seen to rise after supplying heat to the zone has ceased
which reflects the thermal capacity of the water in the
radiator. When the temperature reaches 20◦C in the
room, either the pump or boiler is turned off, but the
residual heat in the radiator continues to heat the air of
the zone for a few minutes. Figure 3 illustrates the case
where the zone air temperature is regulated to 20◦C by
an on/off controller, controlling the pump.

The graph demonstrates that TRNSYS can sense the
zone air-point in ESP-r, and correctly actuate the pump
to respond to the heating demand and that ESP-r’s air-
point temperature responds to the transient behavior
of the radiator. Figure 4 illustrates the case where the
heater in TRNSYS is controlled rather than the flow
rate. Again the graph demonstrates that TRNSYS can
sense the zone air-point in ESP-r, and correctly con-
trols the heater in response to the heating demand. The
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Figure 2: Co-simulation of a hydronic system

Figure 3: Results from co-simulation B1

Figure 4: Results from co-simulation B2

heater is either off or maintaining a constant supply
temperature of 75◦C ESP-r’s air-point temperature re-
sponds to the constant flow of heated water with less
cycling than in the case with the on/off controller con-
trolling the pump. The effect of the PID controller can
be seen in Figure 5 where the flow to the radiator can be
seen to vary. These graphs attest the communication
between the two programs is working correctly.

To verify the accuracy of the results obtained, the zone
air temperature predicted was compared with that pre-
dicted by ESP-r using ideal control to control the air
temperature to 20◦C. The Inequality Coefficient (Theil,
1961), describes the inequality in a time-series due to
the mean, variance, and co-variance as described by
equation 1. The resultant coefficient ranges in values
between zero and one, with zero indicating a perfect
match at every time-step and one denoting no match.
This coefficient is converted to a percentage match by
subtracting it from 1 and multiplying the result by 100.
All the test presented in this paper are based on 1 minute
time steps with convergence tolerance of 0.01◦C for

Figure 5: Results from co-simulation B4

Figure 6: Inequality coefficients and percentage match
figures for different HCC test cases

temperatures and 0.1% for flowrates.

U =

√
1
n ∑(Xt −Yt)

2√
1
n ∑Xt

2 + 1
n ∑Yt

2
(1)

Where U is the inequality coefficient, Xt and Yt are two
time series, and n is the number of time-steps.

Figure 6 shows the inequality coefficients and the cor-
responding percentage matches obtained for a number
of variations of the hydronic systems test. Test B1 uti-
lizes on/off control of the pump with a dead-band of 2
and with a dead-band of 0, B2 controls the heater us-
ing on/off control and B4 controls the heater using PID
control. The results coefficients obtained demonstrate
that the co-simulation are in good agreement with the
ideal control scenario, particularly in the case where
the dead-band (db) of the on/off controller (in test B1)
in TRNSYS is set to zero and the time-step (ts) is re-
duced to 7.5seconds.
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Figure 8: Results from air-based co-simulation

Figure 9: Results for humidity and moisture flow from
air-based co-simulation

AIR-BASED SYSTEM TEST
The air-based system test was devised to test the ACC
component and was similar to the previous test in that
ESP-r treats the building and TRNSYS the HVAC sys-
tem’s heating and circulation devices. Again ESP-r
required a minimal plant network consisting of a re-
ceiving and sending ACC and corresponding supply
and return air ducts to the zone. The TRNSYS HVAC
system comprised a heating coil, a fan, and a con-
troller, as well as a humidifier with an on/off controller
to maintain a relative humidity of 50%. Zone air tem-
perature is regulated to 20◦C by on/off control on the
fan adding heated air (at 40◦C) This test was used to
test the behavior of the ACC components, but also to
ensure zone air humidity and moisture flow data was
handled correctly.

A set of results from the air-based test is illustrated in
the graphs in Figures 8 and 9. The graph demonstrates
that TRNSYS can sense the zone air-point in ESP-r,
and correctly actuate the heating coil to respond to the
heating demand and that ESP-r’s air-point tempera-
ture responds to the temperature of the air steam from
the supply duct. The plant network uses temperatures
calculated in the building domain from the previous
timestep which accounts for why the system supplies
heat after the zone air has exceeded the off setpoint
Figure 9 illustrates that TRNSYS can sense the zone
humidity in ESP-r and correctly humidify the air stream
when the zone humidity falls below 50%.

DEMONSTRATION
To demonstrate potential co-simulation applications, a
house serviced by a DHW/space heating solar combi-
system was simulated. The system used is described in

Figure 11: Predicted zone air temperatures heated by
combi-system for different seasonal days

Figure 10, and demonstrates that the simulator could
be used to support the analysis of NZEH.

Some results from this simulation are shown in Figures
11 and 12. The pump providing supply hot water to
a radiator is commanded by an on/off controller to
heat the zone to 20◦C. The deadband is 1◦C. Figure
11 illustrates the zone air temperatures predicted for a
period of 24 hours in winter, spring and summer. The
greatest degree of heating control is seen in the winter
where heating is not required over a short period in the
middle of the day (due to solar gains). The transitional
day has a much longer period without heating and the
solar gain is more significant than illustrated during
the winter day. The summer day does not require any
heating, the temperature curve reflects the free-float
behaviour of the building as there is no cooling system
in this simulation. In fact a period of night cooling can
be seen to occur after the previous days overheating,
before the temperatures in the zone rise again with the
warm ambient day time temperatures characteristic of
summer.

The graph in Figure 12 is taken from the transitional
period and depicts the variations of the radiator water
inlet temperature. The temperature of the water is seen
to be higher after the solar heating period, as would
be expected. It also shows that the pump is predomi-
nantly on during the early part of the day, off for the
middle portion, and cycling on and off frequently in
the late afternoon. During the early part of the day
the supply temperature is lower and takes longer to
heat the zone to the set point temperature, resulting
in a predominantly on pump. When the solar gain is
significant and no heating is required and the pump
is off. With higher water supply temperatures from
the solar combi-system, the pump cycles on and off
frequently as the set point temperature in the zone is
attained more rapidly than it was in the morning. This
again demonstrates that the zone air temperature is be-
ing sensed in TRNSYS and the control on the pump is
functioning correctly. However this test is being pre-
sented to demonstrate a potential application for the
co-simulation and not for validation purposes.

COMPUTATIONAL EFFICIENCY
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Figure 7: Co-simulation of an air-based system

Figure 10: Co-simulation of a solar-combi system

Figure 12: One day simulation results for combi-system

Time trials were conducted using the HCC and ACC
tests. Both models were simulated for a period of 1
year using 1 minute time steps with: 1) ESP-r only; 2)
TRNSYS only; and 3) using the co-simulator.

The time command runs a specified program command
and reports on timing statistics about this program run.
The times reported include: the user time, the actual
CPU time spent running the process; the real time, the
total real time for the process to run (including times
where other processes were using the CPU); and the
sys time, the time spent waiting for operating system
calls.

The statistics reported in Figure 13 are of the elapsed
real time. This figure is used because the time spent in
the the actual launching executable is minimal (of the
order of 0.015s) and the time spent waiting for oper-
ating system calls is also comparatively so small as to

be insignificant. The times reported are never exactly
replicated and will depend on other processes running
on the machine during execution time, however varia-
tions are of the order of +/- 15 seconds. These results
give an indication of the relative differences in time
taken by the different simulation environments to sim-
ulate the different cases. Test B1 is the hydronic system
test with an on/off controller on the pump. Test D1 is
the air-based system test without humidity control and
D3 is the same system as D1 with humidity control.
Test C is the house serviced by a DHW/space heating
solar combi-system.

It is interesting to note that the co-simulation takes
30% longer than ESP-r to execute the simple HCC
and ACC tests and 65% longer than TRNSYS. This
figure reduces to 30% longer than TRNSYS where
humidity control is incorporated into the simulation.
The result given for test C is presented to show how
the simulation time of the Harmonizer increases with
system complexity.

CONCLUDING REMARKS
This paper has described the design of the co-simulation
environment using ESP-r to process the building do-
main, and potentially a portion of the mechanical en-
ergy systems; and TRNSYS to solve all or a portion of
the mechanical energy systems. ESP-r and TRNSYS
simulations are run as threads and their data exchange
is managed by a middle-ware, known as the Harmo-
nizer. The Harmonizer is also responsible for assessing
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Figure 13: Simulation times for different test cases

convergence and keeping the overall simulation time.
The functionality and implementation of the Harmo-
nizer have been described and the changes required in
both ESP-r and TRNSYS to enable this co-simulation
have been detailed.

The tests used to verify co-simulations involving both
hydronic and air-based systems were described and
their results reported. It has been shown that the co-
simulations behave as one would expect and compare
well with the ’ideal control’ case. To further verify
the co-simulation, it will be contrasted with an internal
coupling method known as the "TRNSYS type wrap-
per" (Wang and Beausoleil-Morrison, 2009).

To exhibit the potential applications for the co-simulator,
an example case was presented in which ESP-r treats
the building domain and TRNSYS treats a solar combi-
heating system. Further testing is required to verify
cases in which ESP-r and TRNSYS collaborate in mod-
elling the HVAC system.

The simulation times of the co-simulation were com-
pared with those of mono-simulations. Further work in
examining the issues around convergence stability and
frequency of data transfer during time-step iterations
is planned and may result in different co-simulation
times.

The co-simulation capabilities described in this paper
will be made available in the release versions of both
ESP-r and TRNSYS in the near future. Future devel-
opments may include:

• Enabling heat transfer from a TRNSYS network
to be imposed onto ESP-r building domain (i.e.
internal gains);

• An extension to ESP-r’s electrical domain to com-
plete the coupling between the two programs;

• Provision of support for use of the co-simulation
environment for users without a TRNSYS li-
cense. (The current co-simulator is only applica-
ble for users who have both ESP-r and TRNSYS
licenses)
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ABSTRACT 

This paper describes the validation of the window 

model of the free open-source Modelica Buildings 

library. This paper starts by describing the physical 

modeling assumptions of the window model. The 

window model can be used to calculate the thermal and 

angular properties of glazing systems. It can also be 

used for steady-state simulation of heat transfer 

mechanism in glazing systems. We present simulation 

results obtained by comparing the window model with 

WINDOW 6 the well established simulation tool for 

steady-state heat transfer in glazing systems. We also 

present results obtained by comparing the window 

model with measurements carried out in a test cell at 

the Lawrence Berkeley National Laboratory.   

INTRODUCTION 

To accelerate innovation leading to cost-effective very 

low energy systems for new and existing buildings, the 

Lawrence Berkeley National Laboratory has been 

developing a free and open source Modelica Buildings 

library for building energy and control systems (Wetter 

et al. 2011a). The library contains more than 200 

component models for HVAC systems, controls and 

airflow network. They can be used for analysis of the 

operation of existing building systems, fast prototyping 

of innovative systems, and development of advanced 

controls. 

Recently, we implemented window and room models 

into the Buildings library to extend its capability to 

whole building energy simulation (Wetter et al. 

2011b). This paper presents the validation of the 

window model. The first part of this paper describes 

the main physical assumptions of the window model. 

The second part of the paper validates the window 

model using both WINDOW 6 and experimental data. 

The results show that the window model of the 

Buildings library version 1.0 build 2 provides similar 

results as WINDOW 6 and experimental data. 

 

PHYSICAL WINDOW MODEL  

The models used in the Modelica window model of the 

Buildings library version 1.0 build 2 are similar to the 

equations used in WINDOW 6 (Robin et al. 2011) and 

are described in TARCOG 2006 (TARCOG 2006). 

The model computes the heat balance between the 

exterior surface and the room-facing surface for a 

window system. The current version of the Modelica 

implementation can handle an infinite number of 

glazing layers. In addition, it can have an exterior or an 

interior shade, but not both, or it can have no shade. 

The convective and radiative heat transfer between the 

window system and the outside or the room is 

computed by the models ExteriorHeatTransfer and 

InteriorHeatTransfer.  
 

The window model has three main sub models that 

implement the relevant heat balances:  

1. The model frame computes one-dimensional heat 

conduction through the frame.  

2. The model glaUns computes the heat balance of the 

part of the glass that is unshaded. For example, if the 

shade signal is u=0.2, then this model accounts for 

80% of the glass that is not behind the shade or blind.  

3. The model glaSha computes the heat balance of the 

part of the glass that is shaded. For example, if u=0.2, 

then this model accounts for the 20% of the glass that 

is behind the shade or blind. If the parameter glaSys 

specifies that the window has no exterior and no 

interior shade, then the model glaSha will be removed.  

The models glaUns and glaSha compute the solar 

radiation that is absorbed by each glass pane and the 

solar radiation that is transmitted through the window 

as a function of the solar incidence angle. They then 

compute a heat balance that takes into account heat 

conduction through the glass, heat convection through 

the gas layer, and infrared radiation from the exterior 

and the room through the glass and gas layers. The 

infrared radiative heat exchange is computed using a 

radiosity balance. Heat conduction through the frame is 

computed using a heat flow path that is parallel to the 
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glazing system, i.e., there is no heat exchange between 

the frame and the glazing layer.  

It is important to notice that there are differences in the 

calculation of glass properties between the Buildings 

library and the WINDOW 6 program. To calculate the 

angular transmittance, reflectance and absorptance of a 

glazing system, WINDOW 6 first calculates these 

values at distinct wave lengths using transmittance and 

reflectance at zero incidence angle for that wave 

length. It then weights the calculated angular 

transmittance, reflectance and absorptance over the 

entire spectrum. This approach requires a library that 

contains glass property at various wave lengths. The 

window model in the Buildings library version 1.0 

build 2 only uses the spectrally averaged transmittance 

and reflectance of glass at zero incidence angle and 

does not count their differences over the spectrum of 

wave lengths. As a result, there are differences in 

prediction between the current Modelica window 

model and WINDOW 6. These differences will be 

shown in the next section. 

 

Comparative model validation with WINDOW 6 

 

The following section describes the validation of the 

Modelica window model through comparisons with 

WINDOW 6.   

As a first validation step, the angular properties of five 

different glazing systems are calculated using the 

Modelica window model and results are compared with 

the results of WINDOW 6.   

1. The first system (sys1) is a single pane glazing 

system with an uncoated glass. The material properties 

of the glass pane are listed in Table 1. 

 

Table 1 Material properties of the uncoated glass pane 

for the solar spectrum 

 
 d 

[mm] 

T 

[-] 

Rf 

[-] 

Rb 

[-] 
 

Glass 

 

3 

 

0.834 

 

0.075 

 

0.075 

 

where d  is the thickness of the glass, T is the 

transmittance at normal  incidence, and Rf and Rb are 

front and back reflectance at normal incidence.  

2. The second system (sys2) is a double pane glazing 

system composed of two identical uncoated glasses 

with a 12.7 mm air layer in between. The glasses are 

the same as the ones used in sys1. 

3. The third system (sys3) is a single pane glazing 

system with a coated glass. The material properties of 

the glass can be seen in Table 2.  

 

Table 2 Material properties of the coated glass pane 

for the solar spectrum 

 
 d 

[mm] 
T 

[-] 

Rf 

[-] 

Rb 

[-] 
 

Glass 

 

3 

 

0.646 

 

0.062 

 

0.063 

 

4. The fourth system (sys4) is a double pane glazing 

system with two identical coated glasses and a  

12.7 mm air layer in between. The glasses are the same 

as the ones used in sys3. 

5. The fifth system (sys5) is a double pane glazing 

system composed of a coated and an uncoated glass 

with a 12.7 mm air layer in between. The coated glass 

is the first (outside) pane of the glazing system. The 

glasses are the same as the ones used in sys3 and sys1. 

 

In the remainder of this section, the following 

nomenclature will be used in figures: 

  

• WINDOW 6: Win 

• Modelica window model: Mod 

• Transmittance of a glazing system: T 

• Absorptance in a pane of a glazing system: A 

• First pane of double pane glazing system 

(outside): P1 

• Second pane of double pane glazing system: 

P2 

The properties T and A are for the solar spectrum. 

 

Figure 1 and Figure 3 show the transmittance and 

absorptance of the first and second glazing system 

calculated at different incidence angles with 

WINDOW 6 and the Modelica window model. In these 

calculations, WINDOW 6 uses the full spectral data of 

each glass pane in the calculation of the angular 

properties of the glazing system. As shown in Figure 3, 

there is a maximum difference of about 10% in 

absorptance values between the WINDOW 6 and the 

Modelica window model. This difference is due to the 

current limitation of the Modelica window model 

which does not use spectral data for the calculations of 

angular properties of glazing systems. This discrepancy 

can be small for a single pane glazing system but may 

increase for multiple pane glazing system as shown in  

Figure 3. 

 

Figure 2 and Figure 4 show the transmittance and 

absorptance of first and second glazing system when 

using spectrally averaged data in both models. The 

simulation results show good agreements between the 

two models. The maximum difference in absorptance 

values of less than 1% is mainly due to the number of 

significant digits in the WINDOW 6 output files. 
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Figure 1 Transmittance values of single (sys1) and 

double pane (sys2) glazing systems calculated at 

different incidence angles using WINDOW 6 with 

spectral data and Modelica  

 

 

 
Figure 2 Transmittance values of single (sys1) and 

double pane (sys2) glazing systems calculated at 

different incidence angles using WINDOW 6 with 

spectrally averaged data and Modelica 

 

 
Figure 3 Absorptance values of single (sys1) and 

double pane (sys2) glazing systems calculated at 

different incidence angles using WINDOW 6 with 

spectral data and Modelica 

 

 

 
Figure 4 Absorptance values of single (sys1) and 

double pane (sys2) glazing systems calculated at 

different incidence angles using WINDOW 6 with 

spectrally averaged data and Modelica 

 

Figure 5 to Figure 8 show transmittance and 

absorptance for the third (sys3), fourth (sys4) and fifth 

(sys5) system calculated in WINDOW 6 and Modelica 

using spectrally averaged data. In all these charts there 

are good agreements between both models with 

maximum differences of less than 1%.   
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Figure 5 Transmittance values of single (sys3) and 

double pane (sys4) glazing systems calculated at 

different incidence angles using WINDOW 6 with 

spectrally averaged data and Modelica 

 

 

 

 
Figure 6 Absorptance values of single (sys3) and 

double pane (sys4) glazing systems calculated at 

different incidence angles using WINDOW 6 with 

spectrally averaged data and Modelica 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7 Transmittance values of double pane (sys5) 

glazing systems calculated at different incidence 

angles using WINDOW 6 with spectrally averaged 

data and Modelica 

 

 

 

 
Figure 8 Absorptance values of double pane (sys5) 

glazing systems calculated at different incidence 

angles using WINDOW 6 with spectrally averaged 

data and Modelica 

 

As a second validation step, we simulated the 

temperature distribution of the double pane glazing 

system (sys2) with the Modelica window model under 

steady state boundary conditions. We compared the 

results with WINDOW 6. WINDOW 6 uses in this 

case spectrally averaged data for the calculation of the 

angular properties of the glazing system. For the 

simulation, we set the interior air temperature Tair_i as 

well as the interior radiative temperature Trad_i to 24 

°C. The interior convective heat transfer coefficient 
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h_conv_i is set in both models to 4 W/m
2
K, the exterior air 

temperature Tair_o as well as the exterior radiative 

temperature Trad_o are both set to 32 °C. The exterior 

convective heat transfer coefficient h_conv_o is set to 26 

W/m
2
K. There is a direct radiation heat source Rad_dir in 

the solar spectrum which is equal to 500 W/m
2
 at 

normal incidence.  

The outer and inner surface temperature of the first 

(P1) and second (P2) pane are computed and compared 

for both models. The simulation results show (see 

Figure 9) that the surface temperatures match within 

0.05 °C. 

 

 
Figure 9 Temperatures and boundary conditions of the 

double pane glazing system calculated using Modelica 

and WINDOW 6 

 

Validation with experimental data 

 

For the validation of the Modelica window model, 

experiments were conducted in one test cell of the 

Advanced Windows Test Bed Facility (71T) at the 

Lawrence Berkeley National Laboratory. In these 

experiments, the exterior surface temperature of the 

window glass as well as the incident and transmitted 

solar irradiation were measured. These data were used 

to compare the simulation of the Modelica window 

model with experimental data. Figure 10 shows a photo 

of the Advanced Windows Test Bed Facility used for 

the validation. The oval indicates the test cell that was 

used. 

 

Advanced Windows Test Bed Facility  

 

The test bed facility 71T is located at the Lawrence 

Berkeley National Laboratory. This facility is an 

advanced window test facility with three identical test 

cells which serve for testing and evaluation of controls 

strategies and façade systems. Each of these test cells 

has a ground area of about 14 m
2
, a room volume of 

about 47m
3
 and a south facing window. The room air 

temperature of the test cells is controlled to a fixed 

temperature. There are several sensors in the test cells 

which measure room air temperatures, exterior glass 

surface temperatures at the upper and lower window 

surface, plug loads, lighting loads, fan loads as well as 

transmitted solar irradiation at the upper and lower 

window surface. There are also several sensors located 

outdoors to measure external environmental 

conditions, such as solar irradiances, outdoor 

temperature, and wind speed (see Figure 11). 

 

 
Figure 10 Advanced Windows Test Bed Facility at the 

Lawrence Berkeley National Laboratory 

 

 

 
Figure 11 Pyranometer and pyrheliometer for diffuse 

and direct solar irradiation (top left), pyrgeometer for 

atmospheric infrared radiation (top right), thermistors 

for exterior surface temperatures (bottom left), and 

pyranometers for transmitted solar irradiation (bottom 

right) installed at 71T 

 

The south window is modeled in Modelica. The 

window is a double pane glazing system composed of 

two 5.9 mm pane glasses with a 12.7 mm air gap in 

between. The first pane glass (outside) is coated while 

the second pane is uncoated. The material properties of 

the glass panes can be seen in Table 3. Ef_lw and Eb_lw 

are front and back long wave emissivity coefficients. 

 

 

 

Tair_o = 32 °C

Trad_o = 32 °C

Win 33.0 °C

Mod 32.97 °C

Win 30.3 °C

Mod 30.27 °C

Win 30.2 °C

Mod 30.15 °C
Win  33.0 °C

Mod  32.95 °C

InteriorExterior

Rad_dir = 500 W/m2 Tair_i= 24 °C

Trad_i = 24 °C

P2P1

Air layer

GlassGlass

Temperature sensor

(Exterior window surface)

Pyranometer (transmitted

solar radiation)

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

533



Table 3 Material properties of the double pane glazing 

system used at 71T for the validation of the Modelica 

window model 

 
 d  

[mm] 

T 

[-] 

Rf 

[-] 

Rb 

[-] 

Ef_lw 

[-] 

Eb_lw 

[-] 
 

Pane1 

 

5.9 

 

0.436 

 

0.424 

 

0.456 

 

 

0.74 

 

 

0.05 

 

 

Pane2 

 

 

5.9 

 

0.868 

 

0.076 

 

0.076 

 

0.84 

 

0.84 

 

As a first validation step with experimental data, we 

measured incident and transmitted solar irradiation at 

two positions at the upper and lower window using LI-

COR pyranometers (Li-200 2012) and compared the 

measurements with simulations. As boundary 

conditions for the Modelica window model, we 

recorded from January 12, 2012 until January 19, 2012 

on a 15 minutes basis the diffuse solar irradiation on 

the horizontal surface as well as the direct normal 

irradiation using hukseflux pyranometers. The 

Modelica window model is simulated for the given 

period and the simulation results are compared with the 

measurements. 

 

Figure 12 shows a comparison between measured and 

simulated vertical incident outside global solar 

irradiation on the south window. This chart shows a 

good agreement between simulation and 

measurements. The maximum discrepancy of about 5% 

is mainly due to the tolerance in the instrumentation 

used to measure the vertical incident outside global 

solar irradiation. The manufacturer data specifies that 

the LI-COR pyranometer has a tolerance of about 5% 

and that it should only be used to measure unobstructed 

daylight.  Figure 13 shows a comparison between 

measured and simulated transmitted solar irradiation 

through the window. Since the transmitted solar 

irradiation is measured at two positions, an average 

value is used in the comparison. The difference 

between simulation and measurements is similar to the 

difference in the incident global irradiation. 

 

 
Figure 12 Comparisons between simulated (red) and 

measured vertical outside solar irradiation on south 

window 

 

 
Figure 13 Comparisons between simulated (red) and 

measured transmitted solar irradiations 

 

Figure 14 and Figure 15 show the simulation results 

obtained by comparing the Modelica window model 

with the measurements while considering a 5% 

tolerance in the measured data of the LI-COR 

pyranometers. The simulated solar irradiation is close 

to the lower bound of the uncertainty interval of the 

solar irradiation measurements. 
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Figure 14 Comparisons between simulated (red) and 

measured incident vertical outside global irradiation, 

considering a 5% tolerance in the LI-COR 

pyranometers 

 

 

 
Figure 15 Comparisons between simulated and 

measured transmitted solar irradiation, considering a 

5% tolerance in the LI-COR pyranometers 

 

As a second validation step, we compared the 

measured exterior surface temperature with 

simulations. As boundary conditions for the Modelica 

window model for the computation of the exterior 

surface glass temperature, we recorded from January 

12, 2012 until January 19, 2012 the solar irradiation 

data, the dry bulb temperature, the room air 

temperature, the horizontal infrared radiation, and the 

wind speed. The room air temperature is kept constant 

at 24°C during the entire measurement period. Figure 

16 shows the positions of the temperature sensors used 

to measure the exterior surface temperature of the 

window glass. The surface temperatures were recorded 

at two positions.  

 

 
Figure 16 Position of temperature sensors used to 

measure the outside surface temperature  

 

Figure 17 shows a comparison between simulated and 

measured exterior outside surface temperature at the 

window glass. The measured temperature used for the 

comparison is the average between the temperature 

recorded by the upper and lower sensor.  

The results show a good agreement between simulation 

and measurements at nighttime. The difference during 

the daytime is first correlated to the discrepancy that is 

shown in Figure 12 in the irradiation incident to the 

window which was lower in the simulation compared 

to the measurements. However, the difference will not 

significantly decrease if we consider the tolerance of 

the solar irradiation measurement as can be seen in 

Figure 18. 

 

 
Figure 17 Comparisons between simulated and 

measured exterior pane outside surface temperature  
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Figure 18 Comparisons between simulated and 

measured exterior pane outside surface temperature 

when considering a 5% tolerance in LI-COR 

pyranometers 

 

We believe that the main reason for the difference 

between the measurements and the simulation during 

daytime is the error associated with the Room 

Temperature Vulcanizing sealant used for mounting 

temperature sensors which could not be shielded for 

the measurements. This can absorb solar radiation and 

thus leads to a temperature at the sensor that is higher 

than the glass temperature. To verify this assumption, 

we calculated the temperature difference (∆�) between 

glass and sealant used to mount the sensor assuming 

one-dimensional heat transfer. The temperature 

difference can be determined using following equation:  

 
* _ _  *(  _ )

 
( / )

seal
A q Inc Meas h TDryBul TGlass Sim

T
h k d

+ −
∆ =

−

 

where Aseal is the shortwave solar absorption 

coefficient of the sealant, q_Inc_Meas is the measured 

incident solar irradiation, h is the combined convective 

and radiative heat transfer coefficient, k is the thermal 

conductivity of the sealant and d is the thickness of the 

sealant. For the calculation, we set Aseal to 0.5, and k = 

0.15 W/mK which are standard values for absorption, 

and thermal conductivity of sealant.  We set the 

combined convective and radiative heat transfer 

coefficient h to 20 W/m
2
K . We set q_Inc_Meas to 950 

W/m
2
, TDryBul to 16 °C and T_Glass_Sim to 26 °C 

which are values recorded on January 14, 2012. For a 

sealant with a thickness of 2 mm, the temperature 

difference 

 

           ( )

( )

0.5*950  20* 16  26
 5 

20 0.15 / 2 3
T K

e

+ −
∆ = = −

− −

 

which is close to the difference we are seeing in Figure 

17. 

SUMMARY 

This paper describes the validation of the window 

model of the Modelica Buildings library. First, the 

Modelica window model is validated through 

comparisons with WINDOW 6, the well established 

glazing system simulation tool. The simulation results 

show good agreement with a maximum difference of 

less than 1% between two models when both models 

used spectrally averaged data for the calculation of 

angular properties of glazing system. Some differences 

can be seen between the models when WINDOW 6 

uses full spectral data for the computation of angular 

properties of the glazing system. This capability is not 

yet supported in the Modelica Buildings library. 

Second, the Modelica window model has been 

validated against experimental data. The simulation 

results of incident and transmitted solar radiation as 

well as surface temperature of window glass show 

good agreement with measurements when taking into 

account the uncertainties in measurements. 
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COMPARISON OF ENERGYPLUS AND DOE-2
DETAILED WINDOW HEAT TRANSFER MODELS

Neal Kruis, Chuck Booten, and Craig Christensen
National Renewable Energy Laboratory, Golden, CO

ABSTRACT
Two commonly used building energy simulation en-

gines, EnergyPlus and DOE-2, can differ significantly in
their calculations of window heating load. In this paper,
the authors identify the issues in the window heat transfer
algorithms used in detailed window models, and provide
suggested changes to make the calculations more accu-
rate. We estimate that up to 82% of the observed differ-
ences can be resolved through the suggested changes.

The methodology employed for this investigation in-
volved programming the algorithms from the respective
simulation engines in the Engineering Equation Solver
(EES) so that the impact of each proposed change could
be investigated and quantified independently.

INTRODUCTION
Window heat transfer represents a significant portion

of the overall heating load in buildings. This is espe-
cially true for the tens of millions of older homes with
single pane windows. When assessing these buildings for
energy savings potential through retrofits, it is important
to be able to accurately predict the heat transfer through
the windows. For single pane windows, the predicted
heat transfer is more sensitive to the convection and ra-
diation boundary conditions than it is for multiple-pane,
less-conductive window types.

Two commonly used building energy simulation en-
gines, EnergyPlus (version 6.0.0.023) (U.S. Department
of Energy, 2010) and DOE-2 (version 2.2-47h2) (James J.
Hirsch & Associates, 2010), both offer a number of ways
to model window heat transfer. A comparison of each
window model is presented in Table 1.

The inputs for many of the more detailed models are not
often available in most applications of energy modeling.
Therefore, it is desirable to have a model – such as the
EnergyPlus detailed model with simple inputs – that can
provide a detailed level of analysis given a limited, but
readily-available set of inputs [e.g., the information pro-
vided on an NRFC (National Fenestration Rating Coun-
cil) energy performance label].

Although the EnergyPlus detailed model with simple
inputs is not explicitly available in DOE-2, it is possible

to use the same methodology to create a near-equivalent
model using the WINDOW software (LBNL, 2012) input
method for the DOE-2 detailed model. This simple in-
put methodology is thoroughly described in Arasteh et al.
(2009).

Kruis et al. (2012) compared results between Ener-
gyPlus and DOE-2 [each using the detailed model with
the simple input methodology described by Arasteh et al.
(2009)] and found significant differences in the calcula-
tion of the window boundary conditions (i.e., exterior con-
vection, interior convection, and interior radiation) caus-
ing up to 41% difference in the predicted net window heat-
ing load (including impacts of solar gains). The differ-
ences found in the boundary condition algorithms are de-
scribed and quantified in this paper.

INTERIOR CONVECTION
Interior convection is modeled as natural convection for

both EnergyPlus and DOE-2.

EnergyPlus
EnergyPlus uses the ISO (2003) correlation to calculate

the interior convection coefficient:

hc,int =
Nu ·λ

H
(1)

where

Nu=


0.56 ·

(
RaH · sin

(
φ

2

))1/4
RaH ≤ Racv

0.13 · (Ra1/3
H −Ra1/3

cv )

+0.56 ·
(

Racv · sin( φ

2 ))
1/4
)

RaH > Racv

(2)

Racv = 2.5×105 ·

 e0.72· φ2

sin
(

φ

2

)
1/5

(3)

RaH =
ρ2 ·H3 ·g · cP · |Twin−Tin|

Tm, f ·µ ·λ
(4)

Tm, f = Tin +
Twin−Tin

4
(5)
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Table 1: Comparison of window models available in EnergyPlus and DOE-2. Rows that are bold are the models that
are used for the analysis in this report.

Simulation
Engine Model Input Inputs Deficiencies

EnergyPlus Detailed Detailed • Layer-by-layer construction with
average spectral properties∗

• WINDOW software output

• Input requires in-depth knowledge of glazing
system

DOE-2 Detailed Detailed

EnergyPlus Detailed Simple NFRC rating metrics:
• solar heat gain coefficient
• U-factor
• visible transmittance

• Less control over spectral properties than
detailed models

• Radiation/convection effects between panes
are not explicitly calculated at each timestep

DOE-2 Detailed Simple†

DOE-2 Simple Simple‡ • Shading coefficient

• window conductance

• visible transmittance

• Less control over spectral properties than detailed models
• Radiation/convection effects between panes are not explic-

itly calculated at each timestep
• Input does not correspond directly with NFRC rating metrics

• Model does not account for variations in optical properties at
off-normal solar incidence

• Interior convection and radiation heat transfer coefficients
are constant

∗EnergyPlus also has the capability to use full spectral properties.
†
This model is not explicitly available in DOE-2 (see explanation in introduction).

‡The calculation methodology in this model is significantly different than the other more detailed models. Not all of the issues discussed in this paper apply
to this model.

λ = 2.873×10−3
[

W
m ·K

]
+7.76×10−5

[
W

m ·K2

]
·Tm, f

(6)

µ = 3.723×10−6 [Pa · s]+4.94×10−8
[

Pa · s
K

]
·Tm, f (7)

DOE-2
The DOE-2 detailed model uses a correlation from

the fenestration chapter of the 1993 ASHRAE Handbook
(ASHRAE, 1993, ch. 27):

hc,int = 1.77
[

W
m2 ·K5/4

]
·∆T 1/4 (8)

The resulting interior convection coefficient is then ad-
justed to account for non-vertical window tilts.

Curcija and Goss
In the 1997 ASHRAE Handbook (ASHRAE, 1997),

Eq. (8) was replaced by a new correlation from Curcija
and Goss (1995):

hc,int = 1.46
[

W
m7/4 ·K5/4

]
·
(

∆T
H

)1/4

, (9)

which has a dependence on the height of the window.

Results
The results show that it is important to incorporate a

dependence on the height of the window into the interior
convection algorithm, which the current DOE-2 algorithm
does not do.

The 1997 ASHRAE Handbook correlation gives very
good agreement with the ISO correlation for most build-
ing applications, i.e., vertical windows with convection in
the sub-critical flow regime (RaH ≤ Racv). However, ISO
provides the most complete correlation – accounting for
window tilt, second-order temperature dependencies and
multiple buoyant flow regimes.

Comparisons of all three correlations are shown in Fig-
ure 1.

EXTERIOR CONVECTION
Exterior convection has both a natural (buoyancy-

driven) component and a forced (wind-driven) compo-
nent. EnergyPlus and DOE-2 use the same algorithm for
the natural convection, but there are differences in the cal-
culation of forced convection.

For exterior building surfaces, the forced convection
coefficient varies with the wind speed near the surface. In
EnergyPlus and DOE-2, the wind speed near each surface
is calculated from the weather station wind speed using
an assumed height-varying velocity profile, the shape of
which depends on the characteristics of the local terrain.
(In DOE-2, this near-surface wind speed is used to cal-

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

538



0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 5 10 15 20 25 30

In
te
rio

r C
on

ve
ct
io
n 
Co

ef
fic
ie
nt
 [B

tu
/h
r∙f
t²
∙R
]

T [°F]

H = 1.8 ft

ASHRAE 1997

ASHRAE 1993

ISO 15099: 2003

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 5 10 15 20 25 30

In
te
rio

r C
on

ve
ct
io
n 
Co

ef
fic
ie
nt
 [B

tu
/h
r∙f
t²
∙R
]

T [°F]

H = 3.6 ft

ASHRAE 1997

ASHRAE 1993

ISO 15099: 2003

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 5 10 15 20 25 30

In
te
rio

r C
on

ve
ct
io
n 
Co

ef
fic
ie
nt
 [B

tu
/h
r∙f
t²
∙R
]

T [°F]

H = 7.2 ft

ASHRAE 1997

ASHRAE 1993

ISO 15099: 2003

Figure 1: Comparison of three interior convection heat
transfer coefficient correlations for windows. EnergyPlus
models use ISO 15099: 2003, and the DOE-2 detailed
model uses ASHRAE 1993.

culate the forced convection coefficient for every surface
except windows using the detailed model, which use the
weather station wind speed.)

EnergyPlus and DOE-2 both reference the MoWiTT
(Mobile Window Thermal Test facility) correlation for
exterior forced convection put forth by Yazdanian and
Klems (1994). However, in the MoWiTT correlation, the

forced exterior convection coefficient is a function of the
wind speed measured at 10 meters (and not the wind speed
near the surface where the exterior convection was mea-
sured). Therefore, the MoWiTT correlation, as described
by Yazdanian and Klems, is not appropriate for use with
the near-surface wind speeds calculated by the simulation
engines.

The MoWiTT correlation can be adjusted to apply ap-
propriately with the use of near-surface wind speeds.

MoWiTT Background
The original MoWiTT correlation for exterior forced

convection is:
hc,ext, f = a ·V b (10)

where a and b are constants defined in Table 2, and V
is the measured wind speed at the MoWiTT test site, 10
meters above the ground.

Table 2: MoWiTT forced convection regression coeffi-
cients (from Yazdanian and Klems (1994))

a b

SI Units:
[

W
m2·K·(m/s)b

]
[–]

Windward 2.38 ± 0.036 0.89 ± 0.009
Leeward 2.86 ± 0.098 0.617 ± 0.017

IP Units:
[

Btu
hr·ft2·R·(mph)b

]
[–]

Windward 0.203 ± 0.005 0.89 ± 0.01
Leeward † 0.335 ± 0.016 0.59 ± 0.017

†The leeward values in IP units appear to be incorrect
based on unit conversion inconsistency in the source docu-
ment (Yazdanian and Klems, 1994). They are presented for
reference only and are not used elsewhere in this document.

Based on the location of the MoWiTT facility on the
University of Nevada, Reno campus, and the description
and the photograph in Yazdanian and Klems’ publication:

• the terrain is assumed to be classified as “urban, in-
dustrial or forest area” in Tables 3 and 5 (αM = 0.22,
and T P2M = 0.25)

• the weather station height, zM,ws, is 10 m (32.8 ft),

• the window centroid height, zM,win c, (used to define
the wind speed near the window in EnergyPlus) is
assumed to be 2 m (6.6 ft), and

• the space height, zM,sp ht , (used to define the wind
speed near the window in DOE-2) is assumed to be
3.2 m (10.5 ft).
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With this information and the definitions of near-sur-
face wind speeds used by each simulation engine, we
will develop a simulation engine specific regression coef-
ficient, a∗, that will apply appropriately for use with near-
surface wind speeds.

EnergyPlus
EnergyPlus calculates the near-surface wind speeds at

the height of the surface centroid (zsur f ):

Vsur f =Vws ·
(

δws

zws

)αws

·
(

zsur f

δlocal

)αlocal

(11)

Values for the terrain parameters δws, δlocal , αws and
αlocal are given in Table 3.

Table 3: EnergyPlus terrain correction parameters [from
U.S. Department of Energy (2010)]

Terrain Description δ [m] α

Ocean or large body of water 210 0.10
Flat terrain with isolated obstacles 270 0.14
Rural area with low buildings 370 0.22
Urban, industrial or forest area 370 0.22
Cities 460 0.33

The window-centroid wind speed in the MoWiTT situ-
ation (see Figure 2) can be estimated using Eq. (11):

VM,win c =VM,ws ·
(

δM,ws

zM,ws

)αM,ws

·
(

zM,win c

δM,local

)αM,local

(12)

VM,ws

VM,win c

MoWiTT

zM,ws = 10 m

zM,win c = 2 m

αM  = 0.22

Figure 2: EnergyPlus wind speed adjustment for the
MoWiTT facility (near-window wind speed defined at the
window-centroid height)

Since the weather station and the MoWiTT facility
were on the same site the terrain around both is char-
acterized identically (i.e., δM,ws = δM,local and αM,ws =
αM,local = αM) giving us:

VM,win c =VM,ws ·
(

zM,win c

zM,ws

)αM

=VM,ws ·
(

2 m
10 m

)0.22

=VM,ws ·0.702

(13)

Next, we use Eq. (10) and introduce the new regression
coefficient, a∗, to relate the forced convection coefficient,
hc,ext, f , to the window-centroid wind speed:

hc,ext, f = a ·V b = a ·V b
M,ws = a∗ ·V b

M,win c (14)

The window-centroid wind speed correction from Eq.
(13) is substituted to give:

a ·V b
M,ws = a∗ · (VM,ws ·0.702)b (15)

Eq. (15) simplifies to solve for a∗:

a∗ =
a

0.702b (16)

Eq. (16) has been evaluated for both windward and lee-
ward window positions to provide the proposed regression
coefficients in Table 4.

Table 4: EnergyPlus adjusted forced convection regres-
sion coefficients (for use with window-centroid height lo-
cal wind speeds)

a∗ b

SI Units:
[

W
m2·K·(m/s)b

]
[–]

Windward 3.26 0.89
Leeward 3.55 0.617

DOE-2
DOE-2 calculates the near-surface wind speeds at the

height of the space, zsp ht , to which the surface belongs:

Vsp ht =

Vws ·
T P1local

T P1ws
·
( zsp ht

32.8 ft

)T P2local
·
(

32.8 ft
zws

)T P2ws (17)

Values for the terrain parameters T P1ws, T P1local ,
T P2ws and T P2local are given in Table 5.

The window-space wind speed in the MoWiTT situa-
tion (see Figure 3) can be estimated using Eq. (17):

VM,sp ht =

VM,ws ·
T P1M,local

T P1M,ws
·
( zM,sp ht

32.8 ft

)T P2M,local
·
(

32.8 ft
zM,ws

)T P2M,ws

(18)

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

540



Table 5: DOE-2 terrain correction parameters [from
James J. Hirsch & Associates (2010)]

Terrain Description T P1 T P2

Ocean or large body of water 1.30 0.10
Flat terrain with isolated obstacles 1.00 0.15
Rural area with low buildings 0.85 0.20
Urban, industrial or forest area 0.67 0.25
Cities 0.47 0.35

VM,ws

VM,sp htMoWiTT

zM,ws = 32.8 ft

zM,sp ht = 10.5 ft
TP2M = 0.25

Figure 3: DOE-2 wind speed adjustment for the MoWiTT
facility (near-window wind speed defined at the window-
space height)

Since the weather station and the MoWiTT facil-
ity were on the same site the terrain around both is
characterized identically (i.e., T P1M,ws = T P1M,local and
T P2M,ws = T P2M,local = T P2M) giving us:

VM,sp ht =VM,ws ·
(

zM,sp ht

zM,ws

)T P2M

=VM,ws ·
(

10.5 ft
32.8 ft

)0.25

=VM,ws ·0.752

(19)

Next, we use Eq. (10) and introduce the new regression
coefficient, a∗, to relate the forced convection coefficient,
hc,ext, f , to the window-space wind speed:

hc,ext, f = a ·V b = a ·V b
M,ws = a∗ ·V b

M,sp ht (20)

The window-space wind speed correction from Eq.
(19) is substituted to give:

a ·V b
M,ws = a∗ · (VM,ws ·0.752)b (21)

Eq. (21) simplifies to solve for a∗:

a∗ =
a

0.752b (22)

Eq. (22) has been evaluated for both windward and lee-
ward window positions with the SI-unit values of a (con-
verted to Btu/

[
hr · ft2 ·R · (knots)b

]
) in Table 2 to give the

proposed changes to the regression coefficients in Table 6.

Table 6: DOE-2 adjusted forced convection regression co-
efficients [for use with window-space height local wind
speeds (in knots)]

a∗ b

IP Units:
[

Btu
hr·ft2·R·(knots)b

]
[–]

Windward 0.299 0.89
Leeward 0.399 0.617

Note that the derived values of a∗ are similar to the
values of a used in the DOE-2 source code (Table 7).
The values in the source code may result from a similar
(though undocumented) adjustment to the MoWiTT cor-
relation perhaps with different assumptions.

Table 7: DOE-2 source code forced convection regression
coefficients

a∗ b

IP Units:
[

Btu
hr·ft2·R·(knots)b

]
[–]

Windward 0.289 0.89
Leeward 0.391 0.614

Results
The adjusted forced convection heat transfer coeffi-

cients resulting from using the near-surface wind speed
in the DOE-2 detailed model and applying the adjusted
MoWiTT correlation to both simulation engines can be
seen in Figure 4.

INTERIOR RADIATION
The interior radiation algorithms in EnergyPlus and

DOE-2 use fundamentally different heat balance method-
ologies, and it is not practical to change DOE-2 to calcu-
late the surface temperatures required to perform similar
radiative exchange calculations to those of EnergyPlus.

EnergyPlus
EnergyPlus takes a physically fundamental approach to

estimating heat radiated between windows and other sur-
faces in a zone (each at their own calculated interior tem-
perature). EnergyPlus employs a radiation matrix method
called “Script F” from Hottel and Sarofim (1967) to es-
timate the net radiation exchange for each surface within
the zone. This method requires the calculation of the inte-
rior temperature of each surface in the zone.
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Figure 4: Exterior forced convection heat transfer coeffi-
cient for EnergyPlus and DOE-2 detailed models (zwin =
5.2 ft, zspace = 8 ft, zws = 32.8 ft weather station: “flat
terrain with isolated obstacles”, local terrain: “urban,
industrial or forested area”)

DOE-2
In the DOE-2 detailed model, interior radiation is mod-

eled under the assumption that each window radiates to
other surfaces all at the same temperature as the air in the
zone:

QIR = εwin ·σ ·Awin ·
(
T 4

win−T 4
in
)

(23)

EXTERIOR RADIATION
There are no differences in the calculated exterior radi-

ation between EnergyPlus and DOE-2 window models. In
both models, surfaces exchange radiation with the ground,
the air, and the sky with view factors determining the rela-
tive contribution of each component to total heat transfer.

ESTIMATED IMPACTS
The impacts of the different calculations of the bound-

ary conditions described in the previous sections were es-

timated using a simplified test case.

Test Case Description
In the test case, annual window heat loss was calculated

for a building with a simple geometry:

• A single zone the shape of a cube: 8 ft × 8 ft × 8 ft

• One single-pane window, 15% of the area of a single
wall: 3.6 ft high × 2.7 ft wide = 9.6 ft2

All of the opaque surfaces (walls, floor, and ceiling) of
the room were modeled as adiabatic, massless surfaces.
This simplified the heat balance of the wall surfaces to
have only radiation or convection heat transfer compo-
nents (i.e., there is no conduction component). The indoor
temperature was controlled at 71◦F.

Window heat loss was simulated using Chicago TMY3
(NREL, 2010) weather (with solar radiation values set to
zero) and terrain characterized as “urban, industrial or for-
est area” for the purposes of wind speed adjustment calcu-
lations. The heat loss calculated represents only the out-
ward heat loss through the window. (Kruis et al. (2012)
found that the difference between EnergyPlus and DOE-2
window heating loads has little dependence on transmit-
ted and absorbed solar radiation.)

EES Methodology
The algorithms, as they were found in the EnergyPlus

and DOE-2 source code, were re-programmed into Engi-
neering Equation Solver (EES) (F-Chart Software, 2010).
The impact of possible changes to the simulation engine
algorithms were then evaluated in EES rather than modi-
fying and recompiling the executable programs for Ener-
gyPlus and DOE-2.

Results
Simulating the annual window heat loss in EES using

the algorithms as they appear in the source code of Ener-
gyPlus and DOE-2 shows an estimated 18.3% difference
as seen in Figure 5 (note: the percent difference in an-
nual net window heating load, inculding the impacts of
solar gain, is approximately twice as large). The updates
and fixes to the identified issues eliminate all but 3.3% of
the difference. Based on modeling in EES, the remain-
ing difference appears to be related to the fundamentally
different interior radiation algorithms.

CONCLUSIONS
Four issues were identified in the detailed window mod-

els in EnergyPlus and DOE-2 related to the calculation of
the window heat transfer boundary conditions. The fol-
lowing changes are proposed to address issues identified
in the source code of the simulation engines. Impacts on
the difference between EnergyPlus and DOE-2 (detailed
model) window heat loss, based on EES representation of
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*These results show the impact of using EnergyPlus‐like zone radiation exchange in EnergyPlus and DOE‐2 (modeled in EES) . It 
is not deemed practical to add a radiative exchange algorithm to DOE‐2.

ISO interior convection in DOE‐2 detailed
model

Adjusted MoWiTT exterior convection (with 
near‐window wind speed) in DOE‐2 detailed 
model

Adjusted MoWiTT exterior convection in 
EnergyPlus

Same interior radiation in EnergyPlus and 
DOE‐2 detailed model*

A: 

B:  

C: 

D: 

Figure 5: Estimated cumulative impacts of source code changes plus use of an EnergyPlus-like interior radiation al-
gorithm in EnergyPlus and DOE-2 (on single-pane window heat loss modeled in EES for the simplified test case with
Chicago TMY3 weather file without solar).

window heat transfer algorithms, are shown in parenthe-
ses.

A: The interior convection algorithm in DOE-2 is out of
date and should be updated to incorporate a depen-
dence on the height of the window. (Window heat
loss is reduced, resulting in a 28% reduction of the
simulation engine difference.)

B: The exterior forced convection coefficient in DOE-2
should be calculated using (1) the near-surface wind
speed for detailed window models (as it is for other
surfaces), not the weather station wind speed and
(2) adjusted MoWiTT regression coefficients that are
appropriate for use with near-surface wind speeds.
(Window heat loss is reduced, resulting in a 38% re-
duction of the simulation engine difference.)

C: The exterior forced convection coefficient in Energy-
Plus should be calculated using adjusted MoWiTT
regression coefficients that are appropriate for use
with near-surface wind speeds. (Window heat loss
is increased, resulting in a 16% reduction of the sim-
ulation engine difference.)

D: The interior radiation algorithms in EnergyPlus and

DOE-2 are fundamentally different. Reconciling in-
terior radiation would require changes to the funda-
mental heat balance methodologies used by the sim-
ulation engines and is beyond the scope of this work.
(However, in the EES model, if an EnergyPlus-like
interior radiation algorithm is used in DOE-2, win-
dow heat loss is reduced resulting in an 18% reduc-
tion of the simulation engine difference.)

There were no issues identified related to the transmit-
ted/absorbed solar radiation or the exterior radiation algo-
rithms.

Implementing the proposed changes will improve the
accuracy, and therefore the consistency, of window heat-
ing load calculations in EnergyPlus and DOE-2. (The
combination of all of the proposed changes addresses 82%
of the original simulation engine difference. The remain-
ing 18% of the difference is likely related to fundamental
differences between interior radiation algorithms.)
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NOMENCLATURE
a MoWiTT convection regression coeffi-

cient (multiplier)
a∗ Adjusted MoWiTT convection regres-

sion coefficent (multiplier)
Awin Window area
α Wind boundary layer exponent
b MoWiTT convection regression coeffi-

cient (exponent)
cP Specific heat of air
δ Wind boundary layer thickness
∆T Absolute value of temperature differ-

ence
EES Engineering Equation Solver
εwin Emissivity of the window
g Gravitational constant
H Height (dimension)
hc,ext, f Exterior forced convection heat transfer

coefficient
hc,int Interior convection heat transfer coeffi-

cient
λ Thermal conductivity of air
local Subscript denoting “local terrain”
M Subscript denoting “MoWiTT test con-

ditions”
MoWiTT Mobile Window Thermal Test facility
µ Dynamic viscosity
NFRC National Fenestration Rating Council
Nu Nusselt number
φ Surface tilt
QIR Radiation heat transfer rate
RaH Rayleigh number (height based)
Racv Critical value of Rayleigh number
ρ Density of air
σ Stephan-Boltzmann constant
Tin Indoor air temperature
Tm, f Indoor mean air film temperature
T P1 DOE-2 terrain parameter #1
T P2 DOE-2 terrain parameter #2
Twin Window surface temperature
V Wind speed
Vsp ht Wind speed at the space to which a sur-

face belongs
Vsur f Wind speed at a surface
Vwin c Wind speed at a window centroid
ws Subscript denoting “weather station”
z Height (relative to the ground)
zsp ht Height of the space to which a surface

belongs (relative to the ground)
zsur f Height of the centroid of a surface (rel-

ative to the ground)
zwin c Height of the centroid of a window (rel-

ative to the ground)
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ABSTRACT 

Building failure modes can be defined as the range of 
possible faults, mistuning, degradation and wear that 
can occur in building systems.  They drive poor 
operational energy performance that can be achieved as 
compared to what was expected in design.  If the more 
critical failure modes can be uncovered early in design, 
they can be mitigated through design changes or 
monitoring of associated characteristics on parameters 
such as temperatures, flow rates and pressures.  To 
understand and prioritize failure modes, failures are 
characterized through mappings to whole building 
simulation input variables, and then random sampling 
methods are applied to simulate the building operating 
under combinations of different failure modes.  
Reduced order models are then fit to the resulting data 
to detemine which failure modes are more critical. The 
approach is demonstrated on a mid-sized office 
building, comparing a standard and advanced retrofit 
design.  

INTRODUCTION 

Background 

In the building retrofit design-build process, it is of 
benefit to understand not which simulation model 
inputs are critical, but rather which building failure 
modes are critical.  These are often not the same thing.  
Design engineers and facility managers think of proper 
building operation in terms of how component defects 
or controls errors can cause building systems to operate 
incorrectly, or failure modes.  It is proposed that whole 
building energy simulation models can be used to 
assess the criticality of failure modes, as outlined here.  
This is useful to help drive design changes that can 
mitigate these failure modes, or mimimally help 
indentify necessary monitoring to prevent energy over 
consumption.   

To do this, defects and errrors that can occur are 
defined as failure modes and then optimal sampling 

based methods are applied over the domain of failure 
modes.  At these sample points, energy consumption is 
calculated through whole building simulation, to then 
determine criticality of the failure modes through 
sensitivity analysis.  This can then be used, for 
example, to redesign the systems to create mitigations 
to the critical failure modes.  Further, the results can be 
used to define requirements for any additionally 
necessary monitoring and controls.   

The approach is demonstrated on a mid-sized office 
building on the Fort Carson (CO) Department of 
Defense campus, for both a standard and a low energy 
building system design.  The approach highlighted both 
expected as well as several unexpected non-linear 
interactions.  Expected critical failure modes included 
lights being left on or night setbacks not being 
implemented as designed.  Non-obvious ones included 
the high sensitivity to degradation of circulating flows 
including chilled or hot water.  Process efficiency 
benefits were also found through having one standard 
work approach to both parametric uncertainty studies 
on building simulation inputs (Eisenhower et al 2011b) 
integrated with the failure mode analysis described 
here.  Both approaches can make simultaneous use of 
the same whole building simulation sampling set.  

Related Work 

Lair et al (2000) and Talon et al (2004, 2005) make use 
of failure modes and effects analysis (FMEA) to define 
failure modes for common building products to provide 
estimates of reliability and life as used here.  Similarly, 
El-Haram et al (2002, 2003) use FMEA to define high 
risk failure modes in building systems and from this 
define cost-effective monitoring and maintenance 
strategies for a set of buildings, considering expected 
failure rates on maintenance items.  The scope was 
broad and included all maintenance items from air 
filters to flooring.  The estimated operating cost 
savings on 18 properties was 18.5%.  QSI Inc. (2012) 
reports on their building systems health management 
efforts to isolate faults defined through an analysis of 
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potential failures.  Pride (2010) describes how 
identified building failure modes are used to derive 
reliability centered maintenance (RCM) programs.  The 
work here is related to these efforts, but focused on 
energy-related building systems.  It is not the objective 
to identify when systems and components outright fail, 
but rather to identify when they become misconfigured 
or out-of-tune and while still apparently fully functional 
and operating, unnecessarily waste energy.   

Others have commented on the need to automate 
FMEA analysis in buildings, as done here, though for 
other purposes such as risk management.  Touhy 
(2009) compares the state of BIM and the buildings 
industry with the state of design automation in the 
electronics industry.  Automated FMEA analysis as 
proposed here is a desired feature.  Heimonen et al 
(2009) present methods to use FMEA during the design 
phase to reduce risks during construction, 
commissioning and operation.  There has also been 
work automating failure mode analysis in other 
building systems not energy related.  Polanco (2012) 
reports on work to prevent faulty fire alarm through 
FMEA analysis of the system.   

To understand the effects of failure modes, uncertainty 
analysis and sensitivity analysis (Eisenhower et al, 
2011a, 2011b) is used. To do this, the distribution type 
and parameter values defined affect the sampled 
behavior of the building model studied. There have 
been many studies to determine the type of distribution 
(normal, uniform, log-uniform, etc.) for typical 
parameters in building models (Dominguez-Munoz et 
al., 2009, Costola et al., 2010, Clarke et al., 1990, 
Macdonald, 2002).  These works are extended here by 
presenting a new approach where the uncertainty is 
estimated based on the FMEA risk occurrence number 

estimate for a failure mode.  Low occurrence failure 
modes (such as with failed valves) have higher tailed, 
lower occurring distributions compared to higher 
occurrence failure modes (such as dirty filters) 
represented with more uniform distributions.  Field 
data can provide estimates for these uncertainties.   

APPROACH 

To capture the energy loss impact of failure modes in 
buildings, it is important to capture the effects of not 
just one failure mode occurring in isolation, but of 
multiple failure modes occurring simultaneously.  
Interactions and compounding effects can create 
situations that cause large energy loss.  Rather than 
exploring these multi-way modes through brute-force 
enumeration, a process is proposed that makes use of 
probabilistic methods to explore combinations of 
failure modes. 

The overall process flow is depicted in Figure 1, 
consisting of 11 basic steps.  The first step is a walk-
through audit of the existing building, to establish basic 
building parameters and existing systems configuration.  
Then alternative retrofit configurations are established, 
and from this the configurations are analyzed for 
energy loss failure modes.  With the failure modes 
defined, their effects are mapped to the whole building 
enerrgy simulation input variables.  The failure modes 
are then sampled for combinations to simultaneously 
simulate, using optimal sampling based methods.  With 
these failure mode samples, a set of whole building 
energy simulation input decks is computed, each 
slightly different in input variable values, according to 
the failure modes of each sample.  These decks are 
executed to compute a set of whole building simulation 
output decks.  The relevant output parameter values of 
interest are extracted from these decks, namely the 
energy consumption and hourly peak power demand 
loads.  Then an uncertainty analysis and sensitivity 
analysis is completed, relating the sensitivity back to 
the input failure modes.   

The first step is to define the systems in the building to 
analyze for energy loss failure modes.  This includes 
establishing basic building parameters such as layout, 
floor plans, zones, schedules, and material 
construction.  It also includes the different equipment 
selections for different scenarios to analyze.   

The first result of this work for modeling purposes is a 
set of block diagrams depicting the building systems, 
the set of which describes graphically all energy related 
systems in the building.  Constructing a block diagram 
is an exercise of diagramming all energy related 
components in the building and their interconnections.  
Generally this is a connected set of functional 

5. Compute Input 
Simulation Deck 
for Each Sample

2. Define Failure 
Modes for the 
Building Systems

1. Walkthrough 
Analysis and Create 
Building Systems 
Diagram

4. Create Uniform 
Distribution Failure 
Model Samples

6. Execute the Set of 
Whole Building 
Simulations

7. Extract Output 
Parameter Values 
from Output Decks

8. Create 
Reduced Order 
Model

9 . Create Failure 
Mode Distributions 
and Samples

10. Compute Output 
Parameter Values

11.  Uncertainty and 
Sensitivity Analysis

3. Define Model Input 
Perturbations for 
Each Failure Mode

 

Figure 1:  Overall process flow for analyzing effects of 
failure modes on building energy. 
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components and their interactions at end points of 
occupancy zones.  The second result of this step is a 
complete whole building energy simulation, generally 
an EnergyPlus or TRNSYS model.   

With the building systems depicted graphically for 
interrogation and with a complete whole building 
energy simulation model, Step 2 is to define the failiure 
modes of the building.  Examining the flows of energy 
through the system block diagrams, possible modes of 
unintended loss can be considered.  For example, the 
air flow can be studied from outdoor air entry into the 
ductwork through delivery to individual zones.  Each 
component can be considered in turn for how it can 
fail, and how that can impact parameters of the system.  
The OA damper for economizer can fail fully closed, 
partially closed, partially open, fully open, or can be 
commanded incorrectly to any of these conditions. 

To systematically address all failure modes in the 
building, standard work procedures are used to define 
the failure modes (DOD, 1980).  Using a traditional 
FMEA, one scrutinizes the functional block diagram of 
the system, and then creates a list of how the system 
blocks and interconnections can fail.  To each of these 
failure modes, the severity of the failure is assessed as 
an individual rating.  Further, the likelihood of 
occurrence is also assessed as a probability, perhaps 
subjectively.  Lastly, the ability to detect that the failure 
mode has occurred before the severity impact has 
occurred is also assessed as a separate detectability 
score.  The product of the severity, occurrence and 
detectability scores define each failure mode’s risk 
quantitatively as a risk priority number.  Sorting this 
list provides the top most critical failure modes.  One 
then defines mitigation plans for each risk, to reduce 
the risk level.  All such failure modes are listed in a 
standard FMEA worksheet.   

The result of the traditional FMEA analysis is a list of 
failure modes, and an estimate of their likelihood of 
occurrence.  For this approach, an estimate of severity 
is unecessary (as commonly estimated in a traditional 
FMEA analysis) since the analytic modeling provides 
the severity assessment in terms of energy loss 
associated with the failure mode.  Similarly, the 
detectability rating common to an FMEA is also not 
necessary here, since the objective is to design the 
building monitoring and controls to be robust against 
the high severity commonly occurring failure modes.   

The next Step 3 is to map each failure mode to an 
associated set of inputs to the whole building energy 
simulation model.  It is often not a simple mapping of 
considering each input individually, the mapping can 
be anything from many-to-one to one-to-many.   For 
example, a typical building energy model variable is 

the leakage rate in a zone, often expressed as a percent 
of the air exchange rate.  Failure modes of duct leakage 
or open windows, for example, could both contribute to 
variations in the simulation variable of leakage rate.  
On the other hand, a controls system failure mode of 
the building lights being incorrectly forced on and left 
on 24-7 can affect the zone lighting schedule variables, 
one variable for each zone.  In this way, one can create 
a mapping from each failure mode the set of inputs in 
the associated building energy simulation model.   

The next step is to quantify the mapping between each 
failure mode and the range of perturbation on each 
associated simulation variable.  This is done by 
introducing a participation level for any failure mode 
as a zero to one variable.  When a failure mode is not 
active, its participation level is zero.  When a failure 
mode is fully active, its participation level is one.  
Intermediate levels of failure mode participation are 
defined as a value between zero and one.   

Mathematically, the failure modes must be mapped to 
the building energy simulation input variables.  
Practically, there are three types of failure mode 
mappings to simulation input variables: unilateral, 
bilateral, and discrete, when considering a building 
energy simulation input variable and its associated 
mapped failure mode probability distribution. 

The unilateral map is easiest to consider, the upper and 
lower range of a building energy simulation input 
variable is defined for the zero and full participation 
levels of the failure mode.  For example, an economizer 
failure mode can prevent complete closure, and so is 
mapped to the economizer air flow rate from zero to 
5% of the nominal full flow level. 

The bilateral map is slightly more complex, since a 
zero value of the failure mode participation means the 
building energy simulation input variable is at nominal, 
and then as the failure mode increases in participation 
to one, the building simulation input variable value 
increases or decreases to the max or min.  For example, 
consider the failure mode of an economizer improperly 
commissioned slightly high or low from the desired 
outdoor air flow rate.  This can be mapped to plus or 
minus 2% of the nominal outdoor air refresh rate. 

Finally, the discrete mapping is the nominal discrete 
value at zero failure mode participation, and then can 
take on any of the other values according to a discrete 
map from the failure mode participation variable.  
Generally this map is constructed by providing each 
discrete value an associate range of participation such 
that it has the desired level of probability of occurring.  
For example, an economizer control failure mode may 
incorrectly command the economizer to be open when 
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it should be closed.  This can be mapped to “on” or 
“off” over-ride to the economizer set point variable, 
each with a probability of occurrence.   

Having defined each failure mode’s mapping to the 
building energy simulation inputs, one can turn each 
failure mode “on” one at a time, and compare the 
results with no failure modes active.  This would 
provide an indication of the impact of a failure mode 
occurring in isolation, with all other failure modes not 
active and their related building systems operating 
perfectly at design intent.  This approach ignores 
interactions.  For example, an economizer and a chilled 
water supply valve both stuck partially open will cause 
much more energy loss than either failing alone or 
compared to their linear addition.   

To explore this, first multiple failure modes that can 
impact the same simulation input variable must be 
resolved.  For example, there are several failure modes 
associated with the single building energy simulation 
input representing the fraction of outside air.  Therefore 
one must define how multiple failure modes interact, 
and any precedence relations.  Many failure modes 
simply add, particularly the unilateral and bilateral 
failure modes.  A restricted outdoor air economizer and 
an economizer setpoint error failure mode simply add 
in their impact on the economizer flowrate simulation 
input variable.  However, an outdoor air economizer 
controls error such as setting the valve fully closed 
when it should be open is a failure mode that does not 
add with the previous; rather, it over-rides the setpoint 
value to zero.  This logic amongst the failure modes to 
building energy simulation input variables must be 
constructed.   

The next Step 4 is to sample the failure mode 
participation level space, an n-dimensional [0,1] 
compact space, to represent the domain with a finite 
sample set.  Ultimately, the sampling is done according 
to the probability distributions defined on the failure 
mode participation levels discussed earlier.  That is, 
some failure modes have very low occurrence rates, 
reducing their risk levels in actual practice, compared 
to their sensitivity.  If a failure rate only occurs once 
every ten years, it is perhaps of less concern than one 
that occurs monthly, if they have the same energy 
impact.  To have a distribution sampling rate sufficient 
to capture very rare events, however, requires very high 
sampling rates, particularly to ascertain compounding 
interactions with other failure modes. 

Therefore, a two-step approach is applied to sampling, 
as shown in Figure 1.  First, the occurrence rates from 
the FMEA are ignored, and all failure modes are 
sampled uniformly.  The energy results are computed 
using the whole building simulation at each sample 

point, which is computationally intensive.  This 
approach clarifies each failure mode’s contribution to 
energy consumption and how they interact with other 
failure modes.  The results are fit to a reduced order 
model, to easily and quickly indicate how all failure 
modes individual and together affect energy 
consumption.   

Then separately the actual risk is computed, 
incorporating the FMEA occurance rates of the failure 
modes.  To do this, the failure modes are sampled a 
second time, but this time using their actual occurrence 
rates.  The expected energy consumption levels from 
the failure modes given their occurance rates are 
thereby computed.  This can be done even for rare 
failure modes by using very large sampling rates, since 
the reduced order model computes much more quickly.  
To do the sampling, advanced optimal spaced sampling 
techniques are applied (Eisenhower 2011b).  This 
provides a minimal sample set that can cover the failure 
mode participation distributions.  The result is a matrix 
of samples, where each failure mode is a column and 
each sample is row.  Each sample has a [0,1] value for 
each failure mode, representing the participation level 
of each failure mode in the scenario represented by the 
row sample.   

The next Step 5 is to map the matrix of failure mode 
participation level samples to building energy 
simulation inputs.  Practically, this means creating a 
slightly varied building simulation input deck for each 
row of the failure mode participation sample matrix.  
For each row in the matrix, a separate building 
simulation input deck is created and populated.  Step 6 
is then to execute the set of input decks on a high 
performance computing cluster, to quickly compute 
each simulation.  This computation is intense, but can 
be highly parallelized.  The result is a set of building 
energy simulation output decks, each slightly different 
in values according to the varied performance impacts 
of the different participation levels of the failure modes 
occurring simultaneously.   

Once all sample runs are complete, as Step 7 the set of 
output decks is parsed and the desired energy and 
power figures are extracted.  Typically, this involves 
summing the energy data over the 8760 hours of 
simulated building operation over a simulated year, as 
well as recording the peak hourly consumption figures.  
The result is an output matrix with columns of the 
output energy and peak power metrics, and number of 
rows as the number of samples.   

With this matrix of input and output samples, in Step 8 
a rapid simplified model is determined, making use of 
reduced order model surface fitting techniques.  The 
result is equations that represent how each failure 
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impacts energy consumption, and further how each 
interacts with others to impact energy consumption 
together.  These equations are independent of the actual 
occurrence levels and associated probability 
distributions of the failure modes.  The next step is to 
modulate the risk levels of each failure mode energy 
sensitivity according to how likely each is.   

Most failure modes are not active at any given moment, 
or only slightly active.  For example, a duct can be 
blocked and cause a high pressure loss as a failure 
mode.  More likely is the duct work is only slightly 
degraded, and so the failure mode is only partially 
participating and contributes a slight pressure loss.  
This character is captured using a failure mode 
participation probability function, where over the [0,1] 
domain of the failure mode, a probability distribution is 
defined.  A distribution biased toward zero 
participation is used, according to the expected 
probability of occurrence associated with the 
occurrence rate defined in the FMEA.   

From the expected probability of occurrence, a 
participation level probability distribution is defined 
such as shown in Figure 2.  The function is defined by 
the observation that the cumulative probability out to 
the expected value of a failure mode’s participation 
distribution should equal the probability of the 
occurrence rate.  This rule constrains the probability 
distribution, which with a desired shape definition such 
as a long tail, exponential, or Weibull distribution, 
provides sufficient information to define the failure 
mode distribution function.  These distributions are 
defined on each failure mode according to the FMEA 
occurrence rates, and then the distributions are 
sampled, similar to Step 4, but not using uniform 
distributions.  With the actual distributions, some of 
which can be highly skewed, the sampling must occur 
at much higher rates.   

Using the very rapid reduced order model, in Step 10 
the output energy consumption levels are computed for 

each sample point of failure mode participation levels.  
This is a very rapid calculation set over many sample 
points, as compared to Step 4.  The next Step 11 is to 
analyze the output matrix data as sampled values of 
distributions, for each output metric.  The shape of the 
distribution is of interest, to determine any bias from 
nominal operating conditions, large outliers, etc.  
Finally, the inputs failure mode participation levels are 
correlated with output energy consumption and peak 
power metrics.  Through correlation, regression, and 
variance decomposition techniques, the failure modes 
that drive excess energy and peak power consumption 
above the as-designed condition can be determined.   

An issue is the simulation model error compared to 
actual building performance.  Generally, a model is 
needed that can relatively prioritize failure mode 
effects.  Whole building simulation provides this level 
of accuracy, with exceptions of failure modes that 
extend beyond the assumptions of the whole building 
simulation.  For example, failure modes that amplify 
inter-zonal air mixing are beyond the capability of 
whole building simulation and so cannot be prioritized 
in this approach without extension to incorporating 
such models.   

DEMONSTRATION:  FORT CARSON 
BUILDING 1225 

To demonstrate the methodology, consider a mid-sized 
office building on the Fort Carson (CO) DoD campus.  
The single floor building has two separate wings, 
22,300 square feet total with 18,631 square feet 
occupied, two separate constant volume air handling 
units, and 18 separate zones.  The building was 
scheduled for energy reducing retrofits, and was 
analyzed in the existing configuration and the proposed 
retrofit configuration.  The intial pre-retofit condition is 
termed the existing design configuration, and the 
proposed retrofit condition is termed the advanced 
design configuration.   

In the existing design condition, the Energy Use 
Intensity is 80.9 kBTU/ft2, putting it at a rating of 24 in 
the EnergyStar Portfolio Manager database, or that it is 
in the bottom 24% of buildings in its class of usage and 
climate.  The building was also instrumented and 
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Figure 2: Failure Mode Participation Probability 
Density Function. 

Table 1: Existing Design Energy Intensity for Building 
1225 (kBTU/ft2/yr) 

HEATING COOLING PUMPS FANS 
20.5 3.2 1.3 13.6 

 

LIGHTING PLUG TOTAL -  PLUG TOTAL 
12.7 29.5 51.4 80.9 
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measured over a limited duration.  Based on this, the 
building was measured with an Energy Use Intensity at 
101 kBTU/ft2 as operated in a 24-7 capacity (13% 
difference).  Accounting for the differences in 
operating schedule at the time of measurement, the 
energy use is comparable.   

The breakout of the energy consumption is shown in 
Table 1.  The vast majority is going into plug loads, 
followed by heating, air circulation and lighting.   

These results suggest failure modes that cause energy 
performance degradation can be understood, 
quantified, and simulated.  For this existing 
configuration, the next step is to consider not only the 
observed failure modes in the particular state of 
maintenance and equipment replacement at the time, 
but all possible failure modes at any future state, to 
determine what failure modes are most critical to 
manage.   

Building 1225:  Existing Configuration – Critical 
Failure Modes 

The existing design’s existing systems were depicted as 
a set of block diagrams representing all energy related 
systems and interconnections in the building.  This was 
then analyzed for all failure modes of all components 
and their interconnections.  There were 38 systems and 
zones with 89 critical components to analyze, and 533 

failure modes in the building energy systems (lighting, 
hvac, power, controls, etc.).   

The distribution of failure modes are shown in Table 2.  
There are three columns, indicating the need or ability 
to model the failure mode.  The rows indicate general 
categories of building systems.  The “Alarmed” column 
indicates failure modes that, should they occur, will 
generate an immediate response from occupant 
complaints.  For example, if the boiler fails, there will 
be no heat, occupants will complain and the failure will 
be addressed.  These failure modes are not necessary to 
model here, where the focus is on energy loss failure 
modes that do not necessarily cause a sufficient 
comfort complaint.  Such energy loss failure modes are 
represented in the “Modeled” column of Table 2.  
These are failure modes such as missing insulation, 
stuck economizers, etc.  Finally, there are failure modes 
that can exist in the building, but cannot be directly 
modeled in whole building simulation tools, and so are 
estimated outside the model.  These are typically 
pressurized flow of air between zones, control system 
feedback dynamics, or other short cycle dynamics.   

Given these failure modes, an ensemble of simulations 
were performed, and the variability in building systems 
performance assessed due to failure modes.  The 
modeled impact of failure modes on the energy 
consumption for the system is substantial, with the 
deviations operating at 15% higher energy 
consumption rate than when all systems operating 
perfectly at the nominal as-designed conditions.  The 
distribution of total energy consumption is shown in 
Figure 3, indicating the spread of energy consumption 
across the failure modes.   

Table 2:  Distribution of Failure Modes. 
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Figure 3: Distribution of Overall Building Energy 
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Note the overall accuracy of the simulation compared 
to measured data was 13% with no attempt to precisely 
align schedule, weather patterns or possible failure 
modes active during the building energy measurement 
period.  Therefore, the results shown in Figure 3 are 
comparable to the actual observed deviation from 
perfect operation.  Further, an absolution prediction of 
energy consumption is not required, the real objective 
is to relatively prioritize the failure modes.   

Given the distribution of energy consumption from all 
of the various failure modes, some contribute more 
than others.  The primary largest contributing failure 
mode causes were identified as outlined in Figure 4, as 
determined by the sensitivity analysis described in 
Figure 1.  The largest contributing failure modes to 
overall energy consumption included the lights being 
left on all night and the night temperature setback not 
being used.  Assuming these occur and happen every 
day, these double the energy consumption.  On the 
other hand, such occurrence rates are not expected, and 
so the energy distribution is smaller (Figure 3).   

Overall, the standard, traditional existing system 
configuration of building 1225 shows a design intent of 
80.9 kBTU/ft2 energy intensity.  When considering 
failure modes and their expected occurrence rates with 
reasonable maintenance, this increases by 15%.  If any 
of several failure modes occur continuously throughout 
the year, the energy increase can be much more 
substantial and easily double the energy consumption 
of the building.  Given these results, next a low energy 
design retrofit concept was explored for Building 1225, 
discussed next.  

Building 1225:  Advanced Design – Critical Failure 
Modes 

The systems in Building 1225 were also explored as 
high efficiency retrofits.  The HVAC system was 
explored as a high efficiency solar thermal system 
retrofit with the campus steam as backup.  The cooling 
system was explored with an evaporative cooling 
system retrofit with the campus chilled water system as 
backup.  The constant air volume systems were 
retrofitted with VAV distribution for higher efficiency.  
High efficiency fluorescent lighting was considered.  
No advanced occupancy based controls were 
considered, given the building has a high 24-7 
occupancy.  Also, the only envelope measures 
considered were double pane windows.  Nonetheless, 
this retrofit solution upgrades Building 1225 to a 
design intent of 58 kBTU/ft2, a 28% overall reduction 
with rather modest interventions and places the 
building at an EnergyStar Portfolio Manager rating of 
54, a 100% improvement.  The low rating is entirely 
due to the unusually high internal computing loads and 
unusually high 24-7 occupancy rate and schedule.   

The breakout of the energy consumption is shown in 
Table 3.  The majority is going into plug loads, 
followed by heating, air circulation and lighting.  
Similar to the existing building systems configuration, 
the advanced systems in the building were diagrammed 
into a set of block diagrams representing all energy 
related systems and interconnections in the building.  
This was then analyzed for all failure modes of all 
components and their interconnections.  There were 43 
systems and zones with 98 critical components to 
analyze, and 565 failure modes in the building energy 
systems (lighting, hvac, power, controls, etc.).   

The results on the advanced system design show 
substantial impact of failure modes on the energy 
consumption, with the expected average operation at 
20% higher energy consumption rate than the operation 
with all systems operating perfectly at the nominal as-
designed conditions.  The distribution of total energy 
consumption is shown in Figure 5, indicating the 
spread of energy consumption across the failure modes.  
The range of uncertainty is slightly larger than the 
existing building configuration.  Also, with the 
decrease in nominal energy consumption, the percent 
uncertainty is larger.  Energy efficient buildings tend to 
be more sensitive to variability from failure modes.   

Given the distribution of energy consumption from all 
of the various failure modes, some contribute more 
than others.  The primary largest contributing failure 
mode causes were identified as outlined in Figure 6.  
The largest contributing failure modes to overall energy 
consumption included the lights not turned off at night, 

Table 3  Existing Design Energy Intensity for Building 
1225 (kWhr/m2/yr) 

HEATING COOLING PUMPS FANS 
11.9 1.8 0.3 5.8 

-38% -41% -79% -50% 
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Figure 5: Distribution of Overall Building Energy 
Consumption over the Failure Modes. 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

551



and the night temperature setback not operating.  These 
failures are shared with the nominal existing system 
design, though in different order of sensitivity.   

Overall, the advanced retrofit design configuration of 
building 1225 shows a design intent of 57.8 kBTU/ft2 
energy intensity.  When considering failure modes, this 
increases by an expected 20%.  If any of several failure 
modes occur continuously throughout the year, the 
energy increase can be much more substantial and 
easily double the energy consumption of the building.   

CONCLUSION 

A methodology for system model-based FMEA for 
high performance building design assessment is 
developed and evaluated for an existing building use 
case. Typical equipement failure modes are shown to 
increase energy consumption by 20% when taken 
together, which is comparable to observed 
overconsumption of actual buildings versus their design 
intent.  Analysis of building energy over-consumption 
due to system failure modes is feasible using whole 
building energy simulations with parametric sensitivity 
analysis tools.  Failure modes are defined, related to the 
whole building energy simulation inputs, and then 
sample-based methods are used to evaluate energy 
performance for each sample of failure mode 
combinations.  Performing a sensitivity analysis on the 
results can indicate which failure modes are more 
significant in contributing to energy consumption. 
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ABSTRACT 
This paper presents methods and results for 
representing the complex thermal network of a building 
envelope and interior in the form of reduced-order 
state-space equations that can more easily be applied in 
model-based predictive and other advanced control 
approaches. The complexities of heat transfer 
phenomena through glazings and long wavelength 
exchanges among walls make the representation 
difficult. The model employs the net radiosity method 
for long-wave interaction, one-dimensional transient 
conduction through walls, conductive and convective 
coupling between zones, etc. Model order reduction is 
applied to simplify the state-space representation and 
case study results are presented.  
 

INTRODUCTION 
The application of Model Predictive Control (MPC) to 
buildings could have high computational requirements 
depending on the number of control variables, the time 
horizon for the optimization, the discretization for 
control decisions and model solution, and the 
complexity of the models. Reducing model complexity 
and computational requirements, while retaining 
prediction accuracy, is the goal when considering 
reduced-order building modeling. 
In general, models for control can be grouped into two 
types: forward and data-driven models. Forward 
models start from first principles such as conservation 
equations of mass, energy and momentum. Most of the 
existing energy simulation programs, such as 
EnergyPlus, employ forward models for building load 
requirements. They can be highly accurate but may 
have a high computational burden especially for 
application to online control.    On the other hand, data-
driven models rely on experimental data or simulation 
results from a physical model to train an empirical or 
black-box model and can sometimes yield unrealistic 
and non-physical results (J. Casillas et al. 2003), 
especially when employed outside of the range where 

they were trained. One of the most important and 
difficult problems in the system identification 
procedure is choosing the “best” model among a set of 
candidate models (L. Ljung 1999). It necessarily 
requires “model validation” to choose the “best” model.  

The main purpose of the study described here is to 
develop a general methodology for converting the 
complex thermal network of a multi-zone building into 
a reduced-order linear time invariant state-space 
representation that will more readily enable 
implementation and assessment of advanced control 
concepts. This approach also makes it possible to 
perform frequency response analysis for control design 
and to obtain some characteristic parameters of the 
building envelope system, such as eigenvalues that are 
not available with the current models. 

The complexities of heat transfer phenomena through 
glazings and long wavelength exchanges among walls 
make the representation difficult. In the detailed 
reference model used to determine a reduced-order 
model (ROM), the net radiosity method for long-wave 
interaction and a simple window model are adopted to 
construct a general form which includes heat transfer 
through windows, long-wave interaction among 
surfaces, conduction through walls, distributed thermal 
capacitance within walls, conductive heat transfer 
between the rooms and so on. After constructing a 
state-space representation for the reference model, a 
model order reduction method is applied to the forward 
model to construct a reduced-order model . 

The performance of a ROM for a building envelope 
was tested for case a study with respect to both open-
loop and closed-loop responses in both the time and 
frequency domain.  Comparisons with results and 
computational requirements for TRNSYS are provided. 
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MATHEMATICAL MODELING 

State-Space Representation of a Thermal Building 
Model 

The terminology of a zone that is used in this section is 
assigned to a unit or module of the thermal network of 
a room. A multi-zone representation is a group of 
thermal network units. The state-space model of a 
building system starts from a module (network unit) 
and extends to constructing more complex multi-zone 
models. A detailed formulation is described in this 
section. Some of the important assumptions used to 
construct the network unit are: 

• The temperature of each surface or surface 
segment and of its cross section is uniform.  

• A room is well-stirred. 

• Each wall emits or reflects diffusely and is 
gray and opaque. 

• Air is nonparticipating media to radiation. 

• Heat transfer is one dimensional.  

• Conduction between window and window 
frame is neglected (1-D assumption). 

The main approach to treating the complex thermal 
network is to linearize long-wave radiation exchange 
and group the states (temperatures) and fundamental 
equations in the form of a state-space representation.  

Conduction through Walls 
 

Tj Tj+1Tj-1

Left surface 
of j node

Right surface 
of j node

 
Figure 1: Notation for conduction through walls. 
 

A finite volume formulation is used to describe the heat 
conduction through walls and is depicted in Figure 1.   
For any jth node in a wall except the first and last nodes, 
an energy balance leads to 
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Equation (1) can be expressed in the following matrix 
form.  

         , 1 , ,

, 1

( )j L L R
j cd j j cd j cd j j

R
cd j j j

dT
C H T H H T

H T q
dt −

+

= +−

++
 (2) 

Note that  is a group of all of the wall temperature 

nodes belonging to an individual zone. 

Heat Balance at Outside Surface 

For any ith outside wall (connected to the external 
ambient) belonging to an individual zone, the heat 
balance equation at the surface is  

  ,

1
1 1 1 1 1 2 1

1

( ) | ( )
cv ex

i
i i i i i R i i i

a cd

i i i
SWR LWR

dTC w h T T h T T
dt

q q

ρ

α

= − + −

+ +
 (3) 

where 1
iT represents the wall temperature of the first 

node which is set to be an outside surface of the wall.  

With the assumptions that the outside surface is gray 
and diffuse and the air is a non-participating radiation 
media, net long wavelength interactions with the 
environment can be expressed as 
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4 4 4 4
1 11 1( ) ( )i i i i i i i

LWR sky sky grd grdq F T T F T Tσ σ= − + −ε ε
 

 
Using a linear approximation of the long-wave heat 
exchange term gives 

      1 1
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The mean temperatures for long-wave exchange 
between the surface and sky and surface and ground are 
assumed to be the same for all outside surfaces. 

Equation (4) can be generalized and written in compact 
matrix form as 
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Heat Balance at Inside Surface 
For the Ith zone and ith wall, the energy balance equation 
for the inside surface is  

      ,

1 ,
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i
i i i i in
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where ,net radq  is net radiative flux out of the inside wall.  
The radiosity method is utilized to express the net flux 
under the assumption that the walls are gray, diffuse 
and opaque. The same linearization method used in 
Equation (4) is employed leading to 
                  1

, [ ]n onet radq A B T h− ′= −   (7) 
 

where,  
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Radiosity does not appear explicitly in the above 
expression, which is convenient for building 
simulation. Since i

oh  represents an external radiative 
source acting on the ith surface, the effects of internal 
sources and transmitted solar energy though windows 
are treated in a consistent manner. For any shaped 
room, the net radiative flux can be explicitly calculated 
as a function of surface temperatures if the view factors 
and the external radiative sources are known.  

By letting 1
,rad inH A B− ′≡  and 1

onq A h−≡  
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(8) 

State-Space Representation of Thermal Network 
Module 

Gathering the system of equations that represent heat 
balance equations for external to internal wall elements, 
i.e. Equations (2), (5) and (8),  
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As expected, a tri-diagonal block matrix is formed with 
parameters that characterize heat transfer due to 
conduction in the walls (from node number 2 to node 
number n-1) and radiative/convective heat transfer at 
the boundaries (first and last nodes only). The terms jq  
where j is from 2 to n-1 vanish if there are no heat flux 
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sources inside the wall such as embedded radiant 
heating or cooling systems.  
Because a multi-zone representation is a group of the 
thermal network units, it can be easily developed based 
on Equation (9). The form is  

 =  +W W WW W ZWZ WC T H T H T q+  (10) 

The coefficient matrices, ,  W WWC H  and WZH , have 
block diagonal forms consisting of the coefficient 
matrices for each zone, ,w wwC H  and wzH . Each 
variable also represents the set of all individual 
variables in all zones. For example, WT  is the set of all 
temperature nodes of walls in multi-zones, 

i.e., 1( ( ) .. )
TT Nz T

W w wT T T⎡ ⎤
⎢ ⎥⎣= ⎦  . 

State-Space Representation of Zone Air Balance 
To complete the state-space representation of a multi-
zone building, the dynamics of zone air temperatures 
need to be included. Heat fluxes to an air control 
volume within a zone can be categorized as follows. 

I
ventQ  =  Ventilation 
I
infQ =  Infiltration  
I
cplQ =  Air mixing among rooms 
I
SQ =  Convective internal source due to computer, 

human action and so on,  

cvQ = Convective heat exchange between a zone 

air and its surrounding walls 
The balance equation for the Ith zone is 

I
I I I I I I Iz

V cv cpl inf S vent
TC V Q Q Q Q Q
t

ρ ∂
= + + + +

∂
 (11) 

A linear state-space form was formulated based on 
Equation (11) under the assumption that the inter-zone 
mixing and infiltration terms are negligible. 
 

 Z Z ZW W ZZ z S ventC T H T H T Q Q= ++ +  (12) 
Due to the limit of pages, the definition of each term is 
omitted, but one can easily derive the form.  
 
Final State-Space Representation of Thermal 
Network 
Based on Equations of (10) and (12), the state-space 
representation of the thermal network can be written as   

    

0
0
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 (13) 

The matrices C  and H  represent the thermal 
capacitance and heat transfer coefficients of all wall 
nodes and zone nodes, respectively. The subscript W 
and Z refer to wall and zone.  

When constructing the thermal network in the form of 
 x = Ax + Bu  from Equation (13), the size of 
the B matrix will be the same as the size of A . 
However the matrix size B can be dramatically 
reduced by introducing a simple transformation 
denoted by T ′ in Equation (14), since the heat sources 
inside the wall are zero except for the case of radiant 
floor heating and cooling. 

The final standard form is 
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 (14) 

Model Order Reduction (MOR) of Thermal 
Building Network 

The purpose of model order reduction (MOR) is to 
derive a lower order model from a high order system 
preserving the dominant dynamics of the original high 
order model. The problem definition of MOR for a 
linear time invariant system is to construct lower order 
matrices for , , ,r r r rA B C D , Equation (15), from the 
original system of Equation (16). 
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y t Cx t
x t A

D
x t Bu

u t
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=
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+
 (16) 

where the state ( ) nx t ∈ , ( ) r
rx t ∈  and r n<< .  

Note that we want to reduce the state order from n to r 
while keeping the response error || ||o rG G ∞− small. 
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( || ||∞⋅ is the Hardy infinity norm and oG and rG are 
transfer functions of the original and reduced-order 
systems, respectively.) 

Several model order reduction methods are available, 
but one representative method employed in the current 
study is the balanced truncation technique originally 
proposed by B.C. Moore (1981).  

The main idea of the balanced truncation approach is to 
truncate states which make little contribution to input 
and output behavior. The importance of states can be 
measured by the singular values of the Hankel operator 
defined by 

 )(

0
)(( ) ( )A tv t Ce Bv dτ τ τ

∞ +Γ = ∫  (17) 

In other words, if one can find the Hankel singular 
values, denoted by Σ , one can judge the contribution 
of each of the states. 

The first step of the state-space transformation 
technique is to find a transformation which balances the 
observability and controllability gramians. The 
controllability gramian and observability gramian are 
defined by 

† †† †

0 0
,AA

c o
A AW e BB e d W e C Ce dτ τ τ ττ τ

∞ ∞
= =∫ ∫ ,  

where the superscript †  denotes conjugate transpose. 

After balancing the gramians, one can obtain the 
Hankel singular value via the well known formula of 

c oW W= = Σ .  

The second step is to construct and to perform a 
Galerkin projection based on the singular values of the 
balanced gramians (S. Lall et al. 2000). Important 
features of the approach are the reduced-order model 
maintains most of the original model properties such as 
dynamic behavior, observability, controllability and 
stability (M. Green, D.N.Limebeer, 1995), thereby 
providing a more reliable model. Furthermore the 
truncation of error, || ||o rG G ∞− , is bounded by twice 
the sum of the truncated singular values.  

In this study, the balanced truncation method was 
adopted for constructing a reduced-order model based 
on the system of Equation (14). An algorithm to 
compute the state-space balancing transformation is 
presented by A.J. Laubi (1987). 

CASE STUDY RESULTS 
For testing the validity of the detailed (full-order) 
model representation, both steady and dynamic 
responses were compared for various cases and good 

agreement was found. The direct stiffness method 
(FEM) with the exact radiosity solution for long-wave 
radiation was used to check the steady-state behavior.   
TRNSYS Version 16 was used to compare dynamic 
response. In this paper, a case study for the Purdue 
Living Lab #1 is presented to demonstrate the reduced-
order modeling accuracy and computational 
requirements as compared with the full-order model. 
Figure 5 shows the building and the specific zone under 
consideration.  Some parameters employed in the 
modeling include: 

• The size of the zone is 32[ft] for width and 
depth and 14.5[ft] for height. The south 
window area is 130[ft2]. 

• The materials for wall construction consist of 
concrete, insulation board, stucco, gypsum 
board, and double glazed windows. 

• The east wall and floor are adjacent to other 
rooms that are assumed to be at a fixed air 
temperature of 22ºC.    

• TMY2 weather data in Indianapolis for the 
summer season (July 1 to 31) was employed. 

• Values of 17.77[W/m2-K] and 3.05[W/m2-K] 
were used for convective heat transfer 
coefficients at the outside and inside surfaces, 
respectively.   

 

Living Lab 1

View From 
South/Eest

 

Figure 2:  Sketch of Purdue Living Lab 

In order to construct a linear time invariant system, 
average values of Tsky, Tgrd and Tw are needed for 
linearization of the radiation heat transfer coefficient 
and are determined prior to simulation. The average sky 
and air temperature were determined from the TMY2 
weather file, whereas the mean external wall 
temperature was set to 15ºC. The full-order model had 
a total of 297 nodes for the zone. A reduced-order 
model was found having 10 states.  

Model output comparisons between TRNSYS, the full-
order and the reduced-order model (ROM) are shown 
in Figure 3 for the case of a floating zone temperature 
for several days during the month of July. The black 
solid line (TTrn), blue solid line (To) and red dashed line 
(Tr) represent zone air temperature profiles generated 
by TRNSYS, full-order and reduced-order models, 
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respectively. Overall, the agreement between the three 
models is very good.  The full-order  model, which had  
297 states, required a simulation time for a month of 
3.320 sec with a 1.4GHz laptop computer. On the other 
hand, the reduced-order model, which had 10 states,  
had a simulation time of 1.351sec.  

0 20 40 60 80 100 120 140 160
14

15

16

17

18

19

20

21

time[hr]

zo
ne

 a
ir 

te
m

pe
ra

tu
re

[d
eg

C
]

 

 
TTrn

To

Tr

 

Figure 3: Model comparisons between TRNSYS, full-
order, and reduced-order models 

Note that computational time for solution of differential 
equations is highly dependent on the differential or 
difference equation solver algorithm. The 
computational times are based on an ODE (ordinary 
differential equation) solver of MATLAB Version 7. 
Performance judgment with respect to simulation time 
relative to TRNSYS is difficult. Furthermore one of the 
most important differences between the state-space 
representation and TRNSYS is that the former is 
continuous, but the latter is represented using discrete 
equations.  

In order to provide reasonable computational 
comparisons between the ROM and TRNSYS, first-
order hold discretization was performed for the ROM 
with results shown in Table 1 for a year simulation. The 
time required for preprocessing in both models was not 
counted in the results. The ROM provides an order of 
magnitude faster computation. 

Table 1:  Computational time comparison for 
ROM and TRNSYS with one-year simulation 

TIME 
STEP 
[MIN] 

TRNSYS 
[SEC] 

ROM 
[SEC] 

MEAN 
ERROR 

[ºC] 

RMS 
ERR
[ºC] 

REL 
ERR
[%] 

10 7.780 0.583 0.166 0.246 1.040 
30 2.600 0.263 0.170 0.228 0.960 
60 1.200 0.187 0.177 0.259 1.100 
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In order to test closed-loop response of the ROM, the 
responses under a PID controller were determined in a 
SIMULINK environment with a 22ºC zone air 
temperature setpoint and arbitrarily chosen controller 
gains. Results are shown in Figure 4 for the full-order 
and reduced-order models.  

To further test the validity of the lower-order model 
compared to the full-order model, frequency responses 
were generated and are shown in Figures 5 and 6. The 
heat extraction rate associated with mechanical cooling 
by ventilation was selected as a manipulated input for 
the responses shown in Figures 5. External heat flux 
acting on the roof due to solar radiation was chosen as 
a disturbance input for the responses shown in Figures 
6.  In all cases, the output is zone air temperature and 
all the variables are scaled from a nominal condition.  
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Figure 4: Comparison of dynamic zone air temperature 
behavior between full-order and reduced-order models 

10-6 10-4 10-2 100
10-3

10-2

10-1

100

101

102

 

 
full-order
reduced

 
Frequency [rad/s] 

Figure 5: Frequency response of zone air temperature 
to mechanical cooling 

M
ag

ni
tu

de
 [S

ca
le

d]
 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

559



10-6 10-4 10-2 100
10-10

10-5

100

 

 
full-order
reduced

 
Frequency [rad/s] 

Figure 6: Frequency response of zone air temperature 
to solar disturbance 

DISCUSSION 
Compared to the full-order model, the ROM resulted in 
about a factor of 30 reduction in state variables (from 
around 300 to 10 states) with a factor of 3 reduction in 
computation for a specific case study. Compared to 
TRNSYS, the computation was reduced by about a 
factor of 10. As a result, the ROM is more  readily 
utilized in optimization, optimal control or any high 
level control than existing modeling approaches.  

Furthermore the results in Figure 5 and 6 demonstrate 
that the reduced-order model accurately matches the 
full-order model outputs over a wide range of 
frequencies. Even though discrepancies appear in the 
frequency responses of the disturbance input at high 
frequencies, the magnitude of the errors is negligible 
and does not significantly affect the accuracy. The 
linearized reduced-order modeling approach maintains 
the input-output dynamic response while reducing the 
simulation time. Greater computational savings would 
be expected for more complicated case studies.   

CONCLUSION AND FUTURE WORK 
A mathematical representation to describe the thermal 
network of a building was formulated and applied to 
generate a reliable reduced-order model for advanced 
control purposes. A case study was carried out for a 
single zone space.  The model gave results that are 
close to those predicted by TRNSYS with about one-
tenth the computational requirements.  The model has 
been successfully applied to a Model Predictive Control 
case study for this same building system by D.Kim and 
J.E. Braun (2012).   A more detailed case study is being 
developed for a more complicated multi-zone building 
system.   

The physics-based, reduced-order building model lends 
itself to application of control theory to investigate 
system properties and to evaluate control performance 
with the help of control toolkits such as 
Matlab/Simulink. For example, the system time 

constant, DC gain under various control inputs, 
frequency response, stability, controllability and 
observability can easily be investigated for design of 
controller for building system.  

The modeling approach is general for any shaped 
building (i.e., not restricted to rectangular shapes of 
walls) because it is developed using the radiosity 
method that incorporates view factors that can be 
determined for any geometry. This aspect allows 
individual wall elements to be divided into separate 
smaller elements to facilitate coupling to a CFD model 
for the indoor environment. This spatial discretization 
on walls is appropriate when the surface temperatures 
vary significantly due to solar or other non-uniform 
inputs. A case study for coupling a reduced-order CFD 
indoor air model with the reduced-order building 
envelope has been carried out by  E. Cliff et al. (2012).  
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NOMENCLATURE 
Nz  = number of zones (or rooms) 
Nw = number of walls in a zone (or a room) 
nnod = number of nodes in a wall  

WT = set of all temperatures nodes of walls in multiple 

zones,  1( ( ) .. )
TT Nz T

W w wT T T⎡ ⎤
⎢ ⎥⎣= ⎦  

I
wT  set of all node temperatures of walls and windows 

in Ith zone,  1 2 . .T
w

T T
nT T T T⎡ ⎤= ⎢ ⎥⎣ ⎦  

jT = set of all jth temperature nodes of walls in a single 

zone, 1 2 ..
TNw

j j j jT T T T⎡ ⎤= ⎢ ⎥⎣ ⎦  
i
jT = temperature at jth node in ith wall  

ZT = set of all zone air temperatures nodes in multiple 
zones 

I
zT =Ith zone air temperature [K] 
i
jρ = density at jth node in ith wall 
i
jw = width of control volume of jth node in ith wall [m] 

|L i
jk =  thermal conductivity at left surface of the jth 

node in ith wall 
|L i

jw = distance from the "j-1"th node to the jth node 
in ith wall [m] 

LWRq = net long wavelength radiation exchange with 
environment [W/m2] 

SWRq = short wavelength solar irradiation [W/m2] 

genq = energy source term [W/m2] 

( )iq = ith component of a vector q  

,cv inh = convective heat transfer coefficient at an 
internal wall [W/m2K] 

,cv exh =convective heat transfer coefficient at the 
outside surface of a wall[W/m2K] 

,net radq = net radiative heat flux out of an internal 
surface [W/m2] 
T = mean temperature [K] 

ijδ = Kronecker delta 

ijA = (i,j) components of a matrix A  
TA = transpose of a matrix A  

I = identity matrix 
i
oh = external radiative source term acting on ith surface 

[W/m2K] 

ρ I
= Ith zone air density [kg/m3] 

I
VC = Ith zone air thermal capacity(constant volume 

specific heat) [J/kg-K] 
IV =  Ith zone air volume [m3] 

Q = heat flow rate [W] 
Γ = Hankel operator 
Σ =Hankel singular value 

cW =Controllability gramian 

oW =observability gramian 

|| ||∞⋅ =Hardy infinity norm (or H∞  norm) 
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AUTOMATIC MODEL REDUCTION IN ARCHITECTURE:
A WINDOW INTO BUILDING THERMAL STRUCTURE

Justin R. Dobbs and Brandon M. Hencey
Cornell University, Ithaca, NY

ABSTRACT
Reducing building model complexity is currently a

heuristic process requiring experience and skill; little
progress has been made toward a numerical framework
to automate this process. This paper proposes integrating
automatic model reduction into the design process using a
transparent model abstraction. Resistor-capacitor network
analysis, mapped appropriately to a building information
model, can provide the architect with insight into thermal
coupling among building elements. Experimental results
demonstrate the use of model aggregation to reduce sim-
ulation time without significant loss of accuracy.

INTRODUCTION
The specter of high energy prices has fueled renewed

interest in energy efficient buildings. Beyond component-
level improvements, further efficiency gains require in-
sight into a building’s thermal performance during early
design. An iterative process using contemporary inte-
grated design and simulation tools (Figure 1a) produces
large amounts of raw simulation data but relatively lit-
tle insight. Thermal network model reduction techniques
provide such insight but are incompatible with object-
oriented building information models (BIM). This paper
proposes the use of an abstraction layer to incorporate
model reduction techniques into the design workflow. The
process (Figure 1b) gives the architect direct information
about the building’s thermal coupling.

Although many model abstractions are feasible, the
resistor-capacitor (RC) network is considered here.
Progress has been made toward proving and optimizing
the accuracy of RC building models, as in Davies (2003).
RC networks have also been used to simulate building
dynamics for HVAC control simulations (Goyal and Ba-
rooah 2010) and have been proposed for for improv-
ing hierarchical building system control design (Mehta,
Dorobantu, and Banaszuk 2006) and real-time prediction
and control (Deng et al. 2010). While the application of
RC networks to modeling existing designs has received
extensive treatment, their use in early design has received
little attention.

This paper proposes a way to integrate model reduction

Building 
Information 

Model

Model 
Reduction

Architect

Full-
fidelity 

Simulator

Abstraction

User 
Interface

(a)

(b)

Figure 1: Existing design workflow (a) and proposed pro-
cess using automatic model abstraction (b)

techniques into the architectural workflow for the purpose
of analyzing thermal relationships and accelerating simu-
lations. First, it outlines a resistor-capacitor network re-
duction algorithm adopted from the literature. Second,
it proposes a novel abstraction framework between the
network reduction algorithm and the geometric building
model, including a way to map model reduction results
back to the BIM. After validating the abstraction, the pa-
per details the model reduction procedure and demon-
strates how the results can be visually presented to the
architect. Finally, experimental results demonstrate the
potential simulation speed improvements attainable using
model order reduction. A key feature of the proposed
method is that the abstraction remains transparent to the
user at all times.

BACKGROUND
The algorithm described here is based on resistor-

capacitor networks treated analogously to Markov chains
as described in Deng et al. (2010). The purpose of the
algorithm is to cluster the capacitors in the RC network
by thermal coupling, reducing the size of the network
while minimizing accuracy degradation. Here are some
key concepts of the method:

1. Nodesare individual capacitors in the full-size RC
network. All nodes are members of a vector[Ck].
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2. Supernodesare collections of nodes. A supernode
contains at least one node and can be divided if it
contains two or more nodes. Supernodej is denoted
C̄j .

3. A partition functionφγ(k)maps a nodek to the super-
node number to which it belongs. The inverseφ−1

γ ( j)
maps a supernode numberj to the set of capacitors
belonging to it. A new partition function is produced
at each aggregation stepγ.

A supernode behaves dynamically like the sum of its
member nodes:

C̄j = ∑
k∈φ−1( j)

Ck (1)

and is interconnected to other supernodes via computed
equivalent resistances[R̄] jk. Simulations of the full-order
RC model operate on the full set of nodes, but simulations
on reduced-order models operate on supernodes, which
are fewer and therefore simulate faster. When a super-
nodeC̄j is at a temperatureT, its constituent nodes are
also at that temperature, allowing reduced-model simula-
tion results to be mapped to the full-size state space:

T(C̄j ) = T(Ck) ∀k∈ φ−1( j) (2)

Model aggregation is achieved by grouping the entire
system into one supernode and then dividing the super-
node recursively along lines of lowest thermal coupling.
The optimal supernode division produces two or more
child supernodes which are each strongly internally cou-
pled but weakly coupled to each other. The method in
Deng et al. (2010) has been extended to produce a tree
structure that can be applied to the original object-oriented
building model.

RC NETWORK ABSTRACTION
The method described in this paper differs from previ-

ous work in that the RC network serves as an abstraction
of the original building and not as the core platform. The
purpose of the model abstraction is to convert the object-
oriented model into a form amenable to numerical meth-
ods. The BIM consists of geometric data, material compo-
sition, and the environmental setting of the building. The
goal is to provide the architect with insight that can be ap-
plied to the original model and preserve the ability to use
full-fidelity simulation tools.

Generating the RC Network

A resistor-capacitor network is generated from the BIM
in a three-step process consisting of:

1. Generating capacitances for interior air volumes

2. Producing the RC sub-circuit for each wall

Symbol Units Description
∆ m Thickness
ρ kg·m−3 Density
A m2 Surface area
cp J·kg−1K−1 Specific heat
k W·m−1K−1 Thermal conductivity

Table 1: Layer properties used to construct RC circuit

3. Connecting walls to interior air volumes and to the
outdoors

The BIM contains two types of objects: zones (rooms)
and enclosing wall surfaces. The RC network represents
each room air volume as a single capacitance. The capac-
itance value follows directly from the room volume and
assumed properties of air:

Croom= ρair cpVroom (3)

whereρair andcp are chosen for typical indoor conditions.
Although modeled as a flat polygon, a wall object may

include any arbitrary stack of material layers of various
thicknesses. For instance, an exterior wall may have
bricks, studs, insulation, and drywall. The material prop-
erties in Table 1 are used to obtain the resistance and ther-
mal capacitance of each layer according to the following
elementary relations. (The areaA is inherited from the
polygon.)

R=
∆
kA

C= cpρA∆ (4)

Because resistance and capacitance are distributed
properties (Figure 2a), a discrete-component approxima-
tion is necessary to form the RC circuit. The optimal RC
configuration for a wall has been shown to depend on the
simulation conditions (Davies 2003); EnergyPlus, for ex-
ample, uses between six and eighteen nodes per layer with
its conduction transfer function (CTF) algorithm (D.O.E.
2011). To limit model complexity and resulting compu-
tational load, two capacitors per layer are used in the RC
network (Figure 2b).

Each wall circuit must be terminated to a zone air vol-
ume or to the outdoor environment. An interior wall con-
sists of two surface objects with common geometry, each
facing a different room and exchanging heat with its cor-
responding capacitance. An exterior wall has only one
surface object marked with an exterior boundary condi-
tion, such as whether it touches outside air or the ground.
Convective transfer from walls to interior air volumes and
to outdoor air is approximated with

Rconvection=
1

hA
(5)
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Convection Type
Coefficient

(W ·m−2K−1)
Includes
Radiant

Rough exterior surface (no wind) 12.49 X

Smooth exterior surface (no wind) 10.22 X

Horizontal interior surface, reduced convection 0.948
Horizontal interior surface, enhanced convection (warm floor or cold ceiling) 4.040
Vertical interior surface 3.076

Table 2: Air-to-surface heat transfer coefficients used in the RC network abstraction and by EnergyPlus under no-wind
conditions and the simple convection algorithm

Distributed

Completed multi-layer stack
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Figure 2: Generating RC circuit for a multi-layer wall

whereh depends on surface roughness and orientation.
The coefficients, given in Table 2, are those used by Ener-
gyPlus under no-wind conditions and, for exterior walls,
include radiant exchange with the sky (D.O.E. 2011). Be-
cause the RC network is a time-invariant linear model, co-
efficients must be fixed at the time of synthesis, whereas
EnergyPlus changes coefficients on-the-fly based on con-
ditions; thus differences inevitably arise between RC and
EnergyPlus simulations. Interior radiant heat transfer, al-
though not included in this analysis, could be linearized
using computed wall view factors and rolled into the RC
network.

For surfaces touching the ground, heat conduction is
estimated with the relation (D.O.E. 2011)

Rconduction=
Rground

A
=

2.592+10.736∆soil

A
(K/W) (6)

where∆soil is the soil depth specified in the BIM.
The finished RC network consists of a capacitance vec-

tor [Ci ] and a resistance matrix[Ri j ] where

Ri j =











r ∈R
+ i 6= j, Ci andCj connected byr

∞ i 6= j, Ci andCj not adjacent

0 i = j

(7)

The outdoor air and ground temperatures drive the tem-
perature evolution of the building during simulation.
These would normally be connected to the system as in-
puts, but the model reduction method in Deng et al. (2010)
requires a fully self-contained system; thus, the exoge-
nous conditions are modeled as very large capacitances in-
side the system and heat is conserved. The system evolves
according to ˙x = Ax wherex is a the vector of tempera-
tures, and the transition rate matrix is

Ai j =

{

1/CiRi j i 6= j

−∑k6= j Aik i = j
(8)

with row sums of zero. For simulation, a conventional
driven state space model ˙x = Ax+Bu can be formed by
moving the entries ofA that refer to the external capaci-
tances to an input gain matrixB.

Mapping RC Results to the Building Information
Model

Because each wall may have an arbitrary number of lay-
ers, the RC network has many more capacitors than the
original model has objects. To be meaningful in a design
context, the RC network results must be mapped back to
the original model. The mapping for room air volumes
is straightforward because rooms are represented as sin-
gle objects in both frameworks; thus the map is bijective.
Wall capacitances, on the other hand, are mapped selec-
tively as shown in Figure 2c. Inner wall layers, ground,
and outdoor air have no representation in the geometric
model and do not pass through the map.
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Figure 3: Zone temperature step response of a two-room
building under RC network and EnergyPlus simulation

RC Network Validation

Before aggregating the RC network, it is important to
demonstrate that it plausibly approximates the building
dynamics. The goal is not to exactly match full-fidelity
simulation, but rather to show that the RC network repre-
sents the dominant processes to a first approximation. The
building used for validation has two rooms, eleven walls,
and 43 capacitors. The simulation conditions are:

• No sun or wind

• 1% relative humidity

• EnergyPlus settings: Conduction transfer functions
and simple convection

• Step change in air and ground temperatures att =
0 from 10◦C to 20◦C with a matching sky infrared
temperature profile

• Time step: 15 minutes

The time responses of Zone 1 for the RC network and
EnergyPlus simulation are virtually identical (Figure 3).
Wall exterior surfaces, not shown in the plot, also exhibit
very similar thermal behavior, suggesting that the RC net-
work adequately conveys the dynamics.

MODEL AGGREGATION
We have extended the RC network aggregation scheme

in Deng et al. (2010) to produce a tree structure. The al-
gorithm first combines all capacitors into a single large
cluster, or supernode, forming the top tier (Figure 4a).
It then computes the transition matrix (8) and converts it

to discrete-time usingP = eAτ, whereτ is inverse to the
least negative eigenvalue ofA. Because the system de-
scribed byA is self-contained with no inputs, the matrix
P is stochastic and can be considered a Markov transi-
tion probability matrix (Deng et al. 2010). The second
eigenvector ofP reveals how best to divide the system
into two pieces: if a capacitor’s component of the second
eigenvector is less than zero, that capacitor is placed intoa
new cluster (Figure 5). The resulting two supernodes are
shown in Figure 4b. This bipartition scheme minimizes
the erosion of simulation accuracy with reduced model
size (Mehta, Dorobantu, and Banaszuk 2006).

This process repeats recursively on each supernode.
When two or more supernodes are present, each will yield
its own optimal bipartition. Among the supernodes avail-
able to divide, however, one yields the lowest overall mod-
eling error, as given by the Kullback-Leibler divergence
rate; that supernode is chosen for division while the oth-
ers are left unchanged for the iteration and pass to the next
lower level of the tree unchanged.

Sometimes a proposed division introduces discon-
nected nodes within one of the new supernodes. Such
unreachable subnetworks cause the algorithm to fail and
must be prevented. In evaluating a division point, the al-
gorithm checks the resulting supernodes to make sure no
enclosed portions are disjoint. Figure 6 shows an exam-
ple where the optimal division results in two mutually un-
reachable sets to the right of the cut. In this case a third di-
vision is necessary such that the original supernode must
be divided into three parts, rather than two (Figure 4c).
The algorithm favors divisions where this does not hap-
pen, because such divisions increase model order by more
than necessary.

The division procedure described above repeats with
each successive system configuration until no more divis-
ible supernodes remain (Figure 4d). Each level of the tree
represents a snapshot of the system at a given aggregation
stepγ. The bottom tier represents the full-order system,
and higher levels in the tree contain aggregated systems.
Only one supernode division occurs at any one level, so

Aggregated system

Full-order system

Filter

Building object capacitor

Other capacitor

(a)

(b)

(c)

(e)

(d)

Figure 4: Filtering the tree to include building objects
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traversing the tree from the bottom up yields a distinct ag-
gregation sequence.

The aggregation tree reveals how capacitors in the RC
network are dynamically coupled, but the challenge re-
mains to map the results back to the building information
model so that their architectural significance can be real-
ized. The map from Figure 2 transforms the tree into di-
rect references to surfaces, and the interior air volumes are
mapped directly from their respective zone capacitances.
Figure 4e shows the result of the filtering process. No-
tice that the building object tree is smaller than the RC
network tree; objects not mappable to building objects are
discarded by the filter.

Visualization

The viewer program shown in Figure 7 is integrated
into Sustain, a new modeling and simulation framework
under development at Cornell University (Greenberg et al.
2012). The viewer colors building elements by supernode
membership at a user-specified aggregation level. Sec-
tions of the building can be hidden to reveal interior walls
and room air capacitances, which are shown as spheres
centered in the rooms.

The building shown contains only 15 rooms but 454 RC

(a)

(b)

(c)

Figure 7: Viewing the model aggregation inSustain. All
building objects are shown in the full aggregation view
(a,b). The wireframe view (c) shows only zone air vol-
umes, represented by colored spheres.

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

566



Surface Composition
R-value

(K·m2W−1)

Ext. wall Brick, insulation, drywall 16.6
Int. wall Insulated aluminum 4.0
Floor Concrete slab 7.9
Roof Plywood, insulation, gypsum 10.9

Table 3: Composition of the fifteen-room building with R-
values

network capacitors. The ground and exterior air capaci-
tors are omitted from the rendering. At the coarse end of
the control range (Figure 7a), the entire building is shown
in just two colors separated along the line of weakest ther-
mal coupling. At finer levels of aggregation (Figure 7b),
subtler thermal relationships among smaller sections of
the building become apparent: for instance, the three fore-
ground closets (shown in red) are more strongly coupled
to each other than to the adjacent large room. At much
finer aggregation levels, air volumes and windows decou-
ple from their adjacent walls. Although these relation-
ships could be inferred by an experienced designer in this
case, they may be less obvious in more complex designs,
yet would be revealed automatically by this method. The
zone-only view (Figure 7c) displays zone air volumes in
a wireframe and may be useful, for example, in planning
HVAC zones.

IMPROVING SIMULATION SPEED
The size of the RC network for the modestly sized

fifteen room building shows that simple geometry can
mask a surprising degree of complexity. Features such
as windows and doors, which have a significant impact on
a building’s thermal performance and are thus often in-
cluded in models, introduce additional resistor-capacitor
chains in parallel with the walls. Furthermore, if the
object-oriented building model represents curved surfaces
using large collections of polygons, each facet represents
additional equations that increase simulation time. Such
explosion in complexity can be overcome by aggregating
these surfaces before simulation. The following discus-
sion examines the speed/accuracy trade-off introduced by
various degrees of model reduction.

Measuring Model Error

Evaluating simulation accuracy of reduced-order mod-
els compared to the full-order model requires a perfor-
mance metric. To compute the error, the reduced-order
simulation output must be mapped to the full-order state
space. When a supernodēCi is at some temperatureT, its
member nodes are all considered to be at the same tem-
perature, thus completing the map to the full-order state
space. For a given aggregation stepγ, the total error is
the sum, across all the full-order capacitances, of the root

mean square difference between each full-order tempera-
ture and its equivalent from the reduced-order model:

Etotal =
N

∑
k=1

√

√

√

√

1
M

M

∑
j=1

(

ỹγ
(

φγ(k), j
)

− y(k, j)
)2

(9)

The index j is the time step number (ofM total time
points),k is the node index along the full-order system
state space containingN capacitors, and ˜y(φγ(k), j) is the
temperature at timej of the supernode containing nodek.
(φγ(k) = i means that, at aggregation stepγ, the capacitor
Ck belongs to supernodēCi .) The error could also be taken
over a subset of the state space, such as those capacitors
that map to building objects.

Complex Building Simulation Example

Model reduction can be used to accelerate simulations
directly, as shown here, or indirectly, via improvements to
the geometric model. The direct approach is shown here
using the fifteen-room building in Figure 7. A method
described by Deng et al. (2010) to find equivalent resis-
tances between supernodes was used to compute equiva-
lent resistances for each aggregated system. Each reduced
network was then run through a full-year simulation using
the same time step and weather data as the full-order RC
network simulation. The simulation conditions were:

• Weather data: EnergyPlus file for Elmira/Corning
Regional Airport (New York)

• Simulation period: one year

• Time step: one hour

Figure 8 compares simulation time versusEtotal. γ = 2
indicates a nearly fully aggregated building. Because the
simulation time increases with the square of the model
size, even a small degree of aggregation can yield much
faster simulation. The error reaches a plateau of 15◦C near
γ = 270 with a corresponding 60% reduction in simula-
tion time. Such flat spots in the error curve occur when
extremely small capacitances are combined with adjacent
large capacitances, for instance within wall layers, and
their presence is dependent on the particular model.

CONCLUSION
This paper has shown that automated model reduction,

previously applied to control and monitoring, can be ap-
plied to the architectural design process. Producing a suit-
able abstraction automatically from the object-oriented
model allows bidirectional linkage to be maintained, elim-
inating the step of manual model translation. This linkage
enables the use of numerical methods while providing a
means to convey results in a visual context. This aug-
mentation to the design workflow provides the designer
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Figure 8: Simulation time (a) and summed RMS error (b)
versus model complexity (γ)

with building performance information that might not oth-
erwise be evident from simulation data. Insight gained
from this technique may be used to adjust building lay-
out or control system design. Furthermore, this paper has
demonstrated how model reduction can dramatically re-
duce simulation time with relatively little degradation in
accuracy. Restricting the aggregations based on spatial re-
lationships and automating the application of these results
are left for future work.
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NOMENCLATURE
[Ck] Vector of capacitances on the

full-order state space
[C̄i ] Vector of supernode capacitances
φγ(k) The supernode to which capacitorCk

belongs before aggregation stepγ
φ−1

γ ( j) The set of capacitors belonging to
supernodej before aggregation stepγ
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ABSTRACT
We present computationally tractable tools for mod-

eling indoor airflow that are amenable to control de-
sign. The model reduction technique used, called bal-
anced truncation, requires data from CFD simulations but
results in models that are of much smaller dimension, typ-
ically O(100). The method also guarantees accurate and
stable models.

For indoor building airflows and thermal environment,
the low-order models are used to address the control prob-
lem of disturbance rejection. The disturbances include
heat gains from solar radiation, occupants or lights, and
changes in ambient temperature. The modeling tech-
niques are expected to be relevant primarily to systems
equipped with low-energy consumption HVAC terminal
units, such as displacement ventilation (DV) or radiant
cooling/heating, where the stratified indoor environment
and airflows are unsteady, spatially inhomogeneous and
whose control is highly sensitive to disturbances. Finally,
the proposed tools are demonstrated using two building
spaces of different spatial scales, both modeled with a
DV system; one, a small conference room, and the sec-
ond having a large floor-to-ceiling height. In both the
cases, the model-based controller is implemented in the
full-order system, and is shown to reject disturbances to
ensure robust indoor comfort control.

INTRODUCTION
This paper deals with the modeling and control of air-

flow in buildings equipped with low-energy HVAC sys-
tems. The air in rooms or spaces equipped with terminal
units such as displacement or under-floor vents and radi-
ant floors or ceilings, are often characterized by buoyancy
and vertical temperature stratification. Such systems tend
to be sensitive to disturbances, and careful control design
is needed to maintain comfort. The treatment of airflow
in current simulation tools such as EnergyPlus, TRNSYS,
Modelica, and others, is inadequate to accurately repre-
sent the actual physics, and this paper demonstrates tech-
niques that fill some of these gaps. The main objectives of
this paper are to present tools to:

1. Develop low-order models of airflow in rooms or

zones, starting with high-fidelity CFD simulations.

2. Develop controllers based on these low-order mod-
els; the control objective considered is to reject dis-
turbances (due to solar radiation, occupant, etc.),
while maintaining comfort and minimizing energy
consumption.

3. Test the performance of model-based controllers via
closed-loop simulations in the original high-fidelity
CFD models; this is schematically shown in Figure 1.

4. Evaluate energy savings over a conventional HVAC
system.

CFD
dim ! 104!8

ROM-based control
dim ! 101!3

sensor
(thermostat)

disturbance
(occupants,
solar, etc.)

control
(supply vel.,
radiant flux)

comfort
(zone temp.,

humidity, etc.)

Figure 1: Schematic of model-based feedback-control, for
rejecting disturbances.

Current Practices in Modeling Building Indoor Envi-
ronment

The standard approach to modeling building airflows is
to use lumped models, typically based on energy balance
over a large control volume; see Griffith et al. (2008) for
examples. These models essentially represent the air in a
zone using a single node, and are inadequate for resolv-
ing spatial inhomogeneity and associated temporal dy-
namics. Other approaches include nodal models, which
represent indoor air using multiple nodes to capture strat-
ification, or zonal models which divide the control vol-
ume into smaller parts, and derive models based on en-
ergy balance over each of the sub-volumes. The models
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resulting from these approaches typically have parameters
that must be obtained empirically from experiments of
high-fidelity simulations. On the other extreme, computa-
tional fluid dynamic (CFD) simulations have been used to
study stratification in passive systems, but are too complex
and intractable for practical design, real-time optimization
or control; see Lee, Jiang, and Chen (2009), Kobayashi
and Chen (2003). The current models of such systems in
building energy simulation tools such as EnergyPlus and
TRNSYS are primarily based on models developed by the
decades-long research of Linden and co-workers; see Liu
and Linden (2006) and references therein.

In this work, we apply model reduction techniques to
extract dynamics at temporal and spatial scales suitable
for analysis, control design and implementation of low-
energy HVAC systems. The models are of the input-
output dynamics, built-in with control inputs, enabling
control design.

Model Reduction
Model reduction involves finding low-dimensional

models that approximate the full high-dimensional dy-
namics (here, the Boussinesq partial differential equa-
tions). These methods have been developed by the fluid
mechanics community through extensive research aimed
at understanding complex flow physics and flow con-
trol. Many of these methods involve post-processing
data obtained from carefully designed experiments or sim-
ulations, to result in low-order representations. Some
of the techniques that are now standard include proper
orthogonal decomposition (POD) and Galerkin pro-
jection (Lumley 1967), approximate balanced trunca-
tion (Rowley 2005), and eigensystem realization algo-
rithm or ERA (Juang and Pappa 1985). These meth-
ods have recently become mature for control design of
canonical fluid flows such as turbulent boundary lay-
ers, wakes and jets. In the context of building airflows,
POD/Galerkin has been attempted for accelerating simu-
lations and for real-time estimation of airflows in build-
ings; see Surana et al. (2008), Sempey et al. (2009),
Borggaard et al. (2009), John et al. (2010). In an earlier
work (Ahuja, Cliff, and Surana 2011), we demonstrated
the application of ERA for regulating temperature in a
small room cooled by a radiant ceiling, and here we ex-
tend that study to more realistic case-studies.

Organization
In the rest of this paper, we demonstrate the applica-

tion of model reduction to represent airflow in a build-
ing served by displacement ventilation. Using this exam-
ple, we present several ways in which the model could be
used. We design controllers based on these models that
reject disturbances, say, from heat gains due to occupants
or solar radiation. The controllers are then implemented

in the original CFD simulations and are shown to be effec-
tive in maintaining indoor comfort. Finally, we show how
the models could be used to estimate energy consumption
over a period of few months, which in turn could be used
to evaluate different strategies for reducing energy con-
sumption.

PROBLEM FORMULATION
For airflows in building applications, the coupled

Navier-Stokes and energy equations can be approximated
by the Boussinesq equations:

∂v
∂t

=−v ·∇v− 1
ρ0

∇p−βT g+ν∇
2v, (1)

∂T
∂t

=−v ·∇T +
κ

ρ0Cp
∇

2T, (2)

∇ ·v = 0. (3)

Here, the three-dimensional velocity field v, temperature
field T , and pressure distribution p are the unknowns, g is
acceleration due to gravity, ρ0 is reference air density, β is
its thermal coefficient of expansion, ν is kinematic vis-
cosity, Cp is thermal capacitance and κ is the thermal con-
ductivity. The boundary conditions for airflows in build-
ings are typically in the form of control inputs, such as the
supply air temperature and velocity from diffusers or heat
flux through a radiant component (ceiling or floor), or in
the form of disturbances, such as solar heat flux through a
window or internal heat gains from people or equipment.

The system of equations (1-3) along with correspond-
ing boundary conditions are approximated by numerical
discretization of the domain and a time interval [0, t f ], and
are solved using a commercial CFD solver, which in our
case is Ansys FLUENTr. The number of grid points are
typically n∼O(105−8), and could be orders of magnitude
larger for whole building simulations. These dimensions
are too large for standard control design techniques that
scale as O(n2). The model reduction techniques aim to
approximate (1-3) with a much smaller dimensional sys-
tem that that reproduces the full dynamics accurately and
is also useful for control design.

Model reduction algorithm
We outline the steps that are required to compute a

low-order model using eigensystem realization algorithm
(ERA), which is a method for model reduction of discrete-
time, stable, linear time-invariant systems of the form

xk+1 = Axk +Buk +Ddk, (4)
yk =Cxk, (5)

where xk,uk,dk,yk are the state, control input, disturbance
and output vectors, respectively, of dimensions n, p, q,
and m. Typically, n∼ O(105−8) and ERA seeks to obtain
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an approximate model of a much smaller dimension r� n
of the form:

ak+1 = Arak +Bruk +Drdk (6)
ỹk =Crak, (7)

where ar ∈Rr is the reduced state, and (Ar,Br,Dr,Cr) de-
fined the reduced model such that the input-output behav-
ior of (6, 7) closely mimics that of the full system (4, 5).
We omit the details here and refer the reader to Ma, Ahuja,
and Rowley (2011) for the model reduction algorithm and
analysis. Here, we present the steps that are involved in
developing models of airflow in buildings, starting with
the numerical setup in a standard commercial solver such
as Fluent. The steps are as follows:

1. For given conditions, such as a baseline supply air
velocity, temperature, and a baseline disturbance
heat gain, compute a “steady” state velocity and tem-
perature field of the system.

2. Compute a step response of the system to all the in-
puts, with the “steady state” as an initial condition.
Compute the time-differences of the step responses
to obtain impulse responses, and gather the resulting
output snapshots.

3. Stack up the resulting output snapshots in a Han-
kel matrix, compute its singular valued decomposi-
tion (SVD), and use the SVD factors in combination
with the Hankel matrix to compute a transformed
model (6, 7) using ERA; see Ahuja, Cliff, and Surana
(2011) for details.

Note that the resulting model then describes the dy-
namics of the Boussinesq equations (1-3), linearized
about a steady or baseline state. Practically, this ve-
locity/temperature field is steady only in a statistically-
averaged sense and not an exact fixed point of the govern-
ing equations. The reduced-order model is also valid only
in a neighborhood of this steady state and nonlinear ef-
fects could become important for large perturbations due
to disturbances and/or control.

Control design
The reduced order model (6, 7) has an explicit control

(and a disturbance) term and thus is amenable for control
design. We use this model to determine control inputs that
reject the disturbances in the building, while maintaining
comfort and minimizing the required control effort.

The control goal considered is disturbance rejection,
where the disturbances are thought to be solar radiation,
ambient temperature, and internal heat gains from occu-
pants, lights and plug loads. For that purpose, we also ex-
plore two different control designs: first, we assume that
future disturbances are known and design an optimal con-
troller that minimizes quadratic a cost function, balancing
comfort and cost. The assumption that the disturbance in

known in future is not unrealistic: for example, it may
be known a-priori that there is a scheduled meeting in the
room with an expected attendance. Next, we relax this
assumption and develop a robust controller that estimates
the disturbance magnitude using the reduced-order model.

An example of a control objective can be stated as fol-
lows: given a disturbance d(t), determine a control in-
put u(t) (that depends on the choice of HVAC compo-
nent), that maintains the average temperature in the occu-
pied region of the room at a certain desired value of Tavg,
while minimizing a quadratic cost function:

J[T,u] =
∫ Tf

0

∫
Do

q(T −Tavg)
2 dz+ ru2 dt, (8)

where q and r are positive weights and Do is the occupied
region of the building.

This control problem involves solutions of Riccati
equations and becomes intractable with increasing num-
ber of grid points. For instance, the number of equa-
tions resulting involved in a CFD simulation can be n ∼
O(105−8), while the corresponding Riccati equations is
O(n2). For n = 105, this corresponds to more than 37 GB
for simply storing one vector (floating-point on a 32-bit
machine). Thus, model reduction is a key enabler for de-
signing controllers for fluid flows. Finally, to test the con-
troller performance, we perform closed-loop simulations
in CFD to test the controller.

APPLICATION: Large exercise facility
In this section, we describe the application of modeling

and control design tools to model airflow in rooms/zones
of a building at two different spatial scales:

1. A drill-deck in a Department of Defense (DoD)
building, which is a large open space, with floor
dimensions 138m x 26m, and the floor-to-ceiling
height of 14m at the center.

2. A conference room (also in a DoD office space),
which is much smaller, with floor dimensions 9m x
6m, and the floor-to-ceiling height of 3m.

The model of the drill-deck is shown in Figure 2. The
current HVAC configuration in both these cases is an over-
head unit serving conditioned air to the zones. The pur-
pose of the study was to evaluate energy-saving retrofits.
For that purpose, we considered replacing the overhead
supply diffusers with displacement ventilation (DV), for
summer or during periods when cooling load dominates.
These vents would supply conditioned air at the floor-level
directly to the occupied zone. The corresponding airflow
is characterized by strong temperature stratification, and
lumped models fail to represent the dynamics. The DV
system, shown in Figure 3, consists of six diffusers at the
floor level, each of dimensions 1m x 1.25m, equi-spaced
along the length or the y-axis. The primary loads in the
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building are from lighting, occupants, and solar radiation
through the windows, also shown schematically. A treat-
ment of the latent loads is illustrated in the next exam-
ple, where it is modeled as a vapor source uniformly dis-
tributed over the occupied region.

For simplicity, the heat gains from occupants and solar
radiation are modeled as heat flux on the floor, distributed
as a Gaussian, as shown in Figure 4.

Computational details
The models invoked in the numerical solver are the

Boussinesq approximation, surface-to-surface radiative
heat transfer, and shell conduction through the walls. The
boundary conditions are as follows:

1. The walls and the roof are treated as isothermal, with
temperature at the outer surface being Tamb = 27◦C.

2. Heat-flux is specified at the floor, as shown in Fig-
ure 4, to model the heat gains from occupants and
solar radiation.

3. The air supplied through the DV vents is assumed to
have a normal velocity at the diffusers of 0.2m/s, and
the supply air temperature of 18◦C.

4. A pressure outlet boundary condition is used at the
exhaust to impose ambient pressure.

5. The portion of the roof modeled as lights have a uni-
form heat-flux of 160W/m2.

Numerical grids were generated in Airpak and refined un-
til convergence was achieved with 564,855 nodes. The
time-step used for numerical integration was 2 seconds.

Model reduction
The model reduction procedure results in low-order

models that capture the dynamics of perturbations to a
baseline steady state. Thus, we first need to compute a
baseline steady state. For this purpose, the boundary con-
ditions described above are kept fixed and the model is in-
tegrated in time until a steady state is reached. The inputs
of the resulting model are perturbations of the above base-
line boundary conditions. These conditions correspond to
a low-load condition, allowing the controller to modulate
the inputs when the loads increase. The temperature field
corresponding to this steady state is shown in Figure 3
along two vertical slices, and exhibits significant stratifi-
cation. Thus, conventional lumped models are not suf-
ficient to represent the thermal-airflow dynamics of this
system.

Inputs and outputs. The model reduction procedure
starts with a linear input-output system of the form given
by equations (6, 7); the inputs and outputs of this system
are illustrated in Figure 4. The inputs, which consist of
both controls and disturbances, are:

1. Control inputs: velocity of air supplied through DVs

2. Disturbance inputs:

138m

26m

14m

lamps supply di!users exhaust

x

y
z

Figure 2: Model of an existing DoD building drill-deck
space, served by overhead diffusers.

di!users
controlled
together

volumes to
evaluate comfort

Figure 3: Model of the drill-deck retrofitted with displace-
ment vents. The slices of temperature contours at a steady
state along two vertical planes illustrate significant tem-
perature stratification along the height.

(a) Ambient air temperature
(b) Heat gains from solar radiation
(c) Sensible loads due to occupants

The displacement vents are divided into two groups to-
gether for control, each supplying the north and south
zones, as shown in Figure 4; thus, six vents in the re-
gion lying within y= (0,69) have the same control inputs,
while the six vents in the region lying within y= (69,138)
have the same inputs as well.

The outputs of the system are considered to be the tem-
peratures, averaged over the volumes in the occupied re-
gion, shown in Figure 3, ranging vertically from 0.5m to
2m; these are referred to as the North (N) and South (S)
volumes in the rest of this section.

Step responses for model reduction. The next step
in model reduction is to compute an impulse response of
the system to all the inputs. Since it’s difficult to subject
boundary conditions in a CFD solver to impulses, instead,
we compute step responses. Then, time-differences are
used to compute the impulse responses from the step re-
sponses.

The step responses to the control input are shown in
Figure 5; both, the outputs of the full and the reduced sys-
tems are plotted in the figures. The control input, that is,
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u1 u2

Northy1 = T1 T2

disturbance, floor heat flux

Figure 4: (Top) Floor-plan of the building, illustrating
two occupied zones (grey rectangles) used to define a com-
fort metric, and two controls (arrows) u1 and u2, each
representing flow rate or humidity of air supplied to a set
of six diffusers. (Bottom) Disturbance due to solar radia-
tion or occupants flux, modeled as heat-fluxes through the
floor.

the supply air velocity is stepped: the velocity of supply
air through the diffusers on the North portion of the build-
ing is increased from the baseline value of 0.2m/s to a
higher 0.4m/s; as a result, the average temperature in the
occupied zones drop by about 1 deg C.

In order to capture the effect of disturbances, we model
the load due to solar radiation as a heat-flux through the
floor, as shown in Figure 4. The assumption is similar to
that in energy simulation tools, where the solar radiation is
assumed to first impact the floor and affects other surfaces
through subsequent reflection from the floor. For simplic-
ity, the sensible load from occupants is modeled similarly
as a heat-flux through the floor. The temperature response
to a step change in occupants (from 0 to 100 people, in
the South portion) is shown in Figure 5. Each occupant is
assumed to contribute 150W of sensible load, correspond-
ing to an elevated activity level. The average temperature
and relative humidity of the occupied zone volume in the
North end rise by approximately 1 deg C.

The responses of the system to step changes in the in-
puts on the South portion of the building are not explicitly
computed, but assumed to be similar and symmetric to the
responses to the inputs on the North portion of the build-
ing.

Model performance

The next steps involve stacking up the resulting outputs
in a Hankel matrix, computing its singular valued decom-
position (SVD), and using the SVD factors in combination
with the Hankel matrix to compute a transformed model
using ERA. The singular values obtained from SVD ap-
proximate the Hankel singular values (HSVs), which rep-
resent the controllability and observability of the system.
If only few modes are controllable or observable, the

Figure 5: Outputs of the system to step changes in the sup-
ply velocity (top) and floor heat flux (bottom). The curves
show the filtered CFD responses (blue) and a 50-mode
ERA model prediction (red, dashed lines). The inputs are
stepped from their baseline values over 15 minutes, start-
ing at t=0.

HSVs decay rapidly and provide a basis of truncating the
resulting model. If the original system is stable, the re-
sulting model is guaranteed to be stable (unlike in POD)
and is balanced in the input-output sense (that is, the most
controllable and most observable states are identical). In
this case, a 50-mode model turns out to be sufficient to
capture the original dynamics. The resulting model has
4 control inputs (velocity and humidity of air, N and S), 5
disturbance inputs (solar radiation and occupants, N and
S; ambient air temperature), and 4 outputs (volume aver-
aged temperature and humidity, N and S). As shown in
Figure 7, the step responses of a 50-mode model accu-
rately reconstruct the CFD step responses.

Control design and implementation

Next, we construct realistic disturbances, and design
controllers to reject them. The disturbances from solar
radiation are computed from TMY3 Chicago-weather file
(to represent the existing building location), for a period
of 24 hours in July. The disturbances from occupants are
constructed from an assumed schedule. The floor-flux re-
sulting from these disturbances is shown in Figure 6.

The model is used to develop an optimal controller, as-
suming known future disturbances, and an observer is de-
veloped to reconstruct the model states. The cost func-
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tion is similar to that in (8), with the weights Q = qI
and R = rI. The resulting observer-based feedback con-
troller is implemented in Fluent using user-defined func-
tions (UDFs), and is found to maintain the zone set points.
The results are shown in Figure 7; with the control turned
off, the temperature of the occupied zone rises by about
2◦C, which is suppressed when the control is turned on.
Moreover, the model accurately predicts the CFD re-
sponse, even for disturbances larger in magnitude as com-
pared to those used to develop the model.

solar

solar + occupants

Figure 6: Realistic disturbances from solar radiation and
occupants.
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CFD, ROM

Figure 7: System responses, with and without control, as-
suming disturbances shown in Figure 6.

Estimate energy savings
The main advantage of displacement ventilation (DV)

is the reduction of energy consumption by meeting cool-
ing load only in a portion of the room (occupied region).
The advantage is even greater in zones with high ceilings,
such as the drill-deck configuration considered here.

In order to estimate savings, the low-order model is
used to compute energy consumption for a period of
3 months (a similar computation in CFD would take sev-
eral years of computational time, on similar processors).
It is compared to the energy consumption in the baseline
system consisting of overhead diffusers. The model of the
baseline system was that developed in EnergyPlus, which
was outlined in section 3.3, and it treats the air in the

rooms as well-mixed. The assumption is reasonable for
a cooling scenario, since the temperature in the zone is
uniform, as seen in Figure 2. For comparison, the same
disturbances are used in the two systems: ambient temper-
ature and solar radiation is obtained from TMY3 weather
data set, while occupants schedules are obtained from an
EnergyPlus model calibrated against metered data. Fur-
ther, the controllers in the two models are tuned to main-
tain the same zone temperatures, indicating similar com-
fort levels.

Table 1: Estimated load reduction and hence energy sav-
ings in different HVAC components, over a baseline sys-
tem of overhead diffusers, for a period of 3 months.

Component Overhead DV % savings
energy (MW-hr) supply
Supply fan power 7.1 6.2 14.0
Return fan power 2.5 2.1 16.0
Chiller load 78.5 47.6 39.4

APPLICATION: Conference room
We now consider design and control of a Displacement

Ventilation (DV) system for a model of a much smaller
conference room. In this section, we focus on maintain-
ing temperature and humidity levels in the presence of
(sensible and latent) disturbances induced by occupants.
The model of the conference room is shown in Figure 8,
and consists for four DV inlets at the floor-level, a ceil-
ing exhaust, two ceiling lamps, two windows, and a cen-
tral table modeling the largest current furniture. We also
invoke species transport equations in FLUENT to model
transport of water vapor through the system and to handle
latent load due to occupants.

Figure 8: Conference Room Geometry, illustrating the
boundary conditions.

ERA Model. For purposes of control design, we opted
for a model wherein the fluid is a mixture of air and
water vapor. To this end we identified three occupied

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

574



zones around the table located in the center of the zone.
The regions above and on the max-y side of the table
have distributed water vapor sources at 0.008 gm/m3/s
and distributed energy sources at 12.0 W/m3, whereas in
the region on the min-y side of the table the values are
0.015 gm/m3/s and 22.5 W/m3. These values reflect oc-
cupancy by about six people. The supply air contains wa-
ter vapor at 10.0 g/kg mass fraction.

The flow field was initialized to zero velocity and a
uniform temperature of 25◦C, and Fluent was run on a
grid of 200,000 points, with a time step of 2.0 seconds for
0 < t < 2400s. By t = 2400s the outflow temperature is
nearly constant at 26.5◦C. A “snapshot” of the tempera-
ture/flow field at t = 2400s is shown in Figure 8. The flow
is not truly steady; regions of cooler/warmer air are en-
trained alternately in the outflow producing residual oscil-
lations. This data was averaged from t = 2400 to t = 3000
seconds to produce an ersatz steady flow solution.

ERA data was generated by monitoring three output
variables:

1. sensed temperature on the max x wall,
2. controlled vapor fraction in the region above table,
3. controlled temperature in the region above the table;

while, four inputs were subjected to step-like changes:
1. Inlet air velocity - (two) inlets on max x wall,
2. Inlet air temperature - (two) inlets on max x wall,
3. Inlet air moisture - (two) inlets on max x wall,
4. Disturbance - distributed sensible and latent load.

The data was assembled into a Hankel matrix and an 88-
order ERA model compared well the original response;
the comparisons are omitted due to lack of space.

Controller design and performance. The controller
is designed using an H2-framework, without an assum-
ing a known future disturbance; rather, the disturbance
model is used to develop an observer that reconstructs
the disturbance magnitude. We only present the results
of a closed-loop simulation in Fluent, implemented us-
ing user-defined functions (UDFs). The simulation was
started from a steady condition, and after 10 seconds the
controller was turned on. At 60 seconds, the disturbance
began and was ramped to its full value over an addi-
tional 60 seconds and then maintained. The disturbance
simulated three additional occupants entering the room.
Specifically, in the regions above and on the max y side
of the table the distributed water-vapor sources begin at
0.008 gm/m3/s and increased to 0.012 gm/m3/s and the
distributed energy sources begin at 12.0 W/m3 and in-
crease to 18.0 W/m3. In the region on the min y side of
the table the water vapor begins at 0.015 gm/m3/s and in-
crease to 0.0225 gm/m3/s, while the energy source begins
at 22.5 W/m3 and increases to 33.75 W/m3. These values
simulate an occupancy change from six to nine people.

An H2 control design requires the analyst to select var-
ious weights, including weights on the control compo-
nents. In neighboring optimal control the weights are
implied by the Hessian of the (Lagrange) cost-functional
with respect to the control. In our application, an appro-
priate choice for this functional would characterize the
power usage by the controls. Here we selected several dif-
ferent weights to study their effect. The results presented
in Figure 9 (red) are based on control with relative weights
8:1:1, on the three inputs in the following order: supply
air velocity, temperature and humidity; this choice would
make sense if the control of supply air velocity were more
expensive than the supply temperature and humidity. We
compare these responses with the responses from a second
closed-loop design with relative control weights 1:8:8.

With higher weights on the inlet temperature control
and the inlet vapor control the latter case uses practically
no control on inlet temperature and much less inlet vapor
control. In contrast, the decreased penalty weight on inlet
velocity results in considerable increase in use of that con-
trol. As noted above, the choice of these control weights
should be informed by the energy cost of control use.

Figure 9: Control inputs, for two different choices of gain,
chosen such that the weights on the temperature and hu-
midity control are 8-times larger (blue) or 8-times smaller
(red) than that on the velocity input.

CONCLUSION
In this paper, we demonstrated a technique for devel-

oping control-oriented low-order models of airflow in in-
door spaces. These models are essential to accurately cap-
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ture the dynamics of airflow, especially in zones equipped
with low-energy consumption HVAC terminal units. The
modeling procedure shown here requires data from CFD
simulations and could be used during the design phase
of a building. The method could also be used with dis-
tributed environment data from field experiments. We
presented a method for developing controllers based on
these models, to maintain comfort in an indoor building
environment with disturbances, which may or may not be
known a-priori. The model reduction and control design
techniques were demonstrated using two zones in a given
building, at different spatial scales: one, a large exercise
facility, and second, a smaller conference room. Through
closed-loop CFD simulation, it was demonstrated that the
resulting controller is capable of rejecting heat gains from
solar radiation and occupants; moreover, the models accu-
rately predicted the response of the full-order system. In
addition, the models are useful to:

1. Estimate energy consumption, and evaluate energy
savings in low-energy systems. Similar calculations
would be cumbersome if not infeasible with CFD
due to computational expense.

2. Rapidly evaluate trade-offs between cost and com-
fort, by tuning controller gains, thus avoiding poten-
tially expensive on-site experiments.

3. Models could be easily integrated into whole build-
ing simulation tools such as TRNSYS or Modelica,
for an accurate representation of zonal airflow.

The next steps are to validate the CFD simulations of
the low-energy systems, develop model-based controllers,
implement these experimentally and test the performance.
Several challenges remain to be addressed. The proposed
method results in linear models that are applicable in the
neighborhood of an operating point; in general, nonlin-
ear effects could be important, and several modes of op-
eration could be present. The resulting models are fairly
robust to small disturbances, but effects of larger distur-
bances (changes in furniture or usage pattern) that could
significantly alter the airflow pattern remain to be under-
stood.
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ABSTRACT 
This paper focuses on evaluating and optimizing 
certain features of skylight roofing systems as applied 
to office buildings.  It is the first step in a longer-term 
research effort on the design, evaluation, and 
optimization of Roof Daylighting Systems (RDS) in 
office buildings, which will correlate architectural 
design features and parameters with illumination 
quantity and quality and overall energy performance.    
The primary tools in the study will be Radiance and 
Daysim for illumination performance (as enabled by 
Diva for Rhino), and Energy plus for understanding 
thermal performance.  This research will be the focus 
of several papers and will culminate in the dissertation 
of the lead author on this paper. 

INTRODUCTION 
Toplighting has substantial potentials for energy saving 
in buildings.  For a properly designed daylighting 
roofing sytems, well over 90% of the lighting 
electricity can be displaced during daylight hours.  
However, roof daylighting has not been extensively 
used in office buildings because of concerns regarding 
the initial cost of the system.  In cost/benefit analyses, 
it has been common to only account for the dollar 
value of the Kilowatt-hour savings from reduced light 
electricity consumption and to ignore psychological 
benefits and benefits of having natural light to facilitate 
people working through power outages.  When these 
benefits are excluded from the analysis, the pay-back 
period for skylight systems in office buildings are often 
longer than most investors would want. 
Also, prevailing perceptions regarding the performance 
of roof daylighting systems are strongly influenced by 
the failures of skylight systems, which are the most 
widely experienced of roof daylighting systems.  
Skylights have the disadvantage that they face up 
towards the midday summer sun.  When they are sized 
large enough to provide adequate light quantity from 
diffuse skylight, then beam sunlight causes a thermal 
overload of approximately a factor of ten.  When they 
are sized smaller, to avoid thermal overload, then they 
are only providing enough illumination when beam 
sunlight is available.  Since beam sunlight is only 
available during about half the daylight hours in most 

locations, a substantial amount of energy is lost during 
times when beam sunlight is not available.  Finally, 
highly responsive electric lighting dimmer controls are 
required to make the adjustments in lighting level to 
accommodate the coming and going of clouds.  These 
dimmers add substantially to the cost of the system, 
they are sometimes unreliable, and they draw 
substantial amounts of electric power, even when there 
is an abundance of illumination from the daylight. 
The illumination and energy benefits of skylights, are 
also less than they could be, because of the context in 
which they are typically used.  In most flat-roof 
construction, the systems are accommodated in a kind 
of layering scheme.  The layers are (from top to 
bottom): 
1. A layer for rigid insulation on top of decking. 
2. A structural layer that extends over the entire 

footprint of the building and that is deep enough to 
accommodate the deepest spanning member. 

3. An air-handling layer that extends over the entire 
footprint of the building and that is deep enough to 
accommodate the largest duct in the system (and 
possibly deep enough to handle a horizontal air-
handling unit placed in the volume above the 
ceiling). 

4. An electric-lighting and hung-ceiling layer that 
extends over the entire footprint of the building 
and that is deep enough to accommodate the depth 
of the electric lighting fixtures plus the depth to 
the inverted Ts in the ceiling grid, plus additional 
vertical dimension in which to maneuver the 
fixtures as they are moved around above the 
ceiling grid. 

In this manner huge amounts of volume are filled only 
with air and the depth of this interstitial volume 
contributes substantially to the surface area of the 
building through which unwanted thermal gains and 
losses can occur.  These system layers are normally not 
coordinated spatially.  In fact, the scheme of layered 
volumes was developed as a way of minimizing the 
need for coordination.  In this layered scheme, 
introducing skylights involves searching for paths to 
“tunnel” up through the systems to get to daylight.  The 
common way of dealing with the interior finishes is to 
finish off a vertical shaft, or light well, that is roughly 
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the sized of the glazing panel in the skylight (see 
Figure 1A).  This light well is often much deeper than 
it is wide.  For example, when frame effects are 
accounted for, the light well for a standard 4’x4’ 
skylight will only be on the order of 3’-6” by 3’-6” 
wide. By comparison, the depth of the light well is 
almost always over 5 feet.  The light well causes much 
of the low-angle light to undergo multiple bounces, 
thus attenuating that light substantially.  This causes 
the light in the occupied space to be diminished in 
quantity and to be spatially much more variable, with 
the greatest illuminance directly below the light 
skylight.   This variability become particularly accute 
in spaces with low ceilings, which tends to be the case 
for office spaces.  More uniform lighting can be 
achieved by placing the skylights closer together, but 
this drives up the system cost  (Lawrence & Roth, 
2008) and increases the likelihood of thermal overload.  
These design failures in the common application of 
skylights cause reduced lighting and energy 
performance of skylights and, as a consequence, 
reduced market penetration.  To address this issue in 
this paper, four lightwell and ceiling geometries have 
been evaluated for illumination performance:   
• The basecase, squared-off light well (Figure 1A).   
• Splaying the ceiling around the edges of the light 

well (Figure 1B). 
• Integrating the structure and the ductwork to 

reduce the depth of the light well (Figure 1C) 
• Taking both measures of spaying the ceiling and 

integrating the structure (Figure 1D).   
Using this range of configurations will facilitate 
understanding the performance limitations of the 
current practice and understanding the potentials for 
skylights to perform more effectively when situated 
within a properly integrated and configured building 
system. 
While this is the goal of this paper, this will not be the 
end product of the larger research effort, which is to 

consider several different daylight roofing types, 
including: 
• Skylights in flat roofs. 
• Sawtooth roofs with glazing facing south and 

protective overhangs and light diffusing elements. 
• Sawtooth roofs with glazing facing north and 

photovoltaics on the south-facing sloped surfaces.  
• Roof monitors incorporating both north-facing and 

south-facing glazing. 
• Other innovative systems currently being 

conceptualized and developed.   
This study will clearly ground the research analyses in 
architectural reality, with all the assumptions regarding 
the daylight glazing, thermal envelope, building 
structure, thermal conditioning system, and electric 
lighting type, layout, and controls clearly identified in 
the context of the overall building design.  As part of 
this study, systems-integration issues will be 
vigorously pursued for each daylight roofing type.   

BUILDING PARAMETERS 
The baseline parameters for the building are: 
• An office space of dimension 30-ft x 30-ft has 

modeled.  To avoid complicating the outputs with 
wall or partition effects, this 30-ft x 30-ft space 
has been surrounded on all sides by eight other 
identical spaces.  Readers should remain cognizant 
of the fact that introducing partitions or walls will 
complicate the analysis and fairly radically alter 
the results.  

• The height of the flat portion of the ceiling is 9 
feet (2.74 m) in all cases.   

• Four nominal 4-ftx4-ft skylights with diffuse 
glazing are located on top of the flat roof.  

• The skylights are located at the center of each 
quarter of the space (Figure 2) resulting in a 
uniformly spaced grid throughout the building.

 
A. No integration. 
No splay 

B. No integration. 
Splay. 

C. Integration. 
No splay. 

D. Integration. 
Splay. 

Figure 1:  Four skylight roofing schemes.
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A: No Integration_ No Splay              B: No Integration_ Splay 

 
C: Integration_ No Splay            D: Integration_ Splay 

Figure 2 Skylight Schemes 
 

The parametric variations in the study are: 
1. Depth and shape of the light-well through which 

the daylighting is entering: 
• The basecase, squared-off light well, 

consisting of a vertical shaft with a vertical 
dimension of 5’-3” and a flat ceiling 
everywhere between the light wells (Figure 
1A).  The deep lightwell shaft is a 
manifestation of the allocation of deep layers 
to each of the the primary systems:  structure, 
air handling ducts, and electric lighting/hung 
ceiling. 

• Splaying the ceiling back 45º around the 
lower edges of the light well (Figure 1B, 2B).  
For nomenclature clarity, we will say that the 
light well is the vertical shaft, having a 
vertical dimension of 3’-3”.  The sloped 
surface will be referred to as the sloped 
portion of the ceiling, having a vertical 
dimension of 2’-4” and being set at a slope of 
45º.  This will be distinguished from the flat 
portion of the ceiling, which will always be 
located at 9’-0” above the finished floor. 

• Integrating the structure and the ductwork to 
reduce the vertical dimension of the light well 
shaft to 3’-3” (Figure 1C).  For this 
configuration, the roof of the building has 
been lowered, the keep the flat portion of the 
ceiling at 9’-0” above the finished floor. 

• Taking both measures of spaying the ceiling 
and integrating the structure, which reduces 
the vertical dimension of the light well shaft 
to 1’-3” (Figure 1D).  As in the previous case, 
the roof height has been lowered in response 

to integrating the ducts with the structure, to 
keep the flat portion of the ceiling at 9’-0” 
above the finished floor. 

2. The glazing area, expressed as the Skylight to 
Floor area Ratio (SFR): 
• 5% 
• 6% 
• 7% 
• 8% 

3. The transmissivity of the glazing: 
• 40% 
• 54% 

This variation in SFR is required because of two 
primary issues: 
• There are variations among standard skylights.  

Most of them have glazing with dimensions less 
than the nominal 4-ft x 4-ft.  In addition, the 
framing elements clamp and obscure even more of 
the glazing area.  

• There exist  many options in terms of how the 
light well is framed and finished.   

Based on their nominal dimensions of 4-ft x 4-ft, the 
skylights are covering about 7% of the floor area:  
(4x4)/(30x30)=0.0711.  However, it is generally 
reasonable to assume a lower value for SFR, 
somewhere between 5% and 6%, as is clear from the 
following table. 
 

Table 1 Skylights Glazing to Floor Area Ratio 

 
 
The climate chosen for this study is Boston, MA.   All 
schemes are composed of:  curb, waterproofing, 
insulation, structure, HVAC, electrical power, 
communications, plumbing and fire protection (Figure 
1).  

SIMULATION 
The building configurations were drawn in Rhinoceros.  
Diva-for-Rhino, was used to export scene geometries, 
material properties, and sensor grids into  the format, 

	  

	  

SFR SFRs 
SIMULATED

ft2 m2 ft m
900 83.6 3.50 1.067 0.0544 0.05

3.75 1.143 0.0625 0.06
4.00 1.219 0.0711 0.07
4.25 1.295 0.0803 0.08

FLOOR AREA 
ILLUMINATED

SKYLIGHT 
CLEAR 

GLAZING 
DIMENSION
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required to enable the use of Radiance and Daysim to 
perform the illumination simulations (Lagios et al. 
2010).  
Radiance parameters are set in a way to achieve 
reasonable results for the case of toplit space, 
consisting of: ab 7, ad 2024, ad 512, as 256, a1 300, aa 
0.05 (Lash 2004).   
Materials used for the scene models have 80% light 
reflectance from the ceiling, 50% from the walls, 20% 
from the floor area.  
Illuminance inside the occupied space has been 
examined in terms of overall quantity, spatial 
variability, and temporal variability.  Simulation 
outputs have been summarized in terms of some 
common daylighting metrics, such as: 
• Daylight Factor, which is the ratio of available 

illuminance on the task surface to the available 
illuminance incident on the skylight.   

• Useful Daylight Index (UDI), which is the 
percentage of the time that the illuminance level 
on the task surface is between 100 and 2000 lux 
(Nabil & Mardaljevic 2005).  This index has 
become popular recently because it accounts for 
glare and washout on computer screens by 
discounting the contribution of the daylight when 
the illuminance level gets too high (in the case of 
the UDI, 2000lux).  

The authors caution against attaching too much 
significance to any of these simplified metrics. They 
should only be taken as rough indicators of 
performance.  Of particularl concern is the lower limit 
of 100 lux for the UDI, which would not be regarded 
as a satisfactory illuminance level in many situations. 
More to the point of where this study is headed, 
estimates have also been made of the potential savings 
in lighting electricity.  For a future study, the design 
and controls for the electric lighting system will be 
refined and specified in more detail.  The resulting 
electric lighting schedule, as impacted by the presence 
of the daylighting, will be used as input to Energy Plus 
to assess the thermal impacts of the skylight 
configurations.  When all those energy pieces are in 
place, energy costs and systems costs will be 
assembled and cost/benefit analyses presented. 

DISCUSSION AND RESULTS ANALYSIS 
Radiance was used to do an analysis for a single sky 
condition, which was taken to be a clear sky at Noon 
on an Equinox day in Boston, MA.  A 25 by 25 array 
of illuminance sensors was distributed over the task 
surface in the building module being simulated.  
Figure 3 shows the results of those simulations.  In 
those graphs, the illuminance readings shown 
correspond to a string of sensors along the diagonal of 

the space, since that is the line over which the greatest 
variations in illuminance were observed.   
Not surprisingly, the base-case configuration with the 
deep, squared-off light well is the poorest performer 
both in terms of the low amount of light reaching the 
task surface and in terms of the extreme variations in 
illuminance levels.  The low quantity of light is 
attributable to the high numbers of bounces and the 
high absorption of light on the surfaces of the light 
well.  The high variations in the illuminance on the 
task surface are attributable to the light well selecting 
against low-angle light and easily passing the light rays 
moving nearly vertically down through the light well.  
This tends to create high illuminance directly below 
the skylights and relative darkness between the 
skylights. 
High variations in the daylight illuminance level create 
the following problems: 
• Electric lighting systems with control algorithms 

that control uniformly across the space must 
control based on the lowest daylight illuminance 
in the space.  Otherwise, the occupants at those 
locations will be deprived of the appropriate 
illuminance.  In that case, parts of the space with 
relatively high illuminance may have an excess of 
light for certain tasks, such as working on 
computer screens.  The excess daylight in those 
locations will also be a source of thermal overload 
that will drive up the cooling costs for the 
building. 

• Electric lighting systems with control algorithms 
that tailor the distribution of illuminance from the 
electrical sources to compensate for the wide 
variations in daylight illuminance will be complex 
and expensive and will never work perfectly 
effectively in filling in the “holes” in the 
daylighting, without expending additional energy 
in the form of excess electric illumination in some 
places. 

These factors work strongly against the deep, squared-
off light well. 
Splaying the ceiling back is very beneficial in raising 
the average illuminance on the task surface.  It is also 
very beneficial in making the illuminance on the task 
surface more uniform across the space.  The rise in the 
average illuminance is attributable to reducing the 
depth, and hence the number of light bounces, in the 
light well.  The greater uniformity is attributable in part 
to reducing the vertical dimension of the light shaft, 
which selects against laterally moving light, and in part 
to the spread of the light that results from the fact that 
the opening at the bottom of the light shaft has been 
raised 2’-4’ higher above the task surface.     
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Integrating the duct volume with the structural volume 
is very beneficial in raising the average illuminance on 
the task surface.  The rise in the average illuminance is 
attributable to reducing the depth of the light well and, 
hence, the number of light bounces in the light well.  
The integration of the ducts with the structure is not as 
beneficial as splaying the ceiling back in making the 
illuminance more uniform on the task surface.  In this 
simulation process, the extra volume freed up by 
integrating the ducts and the structure has been used to 
lower the roof.  As a consequence the opening at the 
bottom of the vertical light-well shaft has not been 
raise any higher above the task surface.  This is in 
contrast to the configuration where the bottom of the 
light well was raised by splaying back the ceiling.  This 
suggests that, if the primary design goal is achieve 

good daylighting, splaying the ceiling back is much 
more effective than systems integration.  However, this 
is like comparing apples and oranges, since the systems 
integration has reduced the height and cost of the 
building and has also reduced the external surface 
through which unwanted thermal gains and losses can 
occur.  If systems integration was done without 
lowering the roof, then the daylighting performance of 
the integrated system would be even better than for the 
case of the splayed back ceiling, since the vertical 

dimension of the light shaft would be the same in both 
cases, but, for the integrated systems case, there would 
be no sloped ceiling surface to block or absorb light.  
However, the differences would be extremely small, 
since the sloped portions of the ceiling does very little 
to inhibit the movement of the daylight.  An interesting 
question is the relative cost and design effort involved 
in integrating the systems versus splaying the ceiling.  
Integrating the systems would appear to require more 
design coordination and thought, but achieving a 
presentable appearance for the interior surfaces of the 
building is also a challenging issue.  This would all 
suggest the need for a product to assist in the design 
and construction of the sloped surfaces around the 
bottom of the light well. 

The best performance in terms of both quantity and 
uniformity of the illuminance occurs for the 
configuration with the splayed ceiling and the ducts 
integrated into the structural volume.    
Figure 4 shows the illuminance variation in rendered 
images of the two extreme cases:  the base case and the 
configuration with both integrated systems and splayed 
ceiling. 

Figure 3 Light Levels in Four Skylight Schemes  

A: No Systems Integration_ No Splay                                                               B: No Systems Integration_ With Splay 

 

 

 

 

 

 

 

 

 

 C: Systems Integration_ No Splay                                                                    D: Systems Integration_ With Splay 
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A: No Integration. 
No Splay. 

B: Integration. 
Splay. 

Figure 4  Interior View of the Spaces 

Figure 5 shows the Daylight Factor, which is the ratio 
of the average illuminance on the task plane to the 
illuminance incident on the skylight.   

 
Figure 5  Daylight Factor in Four Skylight Schemes 

Figure 6 shows the average illuminance for each of the 
configurations.  This is an indicator of the quantity of 
light available on the work plane. 

 
Figure 6  Average Illuminance in Spaces with Various 

levels of SFR 

Figure 7 shows the variations in the illuminance on the 
work plane.  For all the reasons discussed above, high 
variations in daylight illuminance are not desirable, 
since they cause glare, thermal overload, and add to the 
complexity and cost of the electric lighting control 
system. 

 
Figure 7 Illuminance Variations in Spaces with 

Various levels of SFR 

All of the metrics presented so far repesent the 
daylighting performance under a single sky condition 
using Radiance.  DaySim has been used to assess 
system performance under the full range of sky 
conditions that represent a year in Boston.   Figure 8 
shows one of the outputs of those simulations,which is 
the Useful Daylighting Index (UDI).  The UDI is the 
fraction of the time that the daylight is in the range of 
100 to 2000 lux (Nabil & Mardaljevic 2005).  The UDI 
ir repesented by the light gray parts of the bars in 
Figure 8.  The dark gray areas at the bottoms of the  

 
bars represent the percentage of time when the 
illuminance level is below 100 lux.  The  medium gray 
areas at the tops of the bars represent the percentage 
time when the illuminance level is above 2000 lux.  
Figure 8 shows the UDIs for all four skylight schemes 
for two different glazing transmittances, 40% and 54%.  
As mentioned previously, the UDI has questionable 
aspects, such as giving credit to just barely achieving 
100 lux.  However, as a rough indicator of system 
performance, it has some applicability. 
DaySim has also been used to generate annual lighting 
electricity savings.  In DaySim, the presumption is that 
there is an electric lighting system that fills in the 
deficiencies in the daylighting perfectly, in both time 
and space, and that there is no power draw from the 

	  

	  	  	  	  Uninteg_No	  Splay	  	  	  	  	  	  Uninteg_Splay	  	  	  	  	  	  	  	  	  	  Integ_No	  Splay	  	  	  	  	  	  Integ_Splay	  
	  

Figure 8  Annual Daylight Performance for the Four 
Skylight Schemes with SFR=7% (T=40%, 54%) 
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electric lights when the daylight is present in sufficient 
quantities.  In other words, it is a perfectly linear 
continuous dimming system that has no power draw 
when daylight is meeting the lighting need.  It is also 
capable of putting light exactly where it is needed at all 
times, without any excess electric lighting introduced 
to the space.  Such an electric lighting system does not 
exist and approximating it would be extremely 
complex and expensive.  However, it provides an 
indication of the ideal potential of the daylighting 
system.  Future studies by the authors will account for 
more realistic electric lighting parameters and will also 
account for thermal tradeoffs associated with the 
skylights.  Table 2 shows the DaySim predictions for 
the lighting electricity consumption reductions 
associated with the daylighting.  It also shows the 
annual operating cost savings associated with the 
lighting electricity reductions.  Those data are shown 
graphically in Figures 9 and 10. 
 

Table 2 Electricity Use in the Base Case without 
Skylights and Four Skylight Schemes (Kwh/ft^2/yr), 

SFR=5%, T=54%, Area=900ft^2 

 
 

 
Figure 9 Electricity Use in the Space without Skylights 

and Four Skylight Schemes (Kwh/ft2/yr), SFR=5%, 
T=54% 

 

 

 
A: Integration_Splay,       B: No Integration_NoSplay 

With 40% and 54% Transmittance 
(Compared to the case without Skylights) 

Figure 10 Annual Savings from Electric Lighting 
 
 

CONCLUSIONS 
1. Splaying the ceiling or integrating the duct volume 

and structural volume together substantially 
benefits the daylighting system in terms of: 
• Increasing the quantity of useful  illuminance 

on the task surface. 
• Decreasing the variations of the illuminance 

on the task surface.  
• Increasing the potential lighting electricity 

savings from the daylighting. 
2. Taking both measures of splaying the ceiling and 

integrating the duct into the structural volume 
works even better from a daylighting point of view 
and it allows the roof to be lowered, reducing the 
cost of the building and surface area through 
which unwanted thermal gains and losses will 
occur. 

3. A product that would assist in the design and 
construction of sloped ceilings around the light 
wells would be very helpful in improving the 
performance, economics, and market penetration 
of skylights for low spaces with hung ceilings. 
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ABSTRACT 
We review current daylight and electric lighting 
simulation algorithms and their embodiment in some 
simulation tools and methodologies available to high-
performance building engineers and designers. We 
propose a common set of terms to describe simulation 
approaches and identify the technology gaps that limit 
the integrated simulation of daylighting designs. We 
argue that integration is essential to elevating 
daylighting to a “keystone strategy” in high-
performance and net-zero building design and describe 
a novel software tool (OpenStudio (Guglielmetti, et al. 
2011)) that is being developed to fill the gaps.  

INTRODUCTION 
As more stringent codes, standards, and building rating 
systems have evolved, daylighting has become an 
increasingly popular energy efficiency strategy in high-
performance building design. Daylighting saves 
significant lighting energy (Guglielmetti, Scheib, et al. 
2011), when considered early in the design as part of 
an integrated process. Simulation can aid this process 
(Hirsch, Pless, et al. 2011), and simulation tools 
rigorously evaluate daylighting, electric lighting, and 
the interaction of the lighting with building mechanical 
systems. The challenge is that the best-in-class tools 
for daylighting simulation are different—and 
disconnected—from the best-in-class tools for whole-
building energy simulation.  
We explore the capabilities of two rigorous simulation 
tools: EnergyPlus for whole-building energy, and 
Radiance, for daylight and electric lighting simulation 
spaces. These are task-specific and validated tools that 
are often used to evaluate high-performance, integrated 
building energy efficiency strategies. Within the 
Radiance space, we review two Radiance-based tools, 
SPOT and OpenStudio, as they offer different lighting 
control simulation options. 
Attempts to use these (or similar) tools in parallel to 
characterize the integrated performance of building 
designs have been successful (An and Mason, 2010), 
but traditional processes are fraught with risks that the 

model parameters may become decoupled 
(Guglielmetti, Pless, et al., 2010). Despite the difficulty 
of such modeling, the higher quality results are worth 
the effort. We will discuss why this is the case and how 
these tools are used to investigate lighting solutions. 
We will then discuss—and propose a terminology for 
classifying—lighting control simulation methods. We 
will then compare simulation fidelity with the various 
tools and discuss how best to leverage these tools to 
produce an integrated solution to a given design and 
simulation problem.  

LIGHTING SIMULATION: 
ALGORITHMS, METHODS, AND TOOLS 
Lighting Simulation Algorithms 
Several algorithms have been developed to derive the 
luminous flux transport solution for a given set of 
parameters. They are categorized as split-flux, 
radiosity, light-forward raytracing, and light-backward 
raytracing. Light-forward raytracers are generally used 
in optical luminaire and lens design and are outside the 
scope of this paper. The other three methods are used 
throughout the lighting and whole building energy  
simulation fields. We briefly discuss them here, with 
references to more detailed information.  
The “Detailed” and “DElight” daylight simulation 
methods in EnergyPlus rely on daylight factor 
interpolation for the direct (sunlight) component of 
daylight. The EnergyPlus method (DOE, 2009) differs 
from the DOE-2 (Winkelmann and Selkowitz, 1985) 
method in that the key sun positions and sky conditions 
that are used to interpolate daylight factors are 
calculated in more detail (e.g., four sky conditions are 
used in EnergyPlus versus only the international 
standard [ISO/CIE, 2003] clear and cloudy conditions 
used in DOE-2). Indirect contributions from daylight 
are handled in the EnergyPlus Detailed method using 
the split-flux algorithm. This method is used to 
calculate the (critical) interreflected illuminance 
component of the final daylighting solution. This 
component is the contribution of all the ambient 
illumination that is the result of direct luminous flux 
from the sun and sky being reflected by building 
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surfaces and local terrain, and distributed to other areas 
in the space. This indirect or reflected component can 
contribute significantly to the total illumination, 
particularly when light-redirecting devices are used 
(e.g., lightshelves), as they often are employed in a 
daylighting design. The daylight transmitted by the 
window is split into two parts: (1) a downward-
traveling flux, which falls on the floor and portions of 
the walls below the imaginary horizontal plane passing 
through the center of the window; and (2) an upward-
traveling flux that strikes the ceiling and portions of the 
walls above the window midplane. A fraction of the 
flux is absorbed by the room surfaces.  
The DElight method is an extension of the Detailed 
method with enhancements to the interreflection and 
complex fenestration calculations. Specifically, a 
radiosity (Sillion and Puech, 1994) method is used for 
interreflections to more accurately account for ambient 
lighting, also known as global illumination. With 
radiosity, the surfaces of the building model are 
subdivided into smaller surfaces or patches. The array 
of patches is called a mesh (and patches in turn are 
often called mesh elements). A view factor—a 
percentage of the flux that is received on one patch that 
is leaving the other—is computed for each pair of 
patches. Patches that are far apart, or oriented at 
oblique angles relative to one another, will have 
smaller view factors. Luminous flux from the sun, sky, 
and electric light sources is “shot” into the scene, and 
the surfaces that receive direct illumination in turn 
shoot their reflected energy back into the space, 
iteratively distributing smaller and smaller amounts of 
energy, until a reasonable amount of the initial flux 
(typically 98-99%) has been distributed throughout the 
space. 
Radiosity offers a finer resolution of the luminous 
distribution than does the split-flux method. One 
limitation to radiosity is that all surfaces are presumed 
to be Lambertian reflectors, equally reflecting light in a 
cosine distribution in all directions. Although most 
architectural materials exhibit reflection characteristics 
that are Lambertian (or very close to it), subtle effects 
of daylight redirection from semispecular surfaces are 
lost, as are the potentially significant effects of 
daylight-redirecting materials (e.g., mirrors and other 
specular coatings). Mesh resolution can also have a 
profound effect on the quality of the results, as too 
coarse a mesh will “smear” concentrated flux over a 
larger area. Unfortunately, the user has little control 
over the meshing in the DELight implementation. 
Radiosity is also used in many commercial lighting 
design tools such as Agi32 and DIALux, which 
provide considerable flexibility in terms of mesh sizing 
and so-called progressive refinement (mesh element 
sizes are automatically decreased when they detect 

sharp illuminance gradients), but these tools do not 
offer an easy means to share the results of the 
daylighting simulation with the whole-building energy 
simulation, so we do not discuss them further here.  
The final algorithm is light-backward raytracing, which 
is employed by Radiance (Ward, 1994). Rays are 
traced from a viewpoint (or a calculation point) into the 
space, searching for light sources. If a nonlight object 
is intersected, more rays are spawned hemispherically 
from that point, back into the space—again, looking 
for light sources. Once a light source is intersected, the 
luminous intensity of the source at that intersection 
angle is evaluated; this value is then reduced, 
accounting for each “bounce” along the way from the 
initial calculation point to the final ray hit at the light 
source – hence, light-backwards ray tracing. Radiance 
also uses hemispherical sampling at discrete points 
throughout the model to sample the diffuse 
interreflection, and interpolates across these points for 
the global illumination. Raytracing has fewer limits on 
geometric complexity and memory use, and can handle 
specular reflections that the radiosity and split-flux 
methods cannot.  
Radiance has been thoroughly validated (Mardaljevic, 
2000) and studied by numerous scholars and scientists. 
It is also used by lighting professionals and researchers 
worldwide. It has a well-deserved reputation for being 
difficult to learn, but its many advantages (robust 
algorithms, portability, open source licensing, 
“scriptability”) have won many converts, and have led 
to several attempts to provide graphical user interface 
(GUI)-based tools (e.g., the Sensor Placement and 
Optimization Tool [SPOT], Ecotect, and OpenStudio) 
to make the tool more accessible.  

Lighting Simulation Methodologies 
While understanding the light transport algorithms of 
these tools is critical for understaning the capabilities 
and limitations of the tools, we argue that the 
fundamental methodologies used to apply them are 
equally important, yet they are rarely mentioned in any 
serious comparison of simulation tools. Therefore we 
propose a new set of terms for this discussion. There 
are two areas of lighting simulation methodologies to 
discuss: how the daylighting is simulated for a given 
timestep (simulation type), and how the electric 
lighting controls are simulated (control system model). 

Simulation Types 
The most obvious method for simulating daylighting 
performance over time is to conduct a simulation for 
each timestep. In this point-in-time simulation, the user 
specifies the fixed building parameters, the sky 
conditions, and the configurations of any operable 
elements (e.g., shades and blinds). The algorithms 
discussed above are applied, and a result is stored. This 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

586



process is repeated for each timestep of interest 
(approximately 4,000 times in the case of an annual 
simulation). The advantages to this method are that 
hourly weather data can be used to describe the 
luminous distribution of the sky, and elements of the 
model can be changed to reflect occupant choices such 
as raising or lowering a shade. The downside is that 
performing a full simulation for every daylit hour of 
the year is computationally expensive, and therefore 
impractical. All lighting simulation tools include point-
in-time simulation. 
As a workaround to the computation time issue, a 
typical annual daylighting simulation relies on an 
interpolated design day approach. Point-in-time 
simulations are performed for several hourly timesteps 
for a number of key design days—typically summer 
solstice, one or both equinoxes, and winter solstice—
under idealized skies—typically CIE Type 1 (overcast) 
and CIE Type 12 (clear)—in an attempt to characterize 
the theoretical bounds of the daylight availability. The 
global exterior illumination is computed for each 
timestep to interpolate these data into an annual 
climate-based dataset. This is a very rapid calculation 
because scene geometry is lacking and there is an 
unobstructed view of the entire celestial hemisphere. 
The result and the sky cover are compared to the 
nearest design day results, and a scaling factor is 
applied to the interior illuminance for that timestep. 
This method produces hourly daylighting data in a 
much shorter computational timeframe, and takes into 
account the site-specific weather information, making 
it a form of climate based daylight modeling, albeit 
with a fair bit of interpolation. SPOT uses this 
interpolated design day methodology (with Radiance 
performing the simulations) for its annual simulations. 
Another methodology for simulating daylighting is the 
daylight coefficient (DC) approach. First introduced 
by Tregenza and Waters (1983), this method was first 
practically implemented in a modified version of 
Radiance’s rtrace tool that is part of the DAYSIM tool 
(Reinhart and Jones 2000). In this approach, rather 
than solving the flux transport for a specific sky’s 
luminous distribution, we determine the contributions 
(coefficients) from individual patches of a discretized, 
unitized luminous hemisphere. After the DCs are 
determined, a representative sky for each timestep is 
created and sampled, and the flux density in each patch 
is then multiplied by the DC for each respective patch 
and summed for a result.  
The DCs are determined with a rigorous raytracing 
exercise, in the same manner as a single point-in-time 
simulation. However, the matrix multiplication 
required for each timestep takes mere seconds to 
calculate, enabling the simulationist to perform 
climate-based simulations at an hourly resolution in a 

reasonable timeframe with no interpolation. A 
limitation of the DC method is that the solar 
contribution is approximated, with the radiance 
normally contained within a ½-degree disc spread 
across the three nearest sky patches to the actual sun 
position. Bourgeois et al. (2008) proposed further 
subdividing the celestial hemisphere from the original 
Tregenza proposal of 145 patches, to 580 (Tregenza 
patch divided 2x along x and y) and even 2305 
(TregenzaX/4, TregenzaY/4) in cases where accurate 
solar representation is critical. Ward et al. (2010) found 
that this higher resolution greatly improves accuracy. 
Another limitation of the DC method is that the DCs 
are determined once, for a single bulding and window 
configuration, making it difficult to simulate window 
configuration changes at the timestep level. It could be 
done, but the simulationist would have to generate DC 
arrays for each window configuration (adding time), 
and somehow control the logic to determine which DC 
to use for a given timestep (adding complexity). This 
limitation has been overcome with new tools in the 
Radiance suite that enable the 3-phase DC approach 
(Saxena, et al., 2010). This methodology essentially 
moves the DC sampling origin to the daylight aperture 
plane, where DCs are calculated for incoming flux 
from the sky to the exterior face of the glazing (called 
the daylight matrix), and again from the interior face of 
the glazing to the calculation point (called the view 
matrix). A third dataset is added to the equation in the 
form of an XML file describing a bidirectional 
scattering distribution function (BSDF) for a given 
window and shading element combination. As the 
name implies, a BSDF describes transmission and 
reflection of incident flux from an array of 
hemispherical patches, in two arrays of hemispherical 
patches. We call the BSDF data the transmission 
matrix. By resolving the DCs at the window interface, 
we can change the window configuration by simply 
changing the BSDF used at each timestep. These 
BSDFs can be generated with Lawrence Berkeley 
National Laboratory’s Window 6 program, which 
contains BSDF data for most commercially available 
glazings and some shadecloth and venetian blind 
systems. They can also be generated for arbitrary 
geometry by using a forward raytracer or even with 
Radiance, using the genBSDF program.  
The 3-phase method, and the recent additions to 
Radiance that facilitate it, represent a bold step forward 
in the arena of daylighting simulation. This method is 
the most robust for conducting an annual climate-based 
daylighting simulation, as it can model occupant 
behavior, at an hourly timestep resolution, in a 
reasonable timeframe. We thus refer to the original DC 
method where there is only a daylight matrix, and no 
BSDF used, as the single-phase DC method for clarity. 
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Although the 3-phase method provides tremendous 
flexibility for simulating operable shades, the single-
phase method still has its place, because the calculation 
burden is considerably smaller. With the single-phase 
method, a single daylight matrix is computed for the 
entire model. With the 3-phase method, daylight 
matrices must be computed for each unique window 
orientation and window treatment, BSDFs must be 
acquired and managed, and the view matrices must be 
binned by orientation. OpenStudio is currently the only 
software that manages this complex process 
automatically, but the complexity of the simulation 
matrix still adds time to the simulation. 

Control System Modeling 
The second piece of a proper daylighting simulation is 
the modeling of the electric lighting controls. This 
aspect cannot be overlooked, as it is the primary 
mechanism for saving energy in a given daylighting 
design. In much the same way that lighting simulation 
can improve a lighting and daylighting design, lighting 
control simulation can optimize the placement of 
photosensors and the lighting control system design 
(control algorithm, set points, deadband, etc.). 
Unfortunately, most daylighting simulation tools 
reduce this feedback loop to a simplistic 
representation, evaluating horizontal illuminance at a 
point on the workplane as a proxy for the lighting 
control photosensor signal. We call this illuminance 
proxy control, and it is the method used in EnergyPlus, 
DAYSIM (currently), and OpenStudio (currently). The 
assumption is an “ideally commissioned” photosensor 
on the ceiling responds directly proportional to the 
illuminance at the workplane. In reality, closed loop 
daylighting control systems typically employ a 
photosensor on the ceiling, “looking” down at the 
workplane. Further, commercially available, 
nonresearch-grade photosensors have a bewildering 
variety of spatial sensitivities (Bierman, 2007), none of 
which approximate a cosine response. Thus, none of 
these sensors evaluate illuminance accurately.  
This is precisely the motivation behind SPOT. SPOT 
uses the Radiance rsensor tool to initiate raytracing 
samples from the actual sensor location to compute a 
sensor signal proportional to the given sensor’s spatial 
sensitivity. We call this sensor signal control; it is the 
most robust methodology for evaluating and 
optimizing photosensor-based lighting controls. 
The final piece of the control simulation is the way the 
electric lights are simulated. Most tools simply 
represent the electric lights as a connected load, which 
is adjusted up or down to represent dimmed or 
switched luminaires. We call this load-based electric 
lighting. Lighting control groups are simulated by 
assigning a percentage of the load to different control 
points and varying the set points for each. 

Alternatively, individual luminaires (with photometric 
distributions) can be spatially represented in the model 
and grouped by control zone. This provides the full 
benefit of sensor modeling. We call this luminaire-
based electric lighting. When this method is used in 
conjunction with sensor signal control modeling, the 
acutal interraction of the electric lighting with the 
daylighting, and how the two affect the sensor signal 
may be evaluated. Such interactions are often a 
confounding factor in commissioning a real 
daylighting control system, and the ability to analyse 
them is a real boon to lighting designers, contractors, 
and commissioning agents. SPOT is the only tool that 
presently operates in this manner, providing the most 
accurate estimates of energy savings.  

Radiance-EnergyPlus Integration 
Once the simulationist has used Radiance to compute 
daylight availability and lighting control response, he 
or she must use this information to inform the 
EnergyPlus model. This is generally accomplished by 
writing a lighting schedule for the EnergyPlus model—
in essence, switching off the native EnergyPlus 
daylighting calculation and simply using the lighting 
schedule dictated by Radiance-based simulation. To 
this end, the studied tools approach this lighting 
schedule sharing differently: 

• SPOT: via DOE-2 include file (must be 
reformatted for inclusion with EnergyPlus 
model) 

• DAYSIM: via EnergyPlus idf snippet 
• OpenStudio: via OpenStudio model file with 

the lighting schedule embedded, which can 
then be run using OpenStudio directly.  

Radiance-based Simulation Tools  
The core Radiance toolset has a rather large number 
(>100) of individual executable programs that are 
typically called in succession; the output from one is 
often input for the next. Interaction with the Radiance 
core occurs using a command shell, an environment 
many simulationists are uncomfortable with. As such, 
several attempts have been made to offer a graphical 
user interface (GUI) to Radiance. We briefly 
summarize three GUIs here, some of which are the test 
subjects for our study, along with EnergyPlus. We also 
review the algorithms and methodologies used by each. 
DAYSIM is a robust daylighting simulation tool that 
leverages the DC method for its annual simulations, 
using a custom variant of Radiance. DAYSIM also 
computes glare and models occupant behavior 
(operating shades or light switches) and can output a 
lighting schedule for EnergyPlus. Controls are by 
illuminance proxy, and the lighting is load based.  
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SPOT is a free tool developed by Architectural Energy 
Corporation (2008). SPOT uses Radiance and the 
interpolated design day methodology in its annual 
simulations. Controls are by sensor signal, and the 
lighting is luminaire based. SPOT produces a DOE-2 
include file for communicating the lighting schedule to 
energy simulation software; this can easily be 
reformatted to work in an EnergyPlus model.  
OpenStudio is an open source, cross-platform 
application that uses both EnergyPlus to support 
whole-building energy modeling and Radiance to 
support daylighting analysis. A single model contains 
all parameters required for Radiance and EnergyPlus. 
The user can select the point-in-time, single-phase, or 
3-phase DC method. When the 3-phase method is used, 
window treatments (e.g., blinds) can be individually 
and automatically controlled by orientation. Controls 
are by illuminance proxy (a sensor signal-based control 
option is being developed), and the lighting is load 
based (a luminaire-based option is also being 
developed). The Radiance-based lighting schedule is 
automatically injected into a new OpenStudio model, 
which is seamlessly used by EnergyPlus and managed 
with the OpenStudio RunManager; results can be 
viewed in the ResultsViewer GUI.  
Table 1 lists these tools and their capabilities. 
 
Table 1: Summary of Simulation Tool Components 
 

PROGRAM 
SIMULATION 
ALGORITHM 

(TYPES) 

CONTROL 
SYSTEM MODEL 

(ELECTRIC 
LIGHTING) 

EnergyPlus -
Detailed 

Split-flux 
(interpolated 
design day) 

Illuminance proxy 
(load based) 

EnergyPlus - 
DELight 

Radiosity 
(interpolated 
design day) 

Illuminance proxy 
(load based) 

SPOT 
Raytracing 

(interpolated 
design day) 

Sensor signal 
(luminaire based) 

DAYSIM Raytracing (DC) Illuminance proxy, 
(load based) 

OpenStudio 
Raytracing, (point-
in-time, single- or 

3-phase DC) 

Illuminance proxy 
or Sensor signal 

(load based) 

STUDY 
Our brief study compared the output from three tools 
discussed in this paper. Several tools were excluded in 
the interest of space; DAYSIM because the 
Radiance/DC methodology and control system model 
it currently uses are also represented in OpenStudio, 
AGi32 as it does not currently offer a climate-based 

annual simulation modality, and Autodesk 3DStudio 
MaxDesign because its algorithms and capabilities are 
similar to those of SPOT and OpenStudio. The study 
has exposed significant differences in the way 
EnergyPlus and Radiance simulate daylighting, and 
subtler differences in the Radiance-based tools’ 
approaches. We investigated annual daylighting 
performance in a representative primary school 
classroom model in Golden, CO, to evaluate the 
accuracy of the a) annual daylight availability; b) 
lighting control response; and c) impact on the whole-
building energy simulation in EnergyPlus. The 
simulation tools we investigated are: 

• EnergyPlus - Detailed 
• SPOT 
• OpenStudio 

Model Description 
The model is of a typical primary school classroom 
(30’×30’), with punched view windows and a daylight 
clerestory on the south façade (Classroom1). A 
variation of this classroom with a daylight redirecting 
lightshelf under the daylight clerestory, and deployable 
vision window venetian blinds (white, 45-degree slat 
angle) were also tested (Classroom2). The classroom 
models and dimensions are illustrated in Figure 1; a 
summary of the model material properties is presented 
in Table 2. 

 
 
Figure 1 Classroom2 Model (Classroom1 is identical 

but without the lightshelf or blinds on the view 
windows); south façade is to the left 

 
Table 2: Model Parameters 

 

PROPERTY VALUE 
Reflectance (floor) 20% 
Reflectance (walls) 50% 

Reflectance (ceiling) 70% 
Transmittance (visible, all glass) 56% 

Blind Slat Reflectance 80% 
Blind Slat Angle 45-degrees 

Site Location;  
Weather Station 

Golden, CO, USA; 
Centennial Airport 

DC Sky subdivisions 580 (Tregenza(145) /2 /2) 
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RESULTS 
In order to examine the spatial resolution of the 
daylight availability calculation, we looked at the task 
illuminance (from daylight) distribution for two 
discrete points in time; for an annual, temporal view of 
the daylight calculation, we plotted average workplane 
daylight illuminance for the entire year.. Finally, we 
looked at how the lighting control response resolution 
affects the quality of the whole-building energy 
simulation. We discuss the results below, and the data 
is plotted and provided in an Appendix. 

Spatial Resolution 
Appendix Figure 2 illustrates correlation between 
EnergyPlus’ and OpenStudio’s direct solar 
calculations, albeit with finer resolution in the solar 
“patch” in the OpenStudio case. However, the SPOT 
result for this timestep is significantly different; we 
believe this is an interpolation error because SPOT 
does not perform a light-backward raytrace for every 
timestep; 15:00 was an interpolated timestep in the 
SPOT simulation. Compare these images to Figure 3, 
which is for 12:00, a noninterpolated timestep in the 
SPOT methodology. It shows the expected solar patch 
in the SPOT series, where the sun is directly 
perpendicular to the façade, the patch contours mirror 
the fenestration perfectly, and the patches in the 
OpenStudio case show some smear because of the 
interpolation in the subdivided sky/sun, using the DC 
methodology. Appendix Figure 3 shows the clear 
advantage direct sampling of a continuous sky model 
(as in the SPOT methodology) has over the DC method 
(OpenStudio), albeit with a commensurate penalty in 
terms of simulation time. The former samples a solar 
source that subtends ½ of a degree in the celestial 
hemisphere, whereas the direct solar source in our 
OpenStudio model had a 6.75 degree apex angle. Ward 
et al. (2010) showed that the resolution of the Tregenza 
sky divisions and the Klems bases on the window 
BSDFs should be increased sixteenfold to get 
acceptable results from the 3-phase method, 
particularly with peaky distributions; we concur. Even 
with this increase in sampling rate, however, the 
cumulative total time for performing a climate-based 
annual simulation at hourly resolution using the DC 
approach is significantly less than that required for an 
annual climate-based daylighting simulation using the 
Radiance classic point-in-time simulation modality.  

Annual Results 
The temporal plots in Appendix Figures 4 and 5 also 
tell an interesting story. The spikes seen at the 
beginnings and ends of random days through the 
shoulder seasons in the OpenStudio dataset are 
troubling; we believe these are caused by the gendaylit 
sky generator producing erroneous sky data, 

particularly at low sun angles (Jacobs, 2010). This is 
clearly an area for better error handling. We believe the 
difference between the distribution in the OpenStudio 
case and the SPOT case is caused partly by the 
different sky models (e.g., Perez versus CIE), but also 
by the subtle shading effect of wall thickness, which is 
not captured by the OpenStudio model’s infinitely thin 
wall constructions. (The SPOT model did include the 
wall thickness in the geometric model, which seems to 
be reflected in the quicker decline in interior daylight 
illuminance as the sun angles increase through the 
summer months.) The OpenStudio development team 
plans to add geometry support for wall thickness in a 
future release.  
Comparing the Classroom1 and Classroom2 data in 
Appendix Figures 4 and 5, we see that the shade 
operation is effectively modeled, clearly showing the 
effects of dynamic shading elements (blinds, in this 
case) and the lightshelf preventing the direct solar 
radiation from becoming too intense. However, the 
EnergyPlus plots exhibit unexplained artifacts through 
the shoulder and summer seasons.  The authors 
continue to investigate the root cause of this suspect 
behavior.  

Lighting Control Simulation and Energy Savings 
We have seen that the estimate of daylight availability 
can vary from one simulation method to another. To 
that variance we add differences in the methodologies 
for computing the electric lighting performance and 
control response, as discussed in the Control System 
Modeling section. 
 

Table 3: Annual Energy Use Results 
 

 ELECTRIC LIGHTING USE (kWh) 
SIMULATION 

METHOD CLASSROOM1 CLASSROOM2 

Baseline 2,300 2,228 
EnergyPlus 1,158 1,158 

SPOT 1,390 1,618 
OpenStudio 650 1,025 

 
We were pleased to find that all the tools were able to 
simulate the lighting energy reduction effects of 
daylighting controls, and the increase in use on 
Classroom2 was accurately plotted in the SPOT and 
OpenStudio models. Although shades were modeled in 
the EnergyPlus model (and deployment on direct solar 
incidence was confirmed via output variable request), 
there seemed to be no change in lighting use between 
the shaded Classroom2, and the unshaded Classroom1. 
Clearly, basing the dimming response on workplane 
illuminance proxy with average illuminance as the 
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input leads to gross overprediction of lighting dimming 
opportunity, particularly in unshaded rooms. 

CONCLUSIONS AND FUTURE WORK 
We attempted to constrain the modeling scope to one 
that was within the capabilities of the tools compared; 
however, the differences in algorithms and 
methodologies precluded empirical conclusions about 
which tool is “better” or which tool is “right.” We have 
defined some suggested terminology for the myriad 
ways all the elements of light transport and mechanical 
systems are handled in current lighting and building 
simulation software, toward a goal of bringing an 
understanding to the simulation community that there 
is “more than one way to do it” (Wall, 1999), with all 
the messiness that implies.  
The scope of this paper was sufficient to discover some 
differences in truth, but it completely missed others. 
For example, the simplification of the model to a basic 
convex space (in order for EnergyPlus to “fairly 
compete” with Radiance form simulation capability) 
meant we were unable to illustrate the potentially vast 
error when EnergyPlus is expected to resolve daylight 
transport in even moderately complex spaces. The 
sophistication of the SPOT sensor response simulation 
compared to those of EnergyPlus and current versions 
of OpenStudio and DAYSIM (which the authors call 
illuminance proxy control) present another 
confounding issue in deriving the ground truth. The 
differences in capability in these tools—in terms of 
geometry representation, light transport algorithms, 
sensor response methodology, and integration of 
results—make direct comparison of said results nearly 
impossible. The authors don’t recommend directly 
comparing these tools to one another when using 
disparate control simulation methodologies. The bigger 
challenge today is to better integrate the the existing 
tools, with a holistic building model and simulation 
manager that effectively manage the co-simulation 
process. This vision is slowly being realized in 
OpenStudio. 
If integrated daylighting and whole-building simulation 
are to be taken seriously, used earlier in design, and 
used as a design and commissioning tool (as the 
authors firmly believe they must), the community must 
continue to refine and validate truly integrated high-
performance building design tools.  
We have shown that even high-fidelity simulation tools 
can lead to erroneous results through interpolation 
error. Although interpolation may always be a part of 
simulation, we believe the DC method can be applied 
to give high-quality results, at hourly resolution, in a 
reasonable timeframe, by interpolating the direct solar 
contribution across a Reinhart M:4 sky discretization. 
The combination of accurate BSDFs, a sensor signal 

control, and luminaire-based electric lighting 
simulation correctly characterizes  annual daylighting 
system performance.  
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APPENDIX / SUPPORTING DATA 
 

 

 

 
Figure 2 Classroom1 Illuminance Distribution for 

3/21/15:00 Computed by EnergyPlus (top), 
OpenStudio (middle), and SPOT (bottom) 

 
 
 
 
 
 

 
 

 

 

 
Figure 3 Classroom1 Illuminance Distribution for 

12/22/14:00 Computed by EnergyPlus (top), 
OpenStudio (middle), and SPOT (bottom) 
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Figure 4 Classroom1 Annual Average Daylight 
Illuminance Computed by EnergyPlus (top), 

OpenStudio (middle), and SPOT (bottom) 
 
 
 
 
 
 

 

 

 
 

Figure 5 Classroom2 Annual Average Daylight 
Illuminance Computed by EnergyPlus (top), 

OpenStudio (middle), and SPOT (bottom) 
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ABSTRACT 

Perforated and transparent shading devices can greatly 
reduce the amount of incident solar radiation on a 
building, but they present many challenges for building 
energy modeling.  This paper describes two new 
methods for calculating direct solar gains on surfaces in 
geometrically complex environments.  One handles 
shading surfaces containing irregular openings and 
intricate perforated patterns, while the other handles 
transparent shading surfaces.  Both use fast shader 
programs written for graphics hardware to account for 
the effect of the shading surface’s solar incidence angle 
on light transmission.  The two methods can be used 
alone, together, or in conjunction with other shading 
algorithms.  The effectiveness of these methods is 
graphically demonstrated on schematic design level 
architectural CAD models of real buildings with 
intricate shading devices.  These fast algorithms allow 
the user to rapidly simulate thermal loads in EnergyPlus 
and compare the effects of many design alterations. 

INTRODUCTION 
Architects use perforated and transparent surfaces to 
shade buildings because they limit solar transmittance 
and preserve views (Figure 1).  These shading devices 
can significantly alter the effect of solar radiation on a 
building, but they are challenging to model for building 
energy simulation (BES), particularly when they take 
on complex geometric arrangements.  It is often 

necessary to create simplified models of shading 
devices for BES analysis, but simplification is itself 
time consuming and difficult for two reasons.  First, 
overlapping shadows have additive effects, and the 
amount of overlap varies with the time of day.  Second, 
the amount of solar radiation transmitted through the 
surface depends on the incidence angle at which light 
hits the surface.  Many BES tools, including 
EnergyPlus (LBNL 2011), do not consider the latter 
fact in shading calculations, even when geometry is 
modeled without simplification. 

This paper describes a novel approach for calculating 
the effects of geometrically complex transparent or 
perforated shading devices at high speeds without the 
need for simplification.  The key innovation is the use 
of programmable shaders to precisely compute the 
effect of each shading surface as it is rendered to an off-
screen image buffer.  Shaders (not to be confused with 
shading devices) are small programs that run in a highly 
parallel environment on the computer’s graphics 
processing unit (GPU).  The process begins with a 
three-dimensional building model created in 
architectural computer-aided design (CAD) software.  
The complete geometry of the model is rendered as 
viewed from a variety of solar positions, each time 
using shader programs to reproduce the effect of 
transmissive shading devices.  The sunlit portion of 
each building surface is calculated and fed as input to a 
modified version of EnergyPlus.  For complex shading 
geometries, this method is faster than EnergyPlus’s 

   
Figure 1 Shading devices with perforated screens (left) and transparent panels (right). 
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sunlit area calculations by several orders of magnitude, 
and it considers angle dependent transmittance 
properties of materials that are ignored by EnergyPlus. 

Two shader programs are demonstrated through 
analysis of proposed and real buildings.  The first 
simulates the perforated metal screen designed to 
surround Bill & Melinda Gates Hall in Ithaca, New 
York, by Morphosis Architects.  The second reproduces 
the effect of the glass and steel grid shell over the Yas 
Viceroy Abu Dhabi hotel, designed by Asymptote 
Architecture and completed in 2009.  In each study, 
several variations of the shading devices are produced 
using CAD software.  Although the models feature 
highly complex geometry, EnergyPlus analysis can be 
performed quickly using the results of the shader 
programs.  This allows fast comparison of the 
simulation results. 

PREVIOUS WORK 
The quantity of direct solar radiation incident on a 
surface is described by the expression 

 cos  (1)

where Ib is the intensity of direct radiation from weather 
data, As and At are the surface’s sunlit and total areas, 
respectively, and θ is the incidence angle of the sun’s 
rays (EnergyPlus Development Team 2011).  To 
compute the area of the sunlit portion of the surface, an 
algorithm must account for an arbitrarily large number 
of surfaces that may shade it, some of which may not be 
completely opaque.  This calculation must be repeated 
for many different solar positions.  EnergyPlus 
performs this calculation using projection and polygon 
Boolean operations (Groth and Lokmanhekim 1969, 
Walton 1979).  With version 7.0, EnergyPlus introduces 
a more robust polygon Boolean algorithm by 
Sutherland and Hodgeman (1974).  Both approaches 
suffer the same drawbacks; they are unreasonably slow 
for large collections of shading surfaces, and they 
require that all shading surfaces be convex. 

Jones et al. (2011) resolve these issues using graphics 
hardware to quickly compute the number of pixels 
visible to the sun in an image of a surface.  They define 
the projected sunlit surface fraction (PSSF) found in 
Equation 1 and observe that 

 cos
1

 (2)

where N is the number of visible pixels obtained from a 
hardware occlusion query, and Ap is the area 
represented by a single pixel in model space.  The 
rendering steps that produce the pixel count are 
performed in the GPU’s fixed function pipeline (FFP), 
a set of hardware-accelerated operations that enable 

basic rendering (Figure 2).  This method outperforms 
other algorithms in computation speed by several orders 
of magnitude with negligible loss of accuracy.  
However, its applicability to non-opaque shading 
surface is limited by the hardcoded steps of the FFP. 

Greater control over the graphics pipeline can be 
achieved using programmable shaders.  Shaders are 
simple programs that bypass portions of the FFP to 
allow customized processing of image data (Akenine-
Möller et al. 2008).  Originally, shaders were developed 
to reproduce visual characteristics of materials in 
animations (Hanrahan and Lawson 1990).  Today, three 
types of shaders can be loaded onto the GPU at 
application runtime.  Vertex shaders process the 
position, color, and other properties of geometric 
vertices.  Geometry shaders allow customized creation 
of geometric primitives such as points, lines, and 
triangles based on those vertices.  Fragment shaders 
control the appearance of individual pixels belonging to 
geometric primitives. 
 

 
Figure 2 The GPU’s fixed function pipeline offers a 
default set of algorithms for transforming geometric 
input from the CPU into an image.  These algorithms 

may be replaced with custom shader programs. 
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METHODS 
The two algorithms described in this paper are 
modifications of pixel counting.  Both use shader 
programs to calculate sunlit surface areas in situations 
where current methods fail or are too slow to be 
effective.  The first method uses a geometry shader to 
simulate the effect of perforated screens.  The second 
uses a fragment shader to simulate shading by 
transparent surfaces, including the effect of incidence 
angle on transmittance. 

Perforated Shading Surfaces 

Intricate geometry such as that of a metal mesh or 
screen is too complicated to be modeled geometrically, 
especially if the material is used over a large surface 
area.  Instead, the appearance of a complex surface can 
be created by applying a texture image to the surface 
(Catmull 1974).  The texture image source may be any 
digital image and may be created with a variety of 
image generation software packages.  Architectural 
modeling programs such as SketchUp (Google 2012) 
allow a texture image to be associated with a material 
and applied to surfaces within the model.  In order to be 
understood as a perforated shading device, the texture 
image is required to include opacity information.  The 
FFP renders pixels of a textured shading surface only 
where its opacity is above a threshold.  This allows 
pixels of the receiving surface to be counted by an 
occlusion query even if they are behind transparent 
portions of the textured shading surface. 

The texture image generally shows the material as seen 
orthogonally and thus provides no depth information.  
When viewed obliquely, the texture image does not 
reproduce changes in transmittance due to material 
thickness (Figure 3a).  To account for this, a geometry 
shader is used to create both a front and back surface 
given the single surface submitted to the graphics 
hardware (Figure 3b).  Additional surfaces placed 
between the front and back surfaces by the geometry 
shader prevent moiré patterns in which holes 
unintentionally line up from certain viewpoints (Figure 
3c).  This method is preferable to modeling the 
geometry of perforations because it reduces the 

simulation’s memory requirements, involves no 
additional preprocessing, and fits naturally into the 
architect’s modeling process. 

Transparent Shading Surfaces 

When transparent shading surfaces such as glass are 
present, color information must be supplied to the 
graphics hardware as well.  Color can be recorded as a 
single luminance value rather than the red, green, and 
blue values typical in computer graphics.  The receiving 
surface is rendered with a luminance value of one and 
all other surfaces with a luminance value of zero.  
Transparent surfaces that occlude the receiving surface 
create pixels with fractional luminance values between 
zero and one.  The pixel count is now replaced with the 
sum of pixel luminances Li as follows 

  (3)

where w and h are the width and height of the image 
buffer in pixels. 

Memory transfer from graphics hardware to the CPU is 
expensive, even if performed asynchronously.  Optimal 
performance is achieved by summing local 
neighborhoods of the image buffer on the GPU and 
returning a compressed image of 32×32 pixels to the 
CPU for a final summation.  Sums can be computed in 
hardware using a vertex texture (Scheuermann and 
Hensley 2007) or using general purpose GPU 
programming techniques (Harris et al. 2007). 

A faster approach is to average neighboring luminance 
values using mip mapping (Williams 1983).  Mip maps 
are trees of compressed images made by progressively 
reducing the resolution of an original image.  At each 
mip map level, regions of four pixels from the previous 
mip map level are averaged to a single pixel value, so 
that the resulting image is half the size of its 
predecessor in each dimension.  The original image is 
considered mip map level zero.  Because mip maps are 
generated in graphics hardware, they can be made very 
quickly without specialized programming.  The sum of 
pixel luminances from the full image is replaced to give 

 
Figure 3 A two-dimensional texture allows a uniform amount of radiation to pass through from any angle (a).  

Duplicating the texture for the front and back surface planes still allows radiation to pass through incorrectly at 
certain angles (b), which is corrected by adding interstitial planes (c). 

a b c
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 4  (4)

where wm and hm are the width and height of the mth 
mip map level. 

Typical rendering of transparent surfaces by the FFP 
requires that the opacity be set in advance.  However, 
transmittance depends on the incidence angle of 
radiation on the surface (Rubin et al. 1998).  This 
variation becomes even more pronounced if the 
transparent surface is curved.  Instead, the transmittance 
of each material can be modeled as a polynomial 
function and calculated by a fragment shader.  During 
rendering, the shader program calculates the opacity of 
each pixel belonging to the surface in parallel. 

VALIDATION 
The accuracy of these methods was tested using simple 
models with predictable behavior.  Each model 
consisted of a horizontal square receiving surface 
measuring 1 m on a side with a similar shading surface 
suspended 0.1 m above it.  PSSF was measured for 
43,805 solar positions corresponding to 6-minute time 
intervals at 42° north latitude.  This process was carried 
out for both the new and accepted methods for both 
transparent and perforated shading materials. 

The transparent shading surface was modeled as a 
double-pane window consisting of two 5.7 mm glass 
panes with an overall solar transmittance of 48% at 
normal incidence (Figure 4a).  Results of pixel 
luminance counting were compared to analytical 
calculations based on the method from EnergyPlus 
(Groth and Lokmanhekim 1969) with a robust polygon 
Boolean algorithm (Vatti 1992) and angle dependency.  
The difference in PSSF was negligible (Table 1). 

The accuracy of pixel counting with textures is more 
difficult to assess because it is highly dependent on the 
size and arrangement of perforations.  The shading 

material modeled for testing was a 6.35 mm (0.25 in.) 
thick panel perforated with 6.35 mm diameter holes 
arranged in a hexagonal pattern so as to give it a solar 
transmittance of 50% at normal incidence.  The shading 
device was modeled both as a textured surface using a 
geometry shader to mimic its thickness (Figure 4b) and 
as a geometric object composed of 391,950 polygons 
(Figure 4c).  As this amount was too large to perform 
analytical calculations on in a reasonable amount of 
time, both versions were analyzed by pixel counting.  
The accuracy achieved with the texture increased with 
the number of layers created by the geometry shader, as 
did the time required for simulation.  A reasonably 
small error was achieved using ten layers (Table 1).  
The appropriate number of layers for other perforated 
materials will be a function of hole geometry, thickness, 
and texture resolution. 
 

Table 1 PSSF deviation compared to accepted methods 
 

SHADING 
DEVICE 

DEVIATION IN PSSF 
MEAN MAXIMUM 

Transparent 1.24×10-5 1.22×10-3 
Perforated 1.15×10-3 1.07×10-2 

 

Both new methods perform somewhat slower than the 
original pixel counting algorithm described by Jones et 
al.  This is to be expected, as they necessarily expose 
portions of the FFP that can be conveniently turned off 
for pixel counting of opaque surfaces.  However, they 
are sufficiently fast to perform analysis on complex 
models that would have been impractical to study using 
analytical methods, as will be demonstrated through 
case studies. 

CASE STUDIES 
The following two case studies demonstrate the utility 
of the fast algorithms described above for calculating 
direct incident radiation through perforated screens and 
transparent shades.  Bill & Melinda Gates Hall serves 

 
Figure 4 Test models of a gray receiving surface below a transparent shading surface (a), a perforated texture (b), 

and a shading device with geometrically-modeled perforations (c). 
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as an example for analysis of perforated screens, and 
the Yas Viceroy Abu Dhabi demonstrates analysis of 
transparent shading devices.  Previously, the amount of 
time required to generate simplified models for 
buildings of their complexity, and then to perform BES 
analysis on those models, prohibited the analysis of 
more than a handful of design options.  However, these 
fast algorithms allow BES analysis to be performed on 
each design options in roughly the same amount of time 
required to create that option. 

The goal in modeling the two buildings was to achieve 
a level of geometric detail expected in schematic design 
phase architectural models.  Spaces within the building 
envelopes were partitioned into thermal zones with 
geometry that remained static through all of the design 
options; only the exterior shading devices were altered.  
Information was not readily available on the buildings’ 
materials and mechanical systems, nor are such 
decisions typically made during schematic design.  
Instead, both buildings were modeled with a small 
palette of materials and a simple purchased air system. 

For each design alternative considered, sunlit surface 
fractions were calculated in a preprocessing module 
prior to full BES analysis.  The preprocessing module, 
implemented in Java with shader programs written in 
the OpenGL Shading Language, calculated the sunlit 
fraction of each building envelope surface at regular 
intervals over the course of the day and year.  B-spline 
interpolation was then used to fill in additional values 
in order to provide EnergyPlus with data at fifteen-
minute time steps for every day of the year.  Jones et al. 
showed that satisfactory accuracy can be achieved 
using B-spline interpolation when the original data is 
generated only every fourteenth day of the simulated 
year at 15° intervals of change in solar azimuth, which 
translates to roughly 400 data samples per building 
envelope surface.   Simulation times are reported both 
for the preprocessor and for the modified version of 
EnergyPlus, which used the preprocessor’s output in 
place of running its own sunlit surface fraction 
algorithm.  All simulations ran on a 3.4 GHz Intel® 
Core™ i7-2600 workstation with an Nvidia® GeForce® 
GTX 570 graphics card. 

Bill & Melinda Gates Hall 

Bill & Melinda Gates Hall is a four-story computer 
science building under construction in Ithaca, New 
York.  It features a perforated metal screen suspended 
around its second and third floors that both regulates 
the entry of light and air and protects its windows from 
a neighboring baseball diamond (Figure 5).  The 
screen’s geometry includes many folds and irregular 
shapes, allowing complex overlaps that make 
approximation of its transmittance properties difficult.  
Shade is also provided by hilly terrain and eleven 
nearby buildings included in the model. 

 
Figure 5 Bill & Melinda Gates Hall concept rendering. 

 

To test the speed and predictive abilities of the analysis 
method for perforated screens, three design alternatives 
for the screens were considered.  All options used 6.35 
mm (0.25 in.) thick perforated panels, but the size, 
number, and arrangement of openings varied.  The first 
alternative had 6.35 mm diameter holes arranged in a 
hexagonal pattern so as to give it a solar transmittance 
of 50% at normal incidence (Figure 6b).  The second 
had 25.4 mm (1 in.) holes arranged in the same pattern 
with increased spacing between holes so as to maintain 
50% overall normal transmittance (Figure 6c).  The 
final alternative had a random arrangement of holes of 
varying sizes that produced a transmittance gradient 
from top to bottom (Figure 6d).  The purpose of this last 
alternative was to provide an option in which the 
panel’s transmittance could not be described with a 
single value. 

Timing results for tests on Bill & Melinda Gates Hall 
are shown in Table 2.  In general, preprocessing could 
be performed in less than six seconds, and the modified 
version of EnergyPlus took under three minutes for a 
full-year simulation.  In contrast, a simulation with an 
unmodified version of EnergyPlus at the same level of 
detail took twenty-four days and generated incorrect 
results. 

Two observations are particularly noteworthy.  First, 
while the first two design alternatives have the same 
nominal transmittance value, the larger holes of the 
second option admit substantially more direct radiation 
at oblique angles.  Over the course of the year, south-
facing windows received 35% more direct radiation 
annually in the second design alternative than in the 
first, based on local weather data.  East- and west-
facing windows received twice as much direct solar 
radiation in the second design alternative.  Second, 
although the nominal transmittance of the third shading 
alternative is unknown and different for every receiving 
surface, it is no more difficult or time consuming to 
perform analysis on this option than the other two.  In 
fact, no expert knowledge is necessary to analyze this 
complex shading device. 
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Yas Viceroy Abu Dhabi 

The Yas Viceroy Abu Dhabi hotel consists of two 
elliptical towers of varying heights connected by a two-
story bridge that spans a Formula One race track.  
Shade is provided by cantilevered balconies with glass 
fencing and by a curving steel frame called the grid 
shell, which supports 5800 glass panels that can be 
illuminated at night (Figure 7).  The double curvature 
and varied width of the grid shell make a determination 
of its shading characteristics impractical without 
simulation. 
 

 
Figure 7 The Yas Viceroy Abu Dhabi. 

To demonstrate the effectiveness of the analysis method 
for transparent shading surfaces, three design 
alternatives were developed for the grid shell.  A 
parametric model of the grid shell allowed changes to 
be made quickly to its geometry and materials.  In the 
first design option, each glazed facet was rotated 20° 
out of plane, approximately matching the design as 
built (Figure 8b).  In the second, the glazed facets were 
rotated 90° out of plane (Figure 8c).  The final variation 
maintained the original glazing angle, but replaced the 
single panes of glass with a triple-glazed construction 
(Figure 8d).  The shading provided by the balconies 
remained constant through all three design alternatives. 

Timing results of tests on the Yas Viceroy Abu Dhabi 
are shown in Table 2.  Generally, shading preprocessing 
could be performed within three minutes, while the 
modified version of EnergyPlus took about thirty-eight 
minutes to run for each design option.  Running the 
same model in a standard EnergyPlus release would 
have been impractical due to time constraints and 
would have generated inaccurate results. 

The second design option is of particular interest 
because the effect of pivoting the glazed panels is 
essentially impossible to predict without simulation.  
Rotating the panels reduces their projected area onto the 

 
a 

   
b c d 

Figure 6 BES model of Bill & Melinda Gates Hall (a) with details showing screens with 6.35 mm perforations (b), 
25.4 mm perforations (c), and random perforations (d). 
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building’s envelope, but also decreases their 
transmittance to radiation in the grid shell’s normal 
direction.  At the same time, the rotated glass panes 
allow more light to penetrate at certain oblique angles, 
and different shadows are cast by the pivoted frames.  
The unpredictable effect of the change was measured 
for two representative hotel rooms, one facing east and 
one south.  Insolation on the two rooms increased by 
4.8% and 5.3%, respectively. 

The third design option produced a more pronounced 
effect.  The triple-glazed panels had a nominal solar 
transmittance of 34%, compared to the single-glazed 
panels’ 69% solar transmittance at direct incidence.  

The two representative hotel rooms received 22% and 
24% less direct radiation as a result of the change. 

CONCLUSION 
Programmable shaders can compute sunlit surface 
fractions quickly and accurately for shading conditions 
that could not previously be analyzed with BES 
software.  This paper presented two algorithms that can 
be implemented in shader programs; one handles 
perforated shading devices, and the other handles 
transparent shading devices.  By incorporating these 
algorithms into a preprocessor and feeding the results 
directly to a modified version of EnergyPlus, direct 

 
a 

   
b c d 

Figure 8 BES model of the Yas Viceroy Abu Dhabi (a) with details showing panels rotated at 20° (b), 90° (c), and 
20° with triple glazing (d). 

Table 2 Model complexity and simulation times at various preprocessing sampling frequencies 
 

OPTION 
THERMAL 

ZONES 
RECEIVING 
SURFACES 

SHADING 
SURFACES 

PREPROCESSING (SECONDS) ENERGYPLUS 
(SECONDS) Finea Mediumb Coarsec 

Bill & Melinda Gates Hall 
 6.35 mm holes  

34 149 32,709 
7.78 5.27 4.12 154.67 

 25.4 mm holes 7.79 5.28 4.13 154.35 
 Random holes 8.77 5.91 4.64 154.49 
Yas Viceroy Abu Dhabi 
 20° single pane 

130 2385 94,997 
209.04 145.96 114.60 2286.93 

 90° single pane 205.77 143.82 113.02 2277.44 
 20° triple pane 209.29 146.20 114.77 2284.70 
a Sampled at 10° intervals of solar azimuth every 14th day. 
b Sampled at 15° intervals of solar azimuth every 14th day. 
c Sampled at 20° intervals of solar azimuth every 14th day. 
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solar radiation on buildings with complex shading 
devices can be simulated without geometric 
simplifications or material approximations that may 
cause loss of accuracy. 

This is significant because modern CAD software 
allows architects to experiment with increasingly 
complex geometric forms early in the design process.  
These complex forms change how the building interacts 
with its environment and affect its thermal 
performance.  Fast BES analysis gives building 
designers the information they need to make more 
intelligent decisions regarding form, orientation, and 
materials.  The ability to perform shading calculations 
directly on the geometric model created by the architect 
removes a number of steps from typical simulation 
procedures.  This is in keeping with the goal to promote 
accurate thermal analysis of buildings early in the 
design process when there are more opportunities to 
improve building performance. 
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ABSTRACT 

The building and spaces shape have a great impact on 
indoor temperature. Well-Designed sun control and 
shading devices can dramatically affect indoor 
temperature. The thermal performance of internal 
spaces in hot arid desert is highly influenced by various 
passive design techniques, e.g. space dimensions, 
facade colors, fenestration ratio, glazing type; and 
vertical and horizontal shading devices. Simulation 
tools play an important role in taking decision during 
early design phase that could help in improving the 
thermal performance of buildings. The aim of this 
paper is to explore the impact of different shading 
devices on the thermal performance of residential 
buildings in Egypt. To achieve this aim of the research, 
first, the climatic analysis of New Assiut City is 
introduced followed by identification for the prevailing 
residential prototypes within the city and the selected 
residential type. Second, the role of the used 
Performance simulation tool in enhancing the designs is 
highlighted. Finally, a simulation has been run for the 
selected residential site in NA City for the four 
principal orientations.  The results of the study showed 
that the use of vertical fins have a reducion of 1.5°C in 
indoor temperature for the  northern, eastern, and 
western orientations. wheras, the combined shade and 
overhang  reduced the temperature by 1.5°C for the 
southern orientation.   

1. INTRODUCTION  
Climate is an important factor in the determination 
of the buildings design parameters such as: the 
distance between buildings, building geometry, 
orientation, and envelope. Different design 
techniques, that could improve thermal comfort, 
vary greatly from one climatic region to another. 
Passive design techniques and environmental have 
a noticeable impact on improving the thermal 
performance of residential buildings particularly in 
hot arid desert, however people are no longer 

using it [9  ] "NA: New Assiut, TAS: Thermal analysis 

software is a tool developed by the EDSL Company, 
used to simulate the day lighting, the sun, ventilation, 
and air flow in buildings" 

Building Peformance Simulation tools play an 
important role during early design stages. It could helps 
in design decisions related to shading devices and 
hence improve the indoor thermal comfort. In Egypt, 
due to the high temperature and hot climate, people 
depend on the mechanical equipments to improve the 
indoor thermal comfort and neglect the use of the 
passive strartegies that could be more suitable to this 
extremely arid weather. NA City in Egypt represents a 
good example of the new desert cities adopted by the 
government as an alternative solution for the housing 
problem [7]. Consequently, a case study building is 
selected within the city and simulation is run to identify 
the appropriate shading device and to what extent the 
thermal comfort can be imrpoved using the suggested 
devices. 

2. METHODOLOGY 

The research has been carried out in two parts. The first 
part consisted of a introduction and definition of the 
problem  follwed by analysis of the climate. Next, a 
brief analysis for the case study area and reasons 
behind the case selection. Finally, a description of the 
simulation method used and the phases are explained.  

The second part is simualtion-based analysis by 
applying different shading devices for the different 
orientation of the selected building type Z using TAS 
simulation tool, readings were taken every hour to 
obtain the average temperature of the hot period: the 
study period is as follows: the entire months of May, 
June, July, August and September; March from 10 am 
till sunset; April and October from 8 am till 11 pm; and 
finally the month of November from 12 p.m. till 
sunset.  

2.1. CLIMATIC ANALYSIS OF NA CITY 

NA City lies on the eastern bank side of the River Nile, 
at the intersection point of Cairo-Sohag desert highway 
with Assiut-Hurghada highway. The city is located 
approximately 20 km from Assiut, Fig.(1). For the co-
ordinates, the city latitude and longitude is 27° 3' N and 
31° 15' E respectively and its altitude range from 70 to 
100 m above sea level.[1] 

NA City consists of two main residential districts 
divided by a major central service axis. In addition, 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

603



 -2-

there is a future extension area for the residential 
purpose with approximate area (950 feddans: Feddan:  
unit used in Egypt to measure land areas, 1 feddan = 
4200 m2). The city also comprises an industrial zone 
with an area about (180 feddans), Fig (2). 

 

  
Fig 1 Location of New Assiut City in relation to 

Assiut Governorate [2] 
 

  
Fig 2 Master plan of New Assiut City [2] 

 

The climate analysis has been carried out using the data 
gathered from the Egyptian Meteorological Authority[1 
], such as Solar radiation intensity, Air temperature, 
Relative humidity, precipitation and prevailing Wind. 
Temperature as a climatic variable it varies greatly 
from one region to another, as a result of different solar 
exposures. Fig (3) shows the average outdoor 
temperatures for the hot and cold periods in Egypt. Fig 
(4) shows the maximum, minimum, and average 
temperatures all over the year. It illustrates that the 
maximum temperature in January is 20.8°C, and the 
minimum is 6.6°C. whereas, the maximum temperature 
in June is 37.4°C, with a minimum of 21.3°C. while the 
average temperature in June and January is 29.5°C and 
13.6°C respectively.[7]  

  
Average temperatures for summer period 

(June, July, August) 

  
Average temperatures for winter period 

(December, January, February)  
Fig 3 The average outdoor temperatures for the 

hot and cold periods in New Assiut City [1] 

 
Fig 4 The maximum, minimum, and average 

temperatures all over the year in New Assiut City  [1] 

2.2. IBN BAYTAK RESIDENTIAL TYPOLOGY 

There are various types of residential typologies in the 
new cities, according to the policy adopted by the 
government for cities development, and the timetable 
for establishing such cities and their relevant housing 
patterns. NA City reveals that there are 14 residential 
patterns. These typologies are: Family, Youth and 
Future; Ibn Baytak, Developed, National and 
Investment Housing; Urgent Stage, El-zohour, 
Businessmen and Villas district. In addition, there are 
numerous land uses property other than residential 
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ones, e.g. service centers, industrial zones, educational 
and religious facilities, commercial quarters. Finally, a 
avacant area allocated for the future extension of Assiut 
University.[2] 

In order to select the case study residential typology 
and analyze the different types it comprises, the total 
built-up area for each typology had to be calculated, 
and the per cent of this typology  to the total residential 
patterns should be identified. Analysis for different 
residential typologies in NA City revealed that Ibn 
Baytak occupies the largest per cent in  the city 
estimated to be 33.15 of the total area. 
[2]Consequently, this pattern was selected for 
conducting climate analysis for its residential sites, and 
studying the impact of different orientation and shading 
devices on the thermal performance of the buildings. 

Ibn Bytak typology is located in five phases within the 
city. Fig (5) shows the different phases of Ibn Baytak. It 
is noticed that the first and third phase are located in the 
second district of the NA City. Whereas the fifth stage 
is located in the first district. Howver, the second and 
fourth phases are located in the future extension area of 
the NA city. The case study in the paper was selected in 
the first phase. Ibn Bytak comprises three building 
types X, Y and Z. Type X is attached from one side and 
with three free facades. On the other hand, both Type Y 
and Z are attached from two directions and free from 
the other two, i.e. only two facades. Fig (6) shows the 
distribution of the three models (X, Y, Z) of the first 
phase of Ibn Baytak in NA city.  

 
Fig 5 different stages of Ibn Baytak typology in New 

Assiut City 

 
Fig 6 The distribution of the three types (X, Y& Z) in 
the first stage of Ibn Baytak typology in New Assiut 

City.  [2] 

Table (1) illustrates the numbers and percentages of the 
three models.[2]In this paper simulation is done only 
for type Z. The gross floor area of type Z is 150m2 
(17.5x8.6m). The residential type is semi-detached low 
rise apartment building with a single flat in every floor. 
It consists of ground and two typical floors with a 
standard floor height of 2.70m. The 2nd floor (Below 
the roof) in the residential pattern was chosen to study 
the impact of shading devices on thermal comfort of the 
spaces. The reason behind this selection was because 
the second floor receives the maximum solar radiation 
intensity, hence the maximum indoor temperature. It 
should be noticed that during the simulation no thermal 
insulation on the roof top of the building, was taken 
into account for the four orientations of the building. 
Fig (7) shows the architecture plans and facades of type 
Z. 

Table 1 percentage of the three Ibn Baytak residential 
types X, Y&Z 

 
Type   Number  Percentage  

Type X 206 plots 40,95 % 
Type Y 13 plots 2,60 % 

Type Z 234 plots  56,45 % 
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Back facade of type Z 
 

 
Typical floor plan [1] 

Fig 7 Plans and facades of the selected type Z in Ibn 
Baytak typology, New Assiut City  [2] 

 

2.3. BUILDING SIMULATION TOOL TAS 
DESCRIPTION  

During the last five decades, numerous simulation 
programs – studying the thermal behavior inside 
buildings – have been developed. These programs are 
based on information presented by software developers 
about: general modeling characteristics, outside 
climatic elements (daylighting, solar gain, ventilation, 
and air flow), as well as studying the electrical systems 
and equipment, HVAC systems.[3] 

TAS is a building performance simulation tool for the 
assessment of thermal performance of buildings. It 
calculates the heating and cooling loads resulting from 
inside and outside the residential building. The program 
adopts the mechanical simulation principle, by tracking 
the thermal behavior of the building via various 
snapshots taken every hour. This gives users a detailed 
image of the way the building performs.[4] Fig (8) 
shows a diagram of the internal & external processes. It 
shows heat transfer to and from the building, via 
different heat transfer mechanisms.[5] The program, 
Thermal Analysis Software, is a sophisticated 
calculations engine for a 3D model maker (Also called: 
Tas3D).[6]There are three main components of the 

program: TAS 3D Modeler, TAS Building Simulator, 
TAS Results Viewer. Fig (9) shows the normal 
sequence of performing simulation for each application 
in the triple TAS package. First, the 3D model-maker is 
used for making the geometrical shape of the building, 
and specifying the borders of each space. Then the 
geometrical shape, the building elements, zones, and 
surfaces are sent to the building simulation application. 
In the course of sending, different calculations may be 
performed. [6] 

 
Fig 8 The influence of temperature on the outer envelop 

of the building andindoor.[6] 
 
 

 
Fig 9 The logic sequence of using TAS [6] 

 

The program interface includes orders of preparing and 
drawing the building, making door & window 
openings, different shades for openings, as well as 
other settings. This facilitates use and makes the 
program more productive. Below is an explanation of 
these components.[6]TAS has the capability of drawing 
the 3D building to be simulated. It can also draw 
buildings under planning or in the sketching phase, or 
even import AutoCAD drawings for making more 
detailed models – fig. (10).From this model, a 3D 
image – displaying shade in complete – can be made. 
Also, the program calculates sun light penetration into 
the building between spaces. In addition, the model can 
be exported to a 3D program. 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

606



 -5-

 
Fig 10 Building up the model. [6] 

 

The software requires entering all the data of the 
residential model. These data include: the climatic data 
of the region, the building occupancy hours, vacancy 
hours, structural elements constituting the building, 
number of hours in which windows are open and the 
ratio of openings, the potential of providing different 
shading devices, and the thermal loads resulting from 
elements inside residential spaces (people, equipment 
and lighting) as shown in fig. (11). 

 

 
Fig 11 Data insertion for the simulation model in TAS. 

 

Any given set of parameters, for any number of zones 
and surfaces, can be displayed and compared in the 
form of tables and curves. So, other parties' 
applications can be incorporated using the automation 
software for the purpose of input and output data. Even 
large simulation results files, up to hundreds of 
megabytes, can be rapidly processed using this 
technique. They can be converted to file such as Word 
and Excel for analytical purposes – fig (12).[6] 

  

 
Fig 12 Method of displaying the results (tables & 

curves) 

3. ANALYSIS & RESULTS  

A field measurements was previously done by (El-
Shemiry, 2006) for a different building type located in 
the same city. Results from the study were gathered and 
a simualtion calibration model was built by the author 
to inevstigate the validation of the simulation tool in 
prediciting the building performance. The simuation 
was validated via comparison between the filed 
measurements and simulation results for  the hot and 
cold period. The calibration model showed that the 
difference between both were only 2% which makes 
the tool results reliable in hot climate in NA city.   

In the simuation phase three shading devices that have 
proven to be appropriate to the hot arid climate in 
Egypt, the vertical fins, overhangs and combined one 
(combination between both vertical fins & overhangs). 
[1]. In addition to basecase scenario without any 
shading device. For all the shading scenarions fixed 
thickness 12cm for the devices is chosen and different 
projection of 12, 25, 38, 50, 75 and 100cm is applied. 
For the vertical fins , it is assumed that the fins extend 
along the  building façade on both sides of the window. 
In all the simualtion scenarios, constant building 
materials, finishing, glass and window type, openings 
ratio are taken into account. In Table (2), (3) and (4)  
the specification and characteristics of different 
building components are presented. For the internal 
thermal loads, occupation density of 2person/room, 
furniture, appliances, two florscent lighting are taken 
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into account during the simulation. The calculation of 
the loads included appliance and light heat; occupants 
body heat; and occupants heat due to respiartion and 
activities and Infiltration of outside air Accordingly, the 
total internal thermal loads are estimated to be 26 
w/m2. Ibn Baytak residential pattern is an 
unnconditined one. However, No HVAC systems were 
added during simulation as the purpose of the study is 
to investigate only the impact of passive design 
strategies only on improving the indoor thermal 
comfort. 

Table 2 Roof attributes for residential type Z  
Specific 

Heat 
 (J/ kg. 

C) 

Conductivity 
(Watt/m.  ْC) 

Width 
(mm) 

Material 

837  1.10  20  
Concrete 

slab  
1042  1.43  60  Sand  
1000  1.513  20  Mortar 

1030  2.40  120  
Reinforced 

concrete  

837  0.577  1  
Cement 
covering  

0.001  999.99  0.1  
White 
paint  

 

Table 3 Building materials attributes for internal & 
external walls  

Specific 
Heat 

 (J/ kg. 
C) 

Conductivity 
(Watt/m.  ْC) 

Width 
(mm) 

Material 

0.001  999.99  1  
Cement 
covering  

837  0.577  0.1  
White 
paint  

1000  1.53  20  Mortar  
920  1.33  120  Red Brick  

1000  1.53  20  Mortar   

837  0.577  1  
Cement 
covering  

0.001  999.99  0.1  
White 
paint  

 

Table 4 Glazing thermal attributes 
Specific 

Heat 
 (J/ kg. 

C) 

emissivity 
Solar 

reflection 
Width 
(mm) 

Material 

0.001  0.845  0.15  6 Glass   
 

Simulation was run hourly during the day for the 
master building room in residential Type Z, fig.(13). 
Thus, the average temperatures for the hot period and 

the over heated period can be obtained as shown in fig. 
(14); as stated[8]. 

 
Fig13 Typical floor Ibn Baytak residential type. 

 
Fig 14 climatic periods in New Assiut City [1]. 

3.1. THE NORTHERN ORIENTATION 

In the northern orientation, the values of indoor 
temperatures of the Master bedroom for different 
shading devices types adjoining the room window  are 
shown fig (15). From the figure, it was observed that 
temperatures were reduced when shading devices were 
used in the hot period. A noticeable reduction of 1.5°C 
was ccomplished in the indoor temperature when the 
vertical shade was used on both sides of the window in 
the northern façade. The highest temperature was 
recorded at 6 p.m., while the lowest was at 6 a.m. 

. The highest temperature was 34.01°C.; the lowest was 
27.09°C. The overhang recorded the highest values of 
indoor temperatures. The highest temperature was 
34.81°C; the lowest was 27.85°C. Finally, the 
combined shade recorded the highest temperatures 
inside the space; the highest was 35.15°C and the 
lowest was 28.22°C. It was obeserved that the vertical 
fins adjoining the wiindows recorded the lowest 
temperature among other shading devices. By applying 
different shading projection, vertical fins with 
projection of 38cm recorded the lowest indoor 
temperature. It was also noticed that by any increasing 
in the projection and up to 100cm results only in a 
slight decrease in the indoor temperature. 
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3.2. THE EASTERN ORIENTATION 
In the eastern orientation, the values of indoor 
temperatures of the master bedroom for different 
shading devices types adjoining the room window are 
presented in fig (16). From the figure, it was observed 
that temperatures were reduced when shading devices 
were used in the hot period. As per the northern facade 
a noticeable reduction of 1.5°C was accomplished in 
the indoor temperature when the vertical fins were used 
on both sides of the window. The highest temperature 
was recorded at 6 p.m., while the lowest was at 6 a.m. 
For the base case scenario, the highest temperature was 
34.22°C and the lowest was 27.08°C. While, the 
overhang recorded a maximum temperature of 34.68°C 
and the minimum was 27.56°C. Finally, the combined 
shade recorded the highest indoor temperatures were 
the maximum was 35.47 °C and the minimum was 
28.33 °C. It was obeserved that the vertical fins 
adjoining the window recorded the lowest temperature 
among other shading devices. By applying different 
shading projection, vertical fins with projection of 
100cm recorded the lowest indoor temperature with a 
reduction 1.5°C. A projection of 12 cm showed only a 
slight decrease in indoor temperature. 

3.3. THE SOUTHERN ORIENTATION 

In the Southern orientation, the values of indoor 
temperatures of the master bedroom for different 
shading devices types adjoining the room window are 
presented in fig (17). From the figure, it was observed 
that temperature was reduced when shading devices 
were applied in the hot period. A noticeable reduction 
of 1.5°C was accomplished when the combined shade 
was used in the southern façade. The maximum 
temperature was reached at 5 p.m., while the minimum 
was at 6 a.m. The combined shade recorded the lowest 
values of indoor temperatures in the hot period for the 
southern orientation. For the base case scenario, the 
highest temperature was 34.30°C.; the lowest was 
27.31°C. on the other hand, the overhang recorded a 
maximum temperature of 34.86°C; the minimum was 
27.83°C. Finally, the vertical fins recorded the highest 
indoor temperatures the maximum was 35.10°C and the 
minimum was 28.08°C. By applying different shading 
projection, combined shade with projection of 100cm 
recorded the lowest indoor temperature were the 
highest temperature during the day was 33.51°C and 
the lowest was 26.70°C.  

3.4. THE WESTERN ORIENTATION 

In the western orientation, the values of indoor 
temperatures of the master bedroom for different 
shading devices types adjoining the room window fig 
are presented in fig(18). From the figure, it was 

observed that temperatures were reduced when shading 
devices were used in the hot period. As per the western 
facade noticeable reduction of 1.5°C  was 
accomplished when the vertical shade was used on both 
sides of the window. The maximum temperature was 
reached at 6 p.m., while the minimum was at 6 a.m. For 
the base case scenario the highest temperature was 
35.16°C and the lowest was 27.32°C. Next, was the 
overhang recorded a maximum temperature of 35.61°C 
and the minimum was 27.80°C. Finally, the combined 
shade recorded the highest indoor temperatures the 
maximum was 36.44°C; and the minimum was 
28.67°C. By applying different shading projection, 
combined shade with projection of 100cm recorded the 
lowest temperature were the highest temperature during 
the day was 35.33°C and the lowest was 27.36°C.  

4. CONCLUSION 
This study aims to study the passive desgin strategies 
i.e. shading devices on indoor thermal comfort of 
residential buildings in hot arid areas. Climatic analysis 
for the NA city was introduced. A residential prototype 
Ibn Baytak in NA city was chosen as case study and 
detailed analysis for the prototype was provided. A 
semi detached unconditioned low-rise type (Z) was 
used to conduct the analysis. Three types of shading 
devices, vertical fins, Overhang and combined of both, 
adjoined to the window were applied. The study 
presented a short description for the simulation tool to 
explore its capabilities. Simulation-based analysis was 
done for the different shading devices over the four 
orientations for the hot period. The vertical fins proved 
to be more efficient in the northern, eastern and western 
façade were a reduction of 1.5°C was achieved as the 
sun is close to the horizon. Wheras for the southern 
façade the combined one proved to be more efficient 
with average reduction of 1.5°C as the sun is far away 
from the horizon. Passive design strategies are 
powerfull in hot arid climate were. By using these 
strategies a noticeable reduction in indoor air 
temperature could be achieved without the need to use 
mechanical systems for cooling and thus energy 
savings. Shading devices is only one technique others 
such as building orientation, glazing  type and openings 
ratio, wall thickness, and insulation etc. can play an 
important role in reducing indoor temperature as well. 
Using simulation software in early design phase for 
different kinds of buildings is important in order to 
achieve a climatic responsive architecture for newly 
designed residential buildings and to observe the 
existing situation for retrofitting purposes. There is a 
need for a computational simulation-based tool that 
could provide a combination between all these passsive 
design strategies to achieve the optimum thermal 
comfort.  
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Fig 15 Values of indoor temperatures for the Northern oriented bedroom, for different shading devices types 

adjoining the room window – in the residential model (hot period)  
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Fig 16 Values of indoor temperatures for the Eastern oriented bedroom, for different shading devices types 

adjoining the room window – in the residential model (hot period)  
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Fig 17 Values of indoor temperatures for the Southern oriented bedroom, for different shading devices types 

adjoining the room window – in the residential model (hot period)  
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Fig 18  Values of indoor temperatures for the Western oriented bedroom, for different shading devices types 

adjoining the room window – in the residential model (hot period)  
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ABSTRACT 
This paper describes the development of a new tool 
that allows designers to simulate and evaluate the 
daylight potential of urban master plan proposals. The 
tool is a plug-in for the Rhinoceros3D CAD modeler 
and follows a two-step workflow. During the initial 
step, hourly solar radiation levels on all facades within 
an urban scene are simulated based on 
Radiance/Daysim. During the second step, exterior 
radiation levels are converted into hourly interior 
illuminance distributions using a generalized impulse 
response. Climate based daylighting metrics, such as 
daylight autonomy, are also computed. The results 
yielded by the new method are carefully compared to 
regular and substantially more time-consuming Daysim 
simulations. This comparison shows that the overall 
daylit area in the investigated master plan matches 
Daysim predictions within 10%. Given its 
implementation into the Rhinoceros3D environment, as 
well as the almost instant simulation feedback, the tool 
may serve as a generative method for designers. 

INTRODUCTION 
Already more than half of the earth’s population lives 
in urban areas and according to the United Nations and 
almost all of the world’s future population growth is 
expected to take place in urban areas of developing 
countries [United Nations 2011]. Consequently, urban 
planning, especially in developing countries, 
constitutes a liability and opportunity for climate 
change mitigation as well as improvement of health 
and quality of life of the urban population. Within this 
context, daylighting is of interest because it has been 
linked to resource efficiency and health. Around 40% 
of the total energy demand in western countries is 
caused by buildings [DOE 2012] and with some “25% 
of the energy consumption of office buildings coming 
from electric lighting”. Heating and cooling loads are 
obviously also greatly influenced by solar radiation 
[Franzetti et al. 2004]. Therefore, a smart use of the 
sun as a free local energy source in architecture 
becomes more and more essential in times of high 
energy prices and fossil fuel scarcity. 

Traditional building performance simulation research 
has mainly focused on individual buildings. There are 
tools available to evaluate buildings during design but 
these tools tend to require extended calculation times 
when it comes to daylighting analysis. During 
schematic design, variants can change on an hourly 
basis. In order to implement an evaluation step into the 
design workflow, simulation speed hence becomes a 
key requirement for successfully using simulation tools 
at the urban level. Another pitfall is that handling 
simulation results for dozens or hundreds of buildings 
and stories becomes prohibitively time consuming and 
tedious using conventional daylighting software. Yet 
another difficulty constitutes that current tools require 
very detailed inputs, many of which are unavailable 
during the master-planning phase, which in turn 
necessitates a very experienced user capable of making 
suitable assumptions. On the other hand, the 
importance of implementing design and evaluation 
tools during the master plan phase is self-evident given 
that decisions made at this point such as building 
proportions and their spatial interrelationship, largely 
make or break the solar and daylight potential of the 
individual buildings.  
For these reasons a number of researchers previously 
worked on urban daylighting analysis methods. 
Compagnon proposed a method that evaluates several 
sustainability metrics of urban massing models based 
on cumulative incident facade irradiations 
[Compagnon 2004]. He proposed suitable radiation 
ranges for passive solar heating, photovoltaic (PV), 
solar-hot-water (SHW) and daylighting in the Swiss 
context. He further developed a diagram to display the 
relationship between façade orientation and solar 
potential. The strength of this approach is that an entire 
district can be quantitatively evaluated by one diagram 
and one number [Compagnon 2004].  
While the suitability of installing PV and - to a degree - 
SHW can be evaluated based on cumulative radiation 
levels, the approach is less suitable when judging the 
potential for interior daylighting. The approach 
neglects the high dependency of reliable daylight 
simulations on the specificity of a building’s geometry. 
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Building on this previous work, this study hence 
presents two innovations: 
• An optimized work flow that automates the process 

of setting up an urban simulation and visualizing the 
results. 

• A methodology that translates outside hourly 
radiation data falling on facades into interior 
illuminance distributions to reduce computational 
effort. 

The latter method is compared to traditional detailed 
daylight simulations using Daysim/Radiance. 

METHODOLOGY 
Urban Daylight Design Metric: 
The main objective of this study was to create an 
optimized design workflow that evaluates and 
optimizes urban designs based on their daylight 
performance. The effort required to set-up and run a 
simulation therefore had to be largely reduced. A 
secondary goal was to make the workflow accessible to 
architects. To satisfy the latter criterion, the authors 
developed a method that provides both summary 
results for a building ensemble and detailed visual 
feedback so that underperforming areas of a design can 
be easily located, assuming that the information is 
required to use the tool not only for analysis and post 
rationalization but also as an interactive design tool. 
Thus, the tool allows an iterative process, whereby 
relevant relationships between good performance and 
shape can be studied. Along with other key 
architectural considerations, they can then be 
incorporated in a final massing model. It is especially 
important to mention that while developing proportion 
and layout of urban form, it is less relevant to localize 
photovoltaic panels than optimizing for “spatial 
quality” such as the lighting condition of a space. 
The IES Daylight Metrics Committee recently 
published a new metric that describes how much of a 
space can be considered “daylit” based on daylight 
autonomy simulations. According to the document the 
daylit area boundary is defined at the 50% daylight 
autonomy iso-contour line for a target illuminance of 
300 lux. In other words, a location in a space is 
considered daylit if the illuminance due to daylight is 
above 300 lux for half of the occupied time in the year, 
nominally considered to be daily from 8AM to 6PM. 
The procedure has the dual advantage that, on the one 
hand it can be condensed into a single, meaningful 
number, i.e. ”70% of a design variant’s area is daylit.” 
On the other hand it can also be displayed for each 
sensor individually to highlight areas that are 
underperforming. This mode of reporting relates 
directly to the built geometry and becomes thus a 
readable piece of information for designers. Daylight 

autonomy simulations can also be interpreted as hourly 
on/off schedules for artificial lighting. For this study 
occupancy schedules were configured so that every 
hour with non-vanishing outside daylighting levels was 
considered occupied in order to evaluate the daylight 
potential of a design. 

Simulation Environment: 
The CAD modeler Rhinoceros 3D was chosen as the 
underlying CAD environment of this work because this 
tool is widely used among architecture firms and 
schools with a strong emphasis on design excellence 
and computation [McNeel 2010]. The authors’ group 
also previously developed a series of environmental 
performance tools within Rhino and Grasshopper, 
which initially helped to quickly advance the project 
[Lagios, Niemasz and Reinhart 2010]. All simulations 
were performed on a recent Macbook Pro with an Intel 
I7 chipset running Windows 7 64Bit. 

Workflow: 
The overall structure of the program is as follows: 
Rhinoceros/Grasshopper is used to generate and/or 
manipulate geometry. The geometric information (3D 
model and sensor point files) is then exported in the 
Radiance/Daysim format. Then a script takes over and 
builds up the simulation input files and executes the 
exterior simulations. Once this step is completed, 
Rhinoceros/Grasshopper takes the computed results 
back and estimates the interior illuminance values as 
explained below. Finally, the daylight autonomy 
results are color-mapped onto the input geometry for 
display. 

The 3D model and geometric simplifications: 
To study the impact of the morphology of a building in 
relation to its context, the buildings are represented by 
their enclosing envelope. The following architectural 
assumptions are made: 
The geometric representation of the buildings can be 
simplified since the “influence of volumetric and 
relative building layout largely overweigh the 
importance or relevance of geometric detailing on 
building envelopes” [Compagnon 2004]. In addition, 
massing studies are usually very abstract geometries 
without detailed facade designs or fully designed 
interior spaces and structures. 
The buildings are split up into floors. The subdivision 
can be generated automatically for each building by 
entering a floor-to-floor distance or modeled manually. 
Consequently, the following architectural assumptions 
are made: A vertical façade, a side-lit space and a 
story-by-story subdivision. This covers most of the 
building proposals. The geometry of each building 
envelope has to be entered as a “brep-geometry” 
(boundary representation). One may think of the 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

614



enclosed building interior as a “light propagation zone” 
that takes the incident radiation of the façade as input 
and solves for the interior illuminance. 
Despite this geometric simplification, the tool allows to 
take into account typological characteristics of 
buildings, such as schematic zoning and representation 
of cores. Light wells, courtyards, even maisonette 
sections can be considered. In addition to the geometric 
representation, other parameters like materialization of 
the context with varying facade reflectances and 
glazing ratios are important factors as well. However, 
according to Compagnon the reflectance “parameters 
do not directly depend on urban form and their on-site 
measurement in a real case study area would require a 
huge effort. Therefore, a constant reflectance value 
(typically = 0.2) is assumed, but can be adjusted” 
[Compagnon 2004] in the Radiance geometry file that 
is exported to the simulation directory.  

The exterior solar radiation distribution: 
The radiation distribution calculation is performed with 
Daysim, a dynamic Radiance-based daylight 
simulation software. Its physical accuracy has been 
demonstrated in several studies [Reinhart 2001]. It uses 
daylight coefficients and the Perez sky model to 
predict hourly illuminance or radiation values. 
Ray tracing is then performed separately for each unit 
(building floor) in the scene. Virtual pyranometers and 
photometers are placed as a horizontal band around the 
building façade with an offset of 1cm and an inter-
sensor distance ranging form 20cm to 100cm. Each 
point represents a patch of the size of the inter-sensor 
distance times the floor height. The irradiation is 
assumed to be constant throughout that patch. This 
calculation step yields hourly data for each sensor in 
lux or watt. The information can be studied to predict 
the solar heating potential or the possibility of 
overheating. 

Generalized light propagation algorithm: 
The search for an efficient method to compute light 
propagation in a space is the core of this study. In order 
to establish a correlation that is valid for all possible 
scenarios and climates, all received light has to be 
diffused at the facade. This is a drastic simplification 
since it completely eliminates direct radiation in the 
interior distribution. Most significantly, low sun angles 
that would involve a deep solar penetration into the 
space cannot be taken into account in this approach. A 
justification for the approach is that - due to glare 
issues –building occupants necessarily close a 
manually controlled blind system once a larger amount 
of direct solar radiation is incident on a façade. The 
simulation error due to the simplification is hence 
largely contained to hours with low radiation exposure 
of the facades. The new method includes a dynamic 

blind system that becomes effective at a user defined 
radiation threshold. To predict the daylight potential a 
generalized façade with a maximum aperture had to be 
defined. A typical double glazed window has a visual 
transmission of 60% to 80%. To resemble a fully 
glazed façade with mullions and other structural 
elements the visual transmission of the entire façade 
was assumed to be at 50%. The 50% were also seen as 
a handy value that would facilitate later adjustment. 
The tool allows manipulating this value by a simple 
scaling factor. 
During the development of the correlation based light 
distribution algorithm, several different approaches 
were tested. Early versions worked with a 3D fitting 
function. The function returned a local illuminance 
value when façade radiation and node-façade distance 
were passed as arguments. This approach was not 
satisfactory since it could only compute light 
propagation perpendicular to the facade. It limited the 
possible geometries to boxes with 90 degree corner 
angles. However, this approach yielded promising 
results and proved that a correlation of incident 
radiation and interior illuminance was possible. In 
order to remove the limitations of the perpendicular, 

 
Figure 1 Graphic representation of the dataset and 

the geometric relationship between façade and 
work-plane sensors 

 
Figure 2 Correlation 
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vector based light propagation, a matrix as a lookup 
table was tested. The table consisted of a three 
dimensional matrix (x, y and incident radiation). The x 
and y dimensions describe the geometric relationship 
between façade sensor and interior work-plane sensor. 
This allows estimating the interior illuminance in a 
180-degree view angle within the bounds of the 
provided data. In contrast to the fitting function, which 
works with just the inter-sensor distance, the data look-
up approach requires a more complex geometric 
calculation. At each façade sensor, a local coordinate 
system, which is aligned with the inverse of the sensor 
normal, has to be established. This is analogous to 
rotating the light propagation dataset to align it with 
the tangent of the façade (Figure 1). Then the 
arguments x, y, and the incident radiation are passed to 
a function that looks up the closest data points and 
interpolates in-between them. 
 To reduce the computational cost, the three-
dimensional interpolation process was replaced by a 
two dimensional dataset that is idealized by a linear 
correlation between the incident solar radiation and the 
maximum illuminance value inside. This correlation is 
shown in Figure 2 (For the watt-lux correlation the 
formula’s slope changes to 7). This procedure returns 
the illuminance contribution of a façade sensor for a 

specific work-plane sensor. The program has to iterate 
over every inter-sensor relationship and accumulate 
each contribution at the work-plane sensor. This is 
repeated for every “sunny” hour of the year to write 
out an hourly illuminance file. In order to reduce the 
amount of iterations, inter-sensor relationships are only 
computed if they are closer than 20m to each other. 

Test cases: 
The new method was validated with respect to detailed 
Radiance/Daysim simulations in three steps. 
1) Influence of the climate: Different weather 
conditions at different locations were chosen to test 
their influence. The climates were: Munich, Germany 
[partly cloudy, lat 48.13 long 11.70], and Phoenix, 
Arizona [sunny, lat 33.45 long 111.98]. A square 
building with an edge length of 20m and 3m height 
was used. Each façade was equipped with a dynamic 
blind system with a shading coefficient of 40%. The 
activation threshold was set to 10,000 lux on the façade 
sensor. The results were compared with a classic 
Daysim calculation with dynamic blinds involving 14 
different simulations for each possible blind 
combination. These 14 separate results were 
consolidated into one “mixed” illuminance file, to 
represent the actual blind behavior of the four sided 
space. 
The results were then studied in the following way: 
First: A representative “cloudy” and “sunny” hour 
below the 10 klux threshold were picked to analyze the 
order of magnitude of the error that the diffusion of the 
light at the façade entails (Average of MBE and RMSE 
over the x-axis).  Second: The error for an entire year 
was studied (Average of MBE and RMSE over the x 
and y axis). The mean bias error and the root mean 
square error for the illuminace values but also for the 
results yielded by the daylight autonomy metrics are 
presented to study their error sensitivity. Third: The 
location of the error in the room was studied. 
2) Influence of the building geometry: The geometric 
simplifications and assumptions needed to be validated 
as well. To study their effect, the five geometric forms, 
depicted in Figure 3, were tested. For the more 
complex geometries with context it would have been 
necessary to divide the façade into many small 
segments with autonomous blind controls. Whereas 
this can be simulated easily with the new approach, it 
is almost impossible to do with Daysim. Therefore, the 
blinds were set to be constantly down resulting in a 
total of 50% visible transmission. This was modeled in 
Radiance with the “trans” material (Settings: 0 0 7 0.9 
0.90.9 0.05 0 0.59 0.01). The geometric study was 
performed in both climates and the annual measured 
error for the hourly illuminance values, continuous 
daylight autonomy and daylit area are reported below. 

 

 
Figure 3 Forms and dimensions [m] 

 

 
Figure  4 “Werkbundsiedlung” massing in three 

different iterative stages: Floor Space Index: 1.2, 2.0 
and 2.5 
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3) Case study: In order to demonstrate the 
functionality of the new methodology in a real world 
application, the winning competition entry for the 
“Werkbundsiedlung” in Munich by Kazunari 
Sakamoto was selected [Busenkell 2007]. The design, 
which involved 130,000 m2 of built area, was 
abstracted, and each floor was modeled as one light-
propagation zone. Zoning and occupancy types were 
not separately defined. Sakamoto’s design proposal, 
which did not undergo a stringent urban daylighting 
analysis, was designed according to the following 
principles: Sakamoto organized his design as a 
landscape continuum that flows through various 
compact point massing’s and establishes a disperse 
outdoor space with subtle borders between private and 
public [Busenkell 2007]. Therewith, Sakamoto 
articulated an opposing position to the closed block 
typology that is more common in Munich. It is 
particularly interesting to see how Sakamoto was able 
to evoke the feeling of airiness while at the same time 
achieving an urban density. This conflict between 
openness and density directly correlates to what 
designers are confronted with while optimizing their 
proposals for daylight performance. In the parametric 
variation study of the original design in Figure 4, it is 
shown how different design iterations with different 
spatial proportions can be compared easily with the 
novel method. The outdoor space is also analyzed 
qualitatively. In total 244 separate units/floors are 
evaluated per iteration. The geometry was coupled 
with a custom script in Grasshopper that calculates 
other urban design related data such as the site 
occupancy index, floor space index, cubic index, the 
number of apartments and the number of occupants on 
the fly. The daylight metrics are displayed in relation 
to the floor space index as an indicator for density of 
the design. Grasshopper is also used to alter the 
proportions of the geometry to generate three different 
massing’s with varying density. Afterwards multiple 
passes of the interior light propagation function were 
run to study different window-to-wall ratios. Similarly, 
different floor-to-floor distances or façade patterns 
could have been tested without recalculating the 
exterior radiation distribution.  
The following aspects are simulated: 
• Solar exposure of the facades: This is an 

intermediate simulation step to get the spatial 
daylight autonomy. 

• Daylight Autonomy and determination of the daylit 
area: The result can be displayed in two resolutions. 
A summary result for each light propagation zone 
can be mapped on the zone geometry. This is useful 
for large models to generate graphics that provide an 
overview. If more detail is needed, the point wise 
results can be displayed. This is especially useful to 

track down underperforming areas and understand 
why they are insufficiently lit. 

• Sun exposed hours of exterior spaces: In urban 
design the quality of the outdoors is as important as 
the interior. A derivate of the Daysim automation 
algorithm was developed to simulate the direct 
sunlight exposed hours. This is regarded as a simple 
metric to assess the quality of exterior spaces such as 
the courtyards patios, parks, building entries, etc. 

 

RESULTS 
Site characteristics: 
Figure 5 and Table 1 show typical error scenarios 
isolated for one hour. The location is a potential source 
for differences between an explicit interior Daysim 
simulation (reference case) and the new impulse 
response method. Latitude and longitude have an 
influence on the frequency of the occurrence of 
different sun angles. As expected, low sun angles and 
low radiation levels can be identified as sources of the 
deviation since the generalization requires sunlight to 
be diffused at the façade. Consequently, deep ray 
penetration cannot be modeled accurately. This leads 
to the error shown in Figure 5 in the center. The sunny 
morning shows a strong underestimation of the inner 
floor area. Another climate dependent source of error is 
the proportion of the diffuse and direct component of 
the light. Diffuser or “cloudier” climates yield smaller 
errors since the simplification to diffuse the light is 
“correct” more often. The diffuse sky condition 
depicted on the left, displays a small error with an 
underestimation of the near-façade area. The typical 
sunny day shows large deviations close to the facades. 
The correlation loses precision in high radiation ranges 
and tends to overestimate interior illuminance levels 
close to the facades. Table 2 shows how these three 
typical errors propagate into mean bias errors (MBE) 
and root mean square errors (RMSE) for an annual 
simulation with dynamic blinds in a sunny and cloudy 
climate. The deviation for DA and CDA are very small 
since it only matters whether the value is above or 
below the defined interior illuminance threshold. 
 

 
Figure 5 Mean bias error, location 
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Table 1: Measured error for three representative hours 

 

Sky Illuminace DA  CDA 

Diffuse -7%MBE, 8 %RMSE -9.3% MBE -1.5% MBE 

Low sun -19%MBE, 27%RMSE -11% MBE -18.9% MBE 

High sun 2%MBE, 5%RMSE 0% MBE 0% MBE 

 
Table 2: Annual measured error for dynamic blinds 

 

Loc. Hourly Illuminace DA  CDA 

Munich -6%MBE, 10%RMSE -9.1%MBE -4% MBE 

Phoenix -3%MBE, 13%RMSE -11% MBE -2.3% MBE 

 
Table 3: Annual measured error of different shapes 

with constantly lowered diffusing blinds, Munich 
 

Shape Hourly Illuminace CDA  DA 

1 0%MBE, 8%RMSE -0.6%MBE -4.4%MBE 

2 11%MBE, 13%RMSE 1.1%MBE 0.2%MBE 

3 1%MBE, 7%RMSE 0.2%MBE 0.0%MBE 

4 -3%MBE, 9%RMSE 0.0%MBE 0.0%MBE 

5 -8%MBE, 14%RMSE -1.1%MBE 0.0%MBE 

WERK -11% MBE, 13%RMSE -3.8%MBE -10%MBE 

 
Table 4: Annual measured error of different shapes 
with constantly lowered diffusing blinds, Phoenix 

 

Shape Hourly Illuminace CDA  DA 

1 1%MBE, 10%RMSE -0.5%MBE 0.0%MBE 

2 12%MBE, 16%RMSE 0.2%MBE 0.0%MBE 

3 2%MBE, 11%RMSE -0.1%MBE 0.0%MBE 

4 0%MBE, 13%RMSE -0.1%MBE 0.0%MBE 

5 -11%MBE, 18%RMSE -0.8%MBE 0.0%MBE 

 
Table 5: Simulation speed increase. 

 

Simulation Scenario Duration Speedup 

Dynamic blinds, 1 unit (case 1)(V1) 43 s 84 x 

Static blinds, 5 units (case 2)(V1) 6 m 6 x 

Real case, 244 units (case 3) (V1) 14 h 7.2 x 

Real case, 244 units (case 3) (V2) 110 min 54.9 x 

 
• DA (Daylit area in sDA500lux/50%) 
• CDA (Continuous daylight autonomy DA500lux) 

 
 
Geometry: 
Table 3 and 4summarize the shape related errors. 
Shape 2 and 5 have the largest deviation from the 
Daysim results. The cross-shape(2), is largely affected 
by the error-proneness of the near-façade areas that 
was identified before. It shows a strong tendency of 
overestimation. The cut-off radius of the light 
propagation algorithm, assumes that façade segments 
that are further than 20m away from the interior sensor 
have no relevant influence. This leads to errors in 
extremely deep buildings. The fifth geometry shows an 
underestimation of the interior light levels due to this 
effect. This could be avoided by increasing the cut-off 
distance at the cost of a longer simulation time. 
Similarly to the previously shown cases the annual 
climate based metrics can be predicted with very high 
precision for all designs. 
 
Case Study: 
In the case study, it becomes noticeable that the 
sampling rate of the façade sensors is limited to one 
horizontal band with a sensor distance between 0.2m-
1.0m. The highly irregular shading context cannot be 
modeled as detailed as the regular Daysim method and 
therefore leads to a slightly higher discrepancy in the 
results. However, this limitation still allows predicting 
the daylight metrics with a precision of 3.8 – 10%. The 
results are displayed in Table 3 under WERK. The 
graphical output of the results is demonstrated in 
Figure 6 and 7. Figure 6 gives a scene overview 
whereas Figure 7 can be used to analyze problem areas 
in detail. The parametric study (Figure 8) demonstrates 
the sensitivity of the two different metrics DA and 
CDA. The DA metric drops rapidly at a certain point 
since it is much stricter and only knows an on/off state 
compared to the CDA fraction. In addition the effect is 
enhanced because the altered window to wall ratio is 
modeled by a scaling factor that is applied to the 
incident solar radiation. This can be imagined as a frit 
that evenly covers the façade. This also explains why 
deviations in the interior illuminace predictions are 
pronounced much stronger in the DA than in the CDA 
metric. Figure 9 shows how the tool can be used to also 
evaluate outdoor spaces. 

 
Figure 6. Unit daylit area sDA500/50%, WWR50% for 

massing iteration one. 
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Figure 7. Node basedcDA500, WWR50% for massing 

iteration three. 

 
Figure 8. Parametric study showing three iterations 

with varying window to wall ratio. 
 

 
Figure9. Direct solar exposed hours for January to 

evaluate the quality of the outdoor space  
 

DISCUSSION 
Validity 
The results have shown that the method yields reliable 
results for urban daylighting studies. The precision 
with a 7-18% RMSE for the interior hourly 
illuminance values is acceptable and within the bounds 
of the precision of the underlying simulation engine 
Daysim, which has an RMSE between 6-26% 
[Reinhart 2001]. The “Werkbundsiedlung” case study 
yields MBEs and RMSEs that correspond to the 
isolated cases. The daylight metrics CDA and DA 
prove to be less sensitive to the errors above since 
large portions of the illuminance value errors manifest 
themselves as overestimation in the near façade areas 
at high radiation levels. This error barely affects the 
final metrics since they both cap the values above the 
thresholds. 

Required Effort 
Simulation times for the “Werkbundsiedlung” are in 
the order of 60min for the exterior ray-trace and 50min 
for the interior light propagation. This is an increase in 
simulation speed of 54.9 times compared to the classic 
Daysim approach without dynamic blinds. 
Additionally, the fully automated workflow pushes 
large-scale simulations into a feasible realm.  
For smaller scenarios with less than 10 separate units 
almost instant results can be achieved. This becomes 
interesting in combination with Grasshopper and its 
genetic algorithm “Galapagos”. Then the method can 
be used as a powerful urban form giver. 
A critical mind could argue that the development of a 
“faster” light propagation algorithm was a waste of 
time due to current developments in the computer 
realm. Similar to the “render-farms” known from the 
animation business, “cloud” services offer almost 
unlimited processor power for an affordable price. In 
addition, speed optimization of Radiance could make 
the developed algorithm obsolete. 
However, the authors believe that splitting up the 
process into an interior and exterior light propagation 
calculation has more benefits than just the speed 
advantage. The method yields several useful 
intermediate results, such as radiation on the façade, 
that are of similar interest to the designer as the interior 
daylight autonomy. It is inevitable that the solar 
exposure on the facades and the daylight autonomy 
need to be developed together, seeking mutual 
resolution of the sometimes conflicting demands. 
Further processing of this data with Energy Plus to 
predict the energy use intensity of the building has 
been tested and is under development. This would then 
also allow predicting undesirable over-heating and 
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could demonstrate, in greater detail, the potential of 
passive solar heating. 
Another benefit is the ease to simulate dynamic blind 
systems. For a space with just four different facades, 
Daysim needs to simulate 14 different conditions and 
then “mix” the results. Here the new method is 84 
times faster in addition to the much easier model setup. 

Future improvements 
For the future it is important to further remove the 
geometric limitations. Skylights or punched window 
facades can only be modeled indirectly. The Authors 
plan to integrate a radiosity-based algorithm to remove 
these limitations. This would also allow taking direct 
sunlight penetration into account and could improve 
the overall precision of the tool. 
A common disadvantage of many evaluation tools and 
the accompanying metrics is that it is often hard to 
judge and rank the computed results. Only through 
experience and through looking at multiple design 
variants iteratively we can say if a result is “good” or 
“bad”.  The authors plan to mitigate this inconvenience 
by generating a database that can be derived from a 
broad study of urban typologies, densities and their 
daylight performance. This could then be included in 
the tool as a “guide” system that can give feedback 
how good a result is compared to the known optimum. 
 

CONCLUSION 
The novel approach to calculate exterior radiation 
distribution paired with the generalized light 
propagation algorithm to compute the interior 
illumination distribution, introduces a method that is 
54.9 to 84 times faster than the standard 
Daysim/Radiance approach. Additionally, the model 
setup is fully automated. For the first time, it becomes 
possible to evaluate the daylight potential of urban 
designs within a feasible amount of time. The hourly 
results and the satisfactory precision of 7-18% for the 
interior illuminace and 3.8 – 10% for the climate based 
metrics allow us to study urban designs in great detail 
easily. 
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ABSTRACT 

This paper describes building modeling techniques 
used to analyze sustainable design solutions for a 
Master Plan in the hot-humid climate of Jakarta. 
Through analysis, fundamental environmental issues 
are addressed and key strategies are identified in order 
to construct design guidelines for a sustainable 
development. Many environmental issues were 
identified for the site, but this paper focuses on those 
analyzed using building energy modeling techniques: 
mitigating solar heat gain to buildings with optimized 
massing and block orientation, maximizing air flow 
and daylight potential through street alignment and 
width, and optimized shading strategies to prevent heat 
gain and the urban heat island effect. These strategies 
result in an aggregate increase in comfort and decrease 
in the percentage of time cooling is annually required. 

INTRODUCTION 
Jakarta is experiencing rapid, unsustainable growth 
and is located in a coastal region that is susceptible to 
impacts of climate change. Pollution, flooding, the 
urban heat island effect, and energy inefficiency are 
impacting the quality of life for Jakartans. More 
sustainable urban growth patterns can help to reduce 
the impact of growth on the local ecosystem.  

The master plan design for this suburban neighborhood 
strategically increases the density of housing from 
villas to townhomes and mid-rise multiunit complexes, 
particularly around centralized nodes that will be able 
to support efficient public transit systems. Building 
modeling was used to drive the form of the master plan 
including the spacing and orientation of the streets and 
buildings. Urban Design Guidelines were developed 
for the local architects using climate information and 
building modeling to optimize shading strategies.    

MASTER PLAN LAYOUT: SOLAR HEAT 
GAIN REDUCTION 
Solar heat gain is one component of the total building 
thermal heat gain that contribute to cooling loads. 
Buildings can limit the amount of solar heat gain 
transferred to the interior through a combination of 
strategies that involve material selection and façade 
detailing, but prior to these decisions, building 
orientation can reduce the amount of solar radiation a 
building receives. 

Optimal Solar Orientation  

The impact of building orientation on solar heat gain 
reduction fluctuates with the climate conditions and 
form of the building. For example, climates that 
regularly have overcast skies or low levels of direct 
solar radiation (averaging less than 1,000 W/m2) may 
not see an impact from shifting the building 
orientation. Additionally, surface area ratios play a 
large part in the effectiveness of the optimal 
orientation strategy. Buildings that are only one or two 
stories tall and have the majority of the surface area on 
the roof will have similar amounts of solar heat gain 
regardless of orientation. Square buildings that have 
similar amounts of vertical surface area on all 
elevations will also fail to see an impact from changes 
in orientation. At the master plan level, it is also 
important to consider the configuration of the 
buildings within the block and the impact of adjacent 
buildings. Identifying the optimal orientation for 
buildings within the master plan can help to develop 
the street grid axis.  

In Jakarta, levels of direct solar radiation are high 
enough throughout the year for orientation to have an 
impact on solar heat gain. The most common design 
typology featured in the master plan is a 3 to 4 story 
townhome which forms a long rectangular building 
when grouped together in a typical block. Autodesk 
Weather Tool was used, with a 12-month cooling load 
input, to determine the annual average optimal 
building orientation to minimize annual solar gain. The 
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results for a single rectangular building is 165°, since 
the east and west receive more direct solar exposure 
when the sun is low in the morning and afternoon than 
the south does when it is exposed to the very high 
midday sun (Figure 1). This optimal orientation angle 
is 15° east from due south because the sunlight is 
strongest in Jakarta in the morning when the sky is 
very clear, and slightly angling the building to the east 
helps to increase the incident angle of the sun to the 
vertical facades and reduce direct solar exposure. 

 

 
Figure 1 Optimal Building Orientation (Weather Tool, 
2010) 
 

Using Ecotect to determine the average daily incident 
solar radiation per façade, Figure 2 shows the resulting 
façade exposure throughout the day and year. Eastern 
facades, which receive the most exposure, should be 
minimized by elongating the building on the east-west 
axis to avoid excess solar heat gain to the buildings. 
The four charts on the bottom in Figure 2 reflect a -15° 
change from the four on the top. The result of this 
angle, determined in the optimum orientation chart 
(Figure 1), is an annual average decrease in solar 
radiation for the four building orientations of about 
1%, however the percentage reduction in direct solar 
radiation is up to 8%.  

 

 

 
 

 
 

 
Figure 2 Annual Solar Access per Façade in Jakarta 
(Ecotect, 2010) 
 

Due to the townhouse and multi-family residential unit 
typology that is prevalent in the master plan design, 
solar radiation reduction at the block scale was 
important. Using Autodesk Ecotect, two different 
residential typologies, “Medium Density” and “High 
Density”, were analyzed to confirm the block 
orientation (Figure 3 on the following page). For both 
schemes, exposure on the north-south oriented 
buildings is reduced when compared to the east-west 
orientation. The long block receives continuous solar 
radiation on the north and south, but the east and west 
surfaces are exposed only for a small portion of the 
day. The Medium Density scheme has a decrease in 
solar radiation of 7% from the east-west buildings to 
the north-south building, and the High Density scheme 
has a reduction of 9%. In general, the more vertical 
surface area a scheme has, the greater the difference 
between the solar radiation for the different 
orientations. The study confirmed that the blocks 
oriented east-west that contain north-south buildings 
are best for limiting solar gain. Solar control will also 
be much easier on glazed building fronts facing north 
and south.  
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Figure 3 Analysis Block Orientation (Ecotect, 2010) 

 

Drawing upon the information about block orientation 
and the -15° optimal angle from the studies in Figures 
1-3, the master plan street grid was laid out with major 
streets running east-west (technically -15° off) and the 
minor alleyways running north-south to minimize solar 
heat gain throughout the design. 

MASTER PLAN LAYOUT: DAYLIGHT 
Daylight access can help to increase the visual comfort 
of interior spaces and reduce electrical lighting energy 
which can make up 4% to over 30% of total energy 
loads depending on the building type and location. 
Daylight has been linked to an increase in work 
performance and health (Kats, 2003). Standards for 
daylight access exist for buildings and can earn a credit 
under the LEED Building Design and Construction 
rating systems, and although daylight standards for 
master plans are less common, planning guidelines 
often use setbacks and building height limits to enable 
daylight access.  

Building Spacing 

The studies performed for the Jakarta Master Plan go a 
step beyond standard planning guidelines and suggest 
that building spacing and window sizes can be 
optimized for daylight access. Building spacing has a 
direct correlation with daylight. As the building 
spacing increases, interior daylight access improves. 
Figure 4 shows one of the studies that demonstrates 
this theory.  

 

 
Figure 4 Daylight Analysis, June, 12:00pm (Radiance) 

 

Using a uniform design sky with an illumenance of 
17500 lux, a baseline daylight factor of 2 (equivalent 
to 350 lux) was set as a target based on U.S. Federal 
High Performance and Sustainable Buildings Criteria.  
The three buildings on the left in Figure 4 have a 
window height equal to the room height, width and 
depth, shown as 1H. The buildings on the right have a 
window height equal to 1/2 the room height, width and 
depth. 

In study #2, the distance between the two buildings is 
equal to their height. This ratio allows good daylight 
access when the widow height is also equal to 1H. For 
areas of the Master Plan that have narrower alleyways, 
daylight can be maximized by increasing the height of 
the window, introducing light shelves, decreasing 
room depth, and using light colored interior surfaces to 
reflect light deeper into rooms. Table 1 on the 
following page summarizes the findings of the daylight 
studies and their implementation as design guidelines. 
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Table 1 Daylight Study Summary 
 

STUDY 
# 

ACHIEVES 
ROOM 
AVERAGE 
DAYLIGHT 
FACTOR 
OF 2 FOR < 
50% OF 
THE ROOM 

BUILDING 
SPACING  
(RELATIVE 
TO 
BUILDING 
HEIGHT) 

WINDOW 
HEIGHT 
(RELATIVE 
TO 
BUILDING 
HEIGHT) 

1 Left Yes 2.0 H 1.0 H 
1 Right Yes 2.0 H 0.25 H 
2 Left Yes 1.0 H 1.0 H 
2 Right No 1.0 H 0.25 H 
3 Left No 0.25 H 1.0 H 
3 Right No 0.25 H 0.25H 
Resulting Building Design Guidelines:  
Building height to street width ratio of 1 should be achieved 
when possible in buildings where floor to ceiling glass is 
desired.  In residential mid-rise buildings where the glazing 
may be reduced for thermal performance or design 
aesthetics, the street width to building height ratio should 
increase to achieve a 1.5:1 or 2:1 ratio depending on the 
window heights to achieve adequate daylight levels. 
 

Tall buildings can help add needed density to a city, 
but the standard block form can limit daylight access. 
Cutting out portions of the building mass, as seen in 
Figure 5 can help to increase the daylight access to 
neighboring buildings. Provisions for mandatory solar 
envelope daylight studies for buildings that don’t 
comply with the street width to building height ratios 
in Table 1 were incorporated into the Design 
Guidelines.  

Access to daylight can be increase in blocks of taller 
buildings that are located on narrower streets by 
carving out portions of the block, shaping buildings or 
limiting building depth as shown in Figure 5 at the 
right. 

 

        ї  
 

        ї  
 
 

      ї  
Figure 5 Solar Envelope Diagrams Contrasting 
Typical and Improved Designs for Daylight Access 
 

MASTER PLAN LAYOUT: WIND 
CONSIDERATIONS 
Based on the ASHRAE 55 Comfort Model defined in 
Table 2 below, for adaptive comfort, natural 
ventilation improves comfort 54% of the year (shown 
in the psychometric chart from Autodesk Weather Tool 
in Figure 6 on the following page). 
 

Table 2 Adaptive Comfort using Natural Ventilation 
(Climate Consultant 5) 

 

ASHRAE 55 ADAPTIVE COMFORT MODEL 
DEFINITION 

90 % Acceptability Limits (80% or 90%) 
26.2 Minimum Mean Monthly Outdoor DB Temp. (33.5 

degrees C or less) 
28.3 Maximum Mean Monthly Outdoor DB Temp. (33.5 

degrees C or less) 
23.4 Comfort Low – Minimum Operative Temperature 

in this Climate (Degrees C) 
29.1 Comfort High – Maximum Operative Temperature 

in this Climate (Degrees C) 
(Note: Air Velocity is controlled by opening and closing 
windows) 
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Figure 6 Psychometric Chart for Jakarta showing an 
adaptive comfort strategy (Weather Tool, 2010) 
 

The optimal block orientation to enable wind 
movement in the larger streets is 150°-165° (Figure 7 
below), similar to the optimal orientation to minimize 
solar heat gain. Since the streets of the master plan are 
laid out for the breezes to flow down the major streets, 
design measures to induce breezes in the minor streets 
are required as well as guidelines insure building 
designs maximize breezes. 

 

 
Figure 7 Optimal Block Orientation 
 

Due to the limitations of CFD modeling for turbulent 
flow calculations, principles of wind behavior 
identified through wind tunnel analysis of past projects 
were used to formulate a set of wind design guidelines 
shown in Figure 8. 

 

 
Figure 8 Design Guidelines for Wind 
 

DESIGN GUIDELINES FOR SHADING 
Shading can reduce direct solar heat gain to facades. In 
order to develop Design Guidelines for the residential 
buildings, shading devices where optimized using 
Autodesk Solar Tool. This particular study is effective 
at the master plan level because shading devices will 
not only help to reduce the cooling loads in the project, 
resulting in lower microclimate temperatures, but also 
because the can create a strong cohesive design 
aesthetic for the project. Creating master plan 
guidelines related to the use of shading devices can 
also help to ensure that they are used properly for 
maximum effectiveness. The components of this 
functional design element, broken up by façade are 
outlined in varying degrees of shade cover in Figures 
8-11 on the following page. The strategy selected for 
the design may be based on a number of factors 
including the building’s overall percentage exposure 
and program type on the interior. 
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Figure 9 North Façade Shading Optimization using 
Solar Tool 
 

The north receives direct solar exposure during the 
winter months. Midday, the sun is high, so a horizontal 
shading device about half as deep as the window width 
will shade the entire glazing. During the morning and 
afternoon, the sun is low and nearly parallel to the 
north façade, making vertical shading devices an 
effective strategy. Shading devices in this example are 
only about 1/4 as wide as the window is tall. 

 

 
Figure 10 South Shading Optimization using Solar 
Tool 
 

The south receives direct exposure during the summer 
months. Midday, the sun is high, and a horizontal 
shading device about 1/4 as deep as the window is 
wide will shade the entire glazing. In the morning and 
afternoon, the sun is low and nearly parallel to the 
south façade, making vertical shading devices an 
effective strategy. Shading devices in this example are 
only about 1/5 as wide as the window is tall. 

 

 
Figure 11 West Shading Optimization using Solar Tool 
 

On the west, the midday sun does not hit the façade 
until around 13:00, and the altitude is still high at 
14:00. A horizontal shading device about 1/4 as deep 
as the window is wide will shade most of the glazing. 
In the morning and afternoon, the west receives direct 
solar exposure in the afternoon throughout the year. In 
March, the afternoon sun is perpendicular to this 

façade when the sun is low, making angled vertical 
shading devices an effective strategy. Shading devices 
in this example are about 1/3 as wide as the window is 
tall, but their effectiveness can be attributed to the 60 
degree angle. 

 

 
Figure 12 East Shading Optimization using Solar Tool 
 

On the east, the midday sun altitude is high at 11:00am 
and after 12:00pm, no longer hits this façade. A 
horizontal shading device about half as deep as the 
window is wide will shade most of the glazing. The 
east receives direct solar exposure in the morning 
throughout the year. In March, the morning sun is 
perpendicular to this façade when the sun is low, 
making angled vertical shading devices an effective 
strategy. Shading devices in this example are about 1/3 
as wide as the window is tall, but their effectiveness 
can be attributed to the 60 degree angle. 

A comprehensive shading strategy for a master plan 
should also include shading of the pedestrian realm to 
enhance the usability of plazas and encourage walking. 
An Autodesk Ecotect Shading Study of two different 
horizontal canopy designs (Figure 13 below) shows 
that annual solar exposure can be reduced by 33%-
46%. 

 

 
Figure 13 Design Guidelines for Pedestrian Shading 

 

Shading structures or trees can eliminate or reduce 
direct solar exposure throughout the day which can 
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reduce the amount of heat stored in hard surfaces and 
mitigate the urban heat island effect. Resulting design 
guidelines require trees or canopies covering >50% of 
pedestrian-oriented hardscaped areas. This percentage 
was derived from LEED Building Design and 
Construction 2009 requirements for heat island 
reduction. 

CONCLUSION 
The Sustainable Design Guidelines which were 
formulated through an in depth analysis of the climate, 
local typologies, and potential strategies significantly 
contributed to the final design and layout of the master 
plan. These Guidelines aim to provide the local 
Jakartan developer and architects with applicable 
design principles that would help to establish a 
community that is more sustainable than neighboring 
communities. Resulting strategies from the sustainable 
design guidelines include: buildings arranged to buffer 
each other against eastern solar gains, denser blocks 
oriented north-south to reduce surfaces exposed to the 
east, solar envelope geometries to encourage daylight, 
street width to building height ratio to improve 
daylight penetration to the buildings and promote 
breezes, and shading from urban canopies for 
pedestrians and louvers for the buildings. The final 
design fully integrates the results of the analysis and 
uses the Sustainable Design Guidelines to inform the 
form and configuration of the new development. 
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ABSTRACT 

We present a method for generating detailed geometric 
urban massing models combined with building 
footprint and material information from large GIS 
datasets and LiDAR elevation measurements. An 
example model for the city of Cambridge, 
Massachusetts, USA that contains over 17,000 
buildings is used as input for annual solar radiation 
calculations using the RADIANCE / DAYSIM 
simulation engine. Based on hourly irradiance 
calculation results, we find it possible to make 
recommendations for PV placement on a building and 
to intelligently determine the total and useful roof area 
of buildings. Simulation results are compared to those 
typically used in practice to produce solar radiation 
maps of other US cities. It is found that the presented 
method yields better geometric accuracy and higher 
irradiation predictions compared to previous methods. 
This results in increased predicted PV energy 
production at lower installation costs and more 
accurate estimates of useful rooftop area. 

INTRODUCTION 

It has become increasingly popular for cities and 
municipalities to create solar potential maps with the 
intent of promoting renewable energy generation 
through photovoltaic (PV) panel installations within 
those jurisdictions. In the United States, large cities 
such as Boston, Los Angeles, New York City and 
Portland provide online maps which allow building 
owners to look up their address and view personalized 
predictions of, 

 electric production from a PV system (kWh) 

 energy savings from a SHW system (Therms) 

 resulting annual electricity savings (dollars) 

 carbon savings (lbs) 

 useful roof area (sq. ft.) 

 system payback period (years) 

 system costs (dollars) 

 local rebates and incentive programs 

The objective of these maps and accompanying 
personalized property information is to reduce summer 
time peak loads, increase the environmental awareness 
of residents, reducing greenhouse gas emissions and to 
improve the sustainable image of a city through the 
expansion of solar energy technology.  

While a number of cities have already generated such 
solar maps, to the authors’ knowledge, limited 
attention has been paid to the assumptions and 
calculation methods underlying these maps. The 
objectives of this paper are hence threefold.  

We initially present a method of how a validated solar 
radiation calculation algorithm, thus far only been used 
at the individual building scale, can be applied to a 
city-sized model of Cambridge, Massachusetts, USA. 
The new method creates city-wide solar potential maps 
with a high degree of spatial and predictive accuracy 
based on the generation of a high resolution three-
dimensional (3D) model sourced from available 
geographic information systems (GIS) data. Our model 
applies validated simulation methods which take into 
account detailed geometric data including shadowing 
from surrounding buildings, typical climate data, and 
reflections between buildings and the urban landscape. 
The results from this model are spatially and 
temporally rich; the variation of irradiation across a 
rooftop is displayed, and data is available at hourly 
time-steps for detailed peak load analysis and PV 
energy yield calculations. Secondly, we use the 
simulation results generated during the first step as a 
reference against which we compare results that one 
would obtain using the methods underlying other solar 
radiation maps. Finally, we discuss what relevance 
varying simulation results may have at both the 
individual building owner and city-wide policy level.  

REVIEW OF CURRENT METHODS 

Irradiation Calculations 

In a review of eleven solar potential maps for North 
American cities (Table 1), we found that there are three 
typical predictive methodologies in place for 
calculating rooftop irradiation. Three (27%) of the 
surveyed maps used a constant assumption for solar 
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irradiation reaching a building rooftop. One (9%) 
reported using the National Renewable Energy 
Laboratory’s (NREL) PVWatts calculation module. 
Another five (45%) used the Solar Analyst plugin 
within Esri’s ArcGIS program. The remaining maps 
did not report their calculation methodology.  

The use of a constant, global horizontal, solar radiation 
value across a rooftop will be inaccurate in many 
cases, for example buildings with peaked roofs. Such a 
constant value also does not consider local urban 
context such as trees and neighboring buildings which 
shade building rooftops. Also, the complex forms of 
individual roofs are ignored. Advocates of this 
approach determine the useful roof area for PV 
installation by using either a constant percentage 
(Boston, Portland) or based on orthophotographic 
image analysis techniques (San Francisco, Berkeley). 
The NREL PVWatts module is essentially a modified 
version of the constant approach (Marion, et al. 2001). 
Solar irradiation is distributed on a 40km square grid 
for the entire United States based on the typical 
meteorological year 2 (TMY), dataset. Local TMY2 
irradiation data is used in combination with PV panel 
tilt, orientation, and urban temperature conditions to 
determine energy production. While roof shape is 
treated with greater detail than in a solar constant 
approach, shading from adjacent urban surfaces also 
cannot be modeled using the PVWatts module. 

Since Esri’s Solar Analyst plugin, based on the work of  
Fu and Rich (1999), currently constitutes the most 
widely used irradiation calculation method, it is 
discussed in greater detail. In this method, a sky mask 
is initially generated based on the surroundings of each 
pixel of a digital elevation model (DEM). A DEM is a 
geolocated raster image where the values of individual 
pixels correspond to elevation measurements. The 
direct and diffuse components of irradiation are 
calculated based on what amount of the sky can be 
seen from each pixel. Direct irradiation is calculated in 
accordance with the sun position, the slope of the 
DEM, a fixed transmissivity coefficient, and the 

distance a solar ray must travel through the 
atmosphere. Diffuse irradiation is calculated in much 
the same way as the direct component, based on either 
a uniform sky model or a standard overcast model; 
however, no solar map reports on its website which sky 
model was used. 

In Solar Analyst, sky transmissivity and the ratio 
between direct and diffuse insolation are fixed, 
constant values throughout the year. These 
assumptions can have a significant effect on the 
calculated annual radiation. For example, the Boston 
Logan TMY3 weather data illustrates a ratio between 
direct and diffuse irradiation which varies widely 
throughout the year (US Department of Energy 2012). 
The mean value of the hourly direct-to-total ratio of 
insolation is 64.2% for the 4,604 daylit hours in the 
Boston TMY3 weather file; however, the standard 
deviation from the mean is 31.3%. Further, the amount 
of cloud cover and thus atmospheric transmissivity 
varies throughout the year. Therefore, it is inaccurate 
to pick one value to adequately represent these factors. 
The extreme variance in direct and diffuse radiation 
throughout the year and cloud cover is shown in Figure 
1 for the Boston climate TMY3 dataset. 

As Solar Analyst uses only a sky mask based on a 
DEM, it has no capacity to model reflections between 
buildings, from surrounding trees or from the urban 
terrain. It has been proposed to assume a directional 
constant of reflected irradiation for obscured sky areas 
(Rich, et al. 1994), but it would be inadequate to 
consider complex reflections from surrounding 
buildings. 

 

Table 1 Survey of Existing Solar Potential Mapping Methods in North America 
 

CITY URL FLAT 
ROOF 

CALCULATION METHOD 

Anaheim 
Berkeley 
Boston 
Denver 
Los Angeles County 
Madison 
New York City 
Portland 
Salt Lake City 
San Diego 
San Francisco 

http://anaheim.solarmap.org/ 
http://berkeley.solarmap.org/ 
http://gis.cityofboston.gov/SolarBoston/ 
http://solarmap.drcog.org/ 
http://solarmap.lacounty.gov/ 
http://solarmap.cityofmadison.com/madisun/ 
http://nycsolarmap.com/ 
http://oregon.cleanenergymap.com/ 
http://www.slcgovsolar.com/ 
http://sd.solarmap.org/solar/index.php 
http://sf.solarmap.org/ 

No 
Yes 
Yes 

? 
No 
? 

No 
Yes 
No 
? 

Yes 

Solar Analyst 
Constant Multiplied by Usable Roof Area 
Solar Analyst 
Unknown 
Unknown (Assumed, Solar Analyst) 
PVWatts with Sunlit Hours Graphic 
Solar Analyst 
Constant Assumption 
Solar Analyst 
Unknown 
Constant Multiplied by Usable Roof Area 
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0 0 1 ∙
 

(1) 

where  is the unitized roof surface normal vector.  

We further realize that photovoltaic performance is 
dependant on many factors which are unknown at the 
time of making a conceptual irradiation map such as 
module efficiency, panel orientation and maintainance. 
However, it is known that temperature and radiation 
heating up the panel will have an adverse effect on its 
production. The urban ambient temperature (Tamb, ° ) 
and the incident irradiation (E, Wm-2) at each timestep 
can be used to estimate the temperature of the 
photovoltaic panel (Tc), shown in Equation 2, by 
relying upon knowledge of the nominal operating cell 
temperature at ideal conditions (T0) (Luque and 
Hegedus 2011) Further, the photovoltaic maximum 
power at ideal conditions ( , ) can be derated 
based on a temperature correction factor ( ) equal to 
0.0038°  (Equation 3) (Marion, et al. 2001). 

20° /800  (2) 

∗ 	 1 ∗  (3) 

Equations 2 and 3 above are used as a first-order 
approximation in derating panel efficiency based on 
temperature and point irradiation at each hourly 
timestep. 

Determination of Useful Rooftop Area 

Useful rooftop area in our model is calculated based on 
predicted economic feasibility of panels installed at a 
location. Further, any roof surface sloping greater than 
60 degrees (67%) was discarded as it is approaching 
being considered a vertical surface or wall.   

On average, PV installations cost approximately $5.67 
per watt in Cambridge in 2011 (MassCEC, 2012). We 
assume that a panel is rated at 17.2 W/ft2 (185W/m2) 
(Sunpower E18/230W 2012), installation cost is 
$97.52/ft2 ($1049.70/m2), and the cost of electricity is 
$0.15/kWh. If we consider a 10 year investment period 
with a 10% discount rate per year, 115.7 kWh/ft2/yr 
(1244.9 kWh/m2/yr) must be generated to have a net 
present value (NPV) in which the investment breaks 
even (NPV equals zero). In ideal circumstances this 
would require a panel efficiency of nearly 80% in 
Cambridge! To achieve a simple payback over the 
same 10 year period, only 65kWh/ft2/yr (699.7 
kWh/m2/yr) must be generated. Still, this requires a 
panel efficiency of approximately 50%.  

However, there are national and state rebate programs 
that dramatically improve the feasibility of the 
installation of PV for residential properties. The federal 
government offers a 30% tax rebate on the cost of a PV 
installation up to a maximum of $2,000 (Energy 

Improvement and Extension Act 2008). Further, 
Massachusetts offers a 15% rebate up to a maximum of 
$1,000 that can be carried over for three years 
(Residential Renewable Energy Income Tax Credit 
1979). The Massachusetts Clean Energy Center offers 
a minimum $0.40/W rebate on new PV systems 
(MassCEC 2012). Finally, Massachusetts offers a 
100% protection from increased property taxes due to 
PV installations for a 20 year period (Renewable 
Energy Property Tax Exemption 1975). Factoring these 
rebates into the previous NPV calculation, it is possible 
to have a break even point for an unshaded panel at 
~24% efficiency, which is still not an ideal financial 
incentive, but things are markedly improved. Looking 
at simple payback over a period of 10 years for our 
example Sunpower panel, any point with over 56.6 
kWh/ft2 (609 kWh/m2) irradiation per year is likely to 
recoup its value while providing additional savings 
after the initial 10 year period as the effective lifetime 
of a PV system is known to be typically greater than 30 
years. Thus, points with greater than 609 kWh/m2 and 
their associated roof areas are considered to be useful 
to install PV panels. As such sensor points are 
displayed spatially across the roof (see results section), 
it is possible to determine optimal placement locations 
for PV panels. 

Geolocation of Data From GIS to Radiance Models 

All GIS models including the LiDAR data and building 
footprints were constructed in the projected North 
American Datum 1983, Massachusetts State Plane 
Mainland coordinates system (Schwarz and Wade 
1990). This is a serendipitous choice as distances and 
areas can still be measured without necessitating 
corrections. Thus, the Radiance simulation model was 
built in an identical coordinate system. The 
Massachusetts State Plane system also has a known 
relationship between X and Y coordinates and latitude 
and longitude global coordinates. It is possible to 
translate easily between the two coordinate systems by 
use of an Inverse Lambert Conformal Conic Projection 
with proper parameters. 

RESULTS 
In this section, the results from methodologies 
discussed in the “Review of Current Methods” section 
are compared with our own detailed method. Ten 
buildings are used for the purposes of the comparison 
from the over 17,000 in the Cambridge dataset. Of 
these ten buildings, five can be described as having flat 
roofs; however, they often have HVAC equipment 
present on the roof such that it is not truly flat. The 
other five have roofs of some complexity with at least 
one ridge line. These test buildings are shown in Figure 
3. For our 5’x5’ grid of analysis points across each 
building, annual and monthly irradiation data was used 
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ABSTRACT 

Daylight potential for interior spaces has been 

one of the primary concerns of building 

performance simulation and various 

performance indicators have been proposed for 

interior daylighting quality evaluation. 

However, interior daylight simulation on urban 

scale is time consuming and might be affected 

by a variety of factors. There is the need for 

measurement on urban scale that can provide 

relatively efficient and precise estimation of 

interior daylight potential. A daylight 

performance indicator for urban analysis was 

proposed: facade Vertical Daylight Factor per 

unit floor area, which is calculated as area-

weighted total facade Vertical Daylight Factor 

divided by total floor area. Numerical 

simulation was conducted across 20 generic 

forms and 4 different density scenarios. The 

results showed a strong and positive 

correlation between the proposed indicator and 

the reference indicator of interior daylight 

potential, i.e. area-weighted average horizontal 

Daylight Factor at work plane height. The 

utility of the proposed daylight performance 

indicator lies in its efficiency of simulation for 

urban scale of analysis and, therefore, the 

impacts of geometry, spatial arrangement and 

envelope material properties of urban built 

forms on interior daylight potential can be 

evaluated efficiently in the early planning 

stage. The limitations of this study and 

potential future explorations are also 

addressed. 

 

 

1. INTRODUCTION 

 

Urban morphology and building typology have 

significant impacts on a variety of 

environmental performances of urban built 

forms, such as energy consumption (Ratti, 

Baker, & Steemers, 2005; Salat, 2009) and 

incident solar radiation (Kämpf, Montavon, 

Bunyesc, & Bolliger, 2010; Robinson, 2006). 

Daylight is one of the primary concerns in 

architectural design and urban planning 

regarding the urban sustainability agenda as it 

has multifaceted implications on human 

physiological and psychological well-being 

and building energy consumption.  

 

Research Question 

Various performance metrics have been 

proposed to evaluate interior daylighting 

quality on building level (Christoph F. 

Reinhart, 2006). However, these metrics are 

primarily developed for interior spaces and 

they are not efficient to apply in urban studies. 

For example, supposing three building mass 

designs are proposed under the same design 

conditions. The interior daylight level of the 

primary interior spaces for these designs may 

depend on a variety of factors, such as the 

spacing to obstruction, fenestration design, 

building material properties and interior spatial 

layout. Site level evaluation of the daylight 

performance for all the individual interior 

spaces across the three design options may 

become impractical to manage. The question is 

whether we can develop measurement for 

urban scale comparative analysis that allows 

relatively efficient and precise estimation of 

interior daylight potential in the early stage of 

urban planning and architectural design for 

various design options so that their relative 

performances can be assessed. A variety of 

studies have attempted to address the issue of 

daylight potential as a function of built form in 

this regard. 

 

Relevant Studies 

In Ratti et al’s (2003) study, daylight 

availability, which was measured indirectly 

through average Sky View Factor (SVF) on 

building facade and ground surface, was 

examined for different building typologies 
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regarding their suitability in hot-arid climate. 

The results suggested that courtyard 

configuration seems to perform better than 

pavilion types.   

 

Cheng et al (2006) explored the relationships 

between urban built form, density and solar 

potential in a parametric study which 

examined a series of generic urban forms in 

different densities and spatial layouts. It was 

found that built form may have significant 

impacts on daylight availability as indicated by 

average facade Daylight Factor, and the effect 

of horizontal randomness was stronger in high 

density scenario than for low density scenario 

whereas the effect of vertical randomness was 

significant across all density scenario. The 

implications are that daylight availability 

might be significantly improved by changing 

the spatial layout of urban geometries without 

compromising the density, and increasing built 

density may not necessarily lead to the 

decrease of daylight availability, depending on 

how the built forms are arranged.  Similar 

findings have been reported in early parametric 

studies by Ng (2004, 2005b).  

 

Montavon et al (2006) examined the daylight 

viability for the built forms in La Ville 

Radieuse as proposed by Le Corbusier for 

Paris. Using the indicator of percentage of 

facade area receiving, on average, 10klux or 

more daylight annually, they found that the 

daylight performance for the cross-shape high-

rise building was inferior to that for the 

traditional low-rise compact Parisian urban 

street blocks, whereas the low-rise perimeter 

blocks as proposed in Le Corbusier’s design 

seem to perform better than the tradition 

Parisian blocks. Their findings also suggested 

that built form may have significant impacts on 

the effectiveness of heliothermic axis which 

represents the most desirable orientation for 

buildings in a given geographic location 

regarding solar access.  

 

In a series of studies on daylight quality in 

high density urban environment, Ng (2003a, 

2003b, 2005a, 2010; Ng & Cheng, 2004) 

proposed the concept of Unobstructed Vision 

Area (UVA), which is measured as the area of 

a horizontal vision cone unobstructed by 

buildings in from of a vertical window, as an 

indicator for facade daylight level. Parametric 

studies utilizing generic square blocks in 

typical spatial configuration in Hong Kong 

suggested that UVA is positively correlated 

with Vertical Daylight Factor. Depending on 

the minimum VDF required and location of 

windows, minimum UVA can then be 

specified for a given design scenario, 

therefore, facilitating the adjustment and 

regulation of the design.  

 

An Alternative Thinking 

For the studies mentioned above analysis on 

urban level daylight potential seemed to focus 

on comparing the overall quantity of daylight 

on building facade, either through measuring 

via a proxy variable such as SVF, calculating 

average VDF, or percentage of facade 

achieving certain level of daylight intensity for 

various urban forms, or on describing the 

probability of a specific point on facade to 

achieve a required daylight level within a 

given physical context (Ng, 2009, p. 189). An 

alternative thinking might be linking the 

quantity of daylight receivable on facade with 

usable floor spaces associated with a given 

form under a given density in that the daylight 

distribution across the floor spaces at a given 

height (e.g. at work plane height) is what 

ultimately concerns the users.  

 

For example, there’re two buildings with the 

same form and same physical context. One has 

only one story whereas the other has two 

stories within the same built volume. They 

may have the same score if average VDF or 

percentage of facade with VDF above certain 

threshold value is calculated for them because 

they have the same facade area. However, the 

amount of daylight penetrating the facade and 

shared by each floor will be different for the 

two buildings, assuming the fenestration 

design is the same in both cases. The floor of 

the one-story building may receive higher level 

of light through the entire facade whereas each 

floor in the two-story building may receive 

lower level of daylight as a result of the light 

coming from only half of the facade. 

Obviously, the difference in the implication of 

facade daylight level on interior daylight level 

can be attributed to the difference in the 

amount of usable floor spaces. Another 

example is what was discussed in Montavon 

and colleagues’ (2006) study. As they pointed 

out, although the overall daylight performance 

of the high-rise tower proposed by Le 

Corbusier was inferior to the typical Parisian 

blocks according to the performance indicator 

used in the study, the facade convolution 

implemented in the “deeply serrated” design 

may actually increase facade area, allowing 

light coming from side to penetrate deeper into 

the rooms behind the facade and thus increase 

the light level at the inner part of the interior 

spaces.  
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The Proposed Indicator  

It is argued that in urban scale analysis the 

quantity of an environmental variable, be it 

solar radiation or daylight, as aggregated or 

averaged for building surfaces may only 

capture one aspect of the story about the 

overall environmental performance of urban 

forms. In order to obtain the first level of 

understanding on the implications of facade-

level environmental quantity to interior-level 

environmental potential by taking into account 

the built density, accumulated environmental 

quantity on facades as shared by usable floor 

spaces may need to be measured for different 

urban forms.  

 

An urban scale daylight performance indicator, 

“facade Vertical Daylight Factor (VDF)
1
 per 

unit floor area” which is calculated as area-

weighted total facade VDF divided by total 

floor area or Gross Floor Area (GFA), is 

proposed in this regard (Figure 1).  

 

 

Figure 1. The proposed urban scale daylight 

performance indicator 

 

Similar to the concept of Floor Area Ratio 

(FAR) or plot ratio in urban planning, which is 

an indicator of built density that prescribes the 

amount of usable floor spaces buildable per 

unit area of the site, the proposed indicator 

measures the average amount of daylight 

falling on facade that may eventually affect 

every unit area of usable floor space.  

 

The basic assumption of the proposed indicator 

is that interior daylight potential is primarily 

dependent on the amount of daylight 

receivable on building facade in the first place 

(Ng, 2004; Ng & Wong, 2004), other than 

been affected by factors such as obstruction, 

fenestration, material properties and interior 

layout. And facade daylight level is primarily 

affected by geometries of building mass, 

facade material properties and site-level spatial 

arrangement of built forms and therefore can 

be adjusted through design intervention in the 

early stage of planning.  

 

Objectives 

This paper reports the methods and results of 

evaluating the proposed daylight performance 

indicator in relation to interior daylight 

potential, which is measured by a reference 

indicator “area-weighted average horizontal 

daylight factor at work plane height (0.85m)”, 

assuming the respective facade is fully open 

(Figure 2). This reference indicator captures 

the maximum potential of daylight penetration 

for a given form by opening up its facade and 

calculating the average level of daylight 

distributed across the entire floor space.   

 

 

Figure 2. The proposed indicator and the 

reference indicator (colors indicate different 

Daylight Factor values as simulated)  

 

 

2. METHODS 

 

The Forms 

Twenty generic forms with the same foot print 

area (625m
2
) which capture a wide range of 

planar geometric characteristics were selected 

for simulation studies (Figure 3). They 

represent some of the typical building forms 

according to preliminary review of a pool of 

real urban built forms. Each form was 

positioned at the center of a square-shape site 

(50x50m, site coverage = 25%). The 

architectural dimensions of the forms and site 

were controlled to be realistic in terms of 

width and depth. The purpose was to examine 

if the relationship to be tested may vary 

significantly across different forms under a 

given density.  
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Figure 3. The 20 generic forms tested 

 

The Context 

Instead of being simulated in a fixed physical 

context, each form and the site was surrounded 

by two layers of replications of itself. In this 

regard, a theoretically homogenous context 

composed of the same form and in the same 

spatial layout unique for each form was 

created
2
. The theoretical performance for the 

center block in this theoretical context was 

thus simulated and compared (Figure 4).  

 

 

Figure 4. An example of the theoretically 

homogenous simulation context (the plot from 

which data was extracted is marked in dotted 

line)  

 

The Densities 

To examine the sensitivity of the relationships 

to be tested to the variation of density, four 

different density scenarios were tested for each 

form by increasing the height of the forms 

(Figure 5) from 4 stories to 12, 24 and 36 

stories, resulting in densities ranging from low 

(FAR=1), medium (FAR=3) to high (FAR=6 

and 9).  

 

 

Figure 5. The four density scenarios tested 

 

Simulation 

The simulation was performed floor by floor, 

form by form and density by density in 

Radiance. VDF for the facade of a given floor 

was simulated by setting sensors on facade in 

1x1m spacing with normal perpendicular to 

facade. Interior horizontal DF for a given floor 

was calculated by removing the facade surface 

of the respective floor and setting upward 

sensors at work plane height (0.85m) in 1x1m 

spacing (Figure 6). The floor by floor data was 

then aggregated for the analyses related to the 

entire facade surfaces and the entire floor 

spaces (Figure 7). 

 

 

Figure 6. An example of the location of light 

sensors on façade and that on work plane 

height for a given floor 

 

 

Figure 7. An example of the façade VDF and 

interior horizontal DF as visualized 

 

Analysis 

The bivariate correlation analyses conducted 

were illustrated in Table 1. Other than the 

relationship between the proposed indicator 

and the reference indicator (IV), three other 

analyses were performed to examine: I) if the 

average amount of light received on facade and 

that of the entire floor space is correlated on a 

floor-by-floor basis; II) if the average amount 

of light received on the entire facade is a good 

predictor of the average daylight level 

calculated for all floors (the reference 

indicator); III) if the total amount of light 

received on the facade and that for the entire 

floor space is correlated on a floor-by-floor 

basis. Each of the four relationships were also 

further examined to check its sensitivity to the 

variation of form and density.  
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Table 1. The relationships examined 
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Table 1. (Continued) 

 Total amount of daylight 
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IV ).  

 

(Note: Since the denominators for both variables 

are the same, this analysis is actually comparing 

the total amount of daylight for the entire facade 

vs the total amount of daylight for all floors.)  

 

3. RESULTS 

 

I) Generally speaking, the average facade VDF 

for a given floor was significantly correlated 

with the average horizontal DF for the 

respective floor (R
2
=0.895, p<0.0001) across 

all 20 forms and all 4 density scenarios (Figure 

8).   

 

 

Figure 8. Average facade VDF of a given floor 

vs. average horizontal DF of the floor across 

all forms and densities 

  

This relationship didn’t vary much across 

different forms, as indicated by R
2
 calculated 

for each form which ranged from 0.9932 for 

form Q to 0.9964 for form S (Fig 9, left). The 

relationship tested seemed to become stronger 

as density increased, as indicated by the R
2
 

calculated for each density scenario which 

increased from .075 for FAR1 to .918 for 

FAR9 (Fig 9, right).  
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Figure 9. Average facade VDF of a given floor 

vs. average horizontal DF of the floor by form 

(left) and by density (right) 

 

II) The average VDF calculated for the entier  

facade seemed to have a significant but 

relatively weaker corrlation with the average 

horizontal DF for all the floors (R
2
=0.795, 

p<0.0001) across the 20 forms and 4 density 

scenarios (Fig 10).  The clusters as shown in 

the graph is due to the incontinuity of the 

density scenarios tested here.  

 

 

Figure 10. Average VDF of the entire facade 

vs. average horizontal DF for all the floors 

 

The relationship tested also didn’t vary a lot 

across different forms, with the R
2
 calculated 

for each form ranging from 0.9985 for form Q 

to 0.9996 for form A (Fig 11, left). However, 

as density increased the correlation between 

these two variables become weaker and 

weaker and less and less significant, as 

indicated by the R
2
 calculated for each density 

scenario which dropped significantly from 

.671(p<0.001) for FAR1 to .149(p=.092) for 

FAR9 (Fig 11, right). The results suggested the 

relationship between average VDF as 

calculated for the entire facade and average DF 

for all floors might be significantly affected by 

density.   

   

Figure 11. Average VDF of the entire facade 

vs. average horizontal DF for all the floors by 

form (left) and by density (right) 

 

III) The total VDF for the facade of a given 

floor was significantly and strongly correlated 

with the total horizontal DF on work plane 

height for the entire floor space of the given 

floor (R
2
=.991, p<.0001) across all forms and 

densities (Fig 12).  

 

Figure 12. Total VDF for facade of a floor vs. 

total horizontal DF for the floor across all 

forms and densities 

 

This relationship varied little across different 

forms, as indicated by the R
2
 calculated for 

each form which ranged from .9932 for form Q 

to .9964 for form S (Fig 13, left). The 

correlation between the two variables seemed 

to become stronger as density increased, as 

indicated by the R
2
 calculated for each density 

which increased slightly from .943 for FAR1 

to .995 for FAR9 (Fig 13, right).  

 

   

Figure 13. Total VDF for facade of a floor vs. 

total horizontal DF for the floor by form (left) 

and by density (right) 
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IV) The facade VDF per unit floor area was 

significantly and strongly correlated with the 

horizontal DF per unit floor area (R
2
=.997, 

p<.0001) across all 20 forms and 4 densities 

(Fig 14).   

 

 

Figure 14. Facade VDF per unit floor area vs. 

horizontal DF per unit floor area across all 

forms and densities 

 

This strong correlation only slightly varied 

across different forms, as indicated by the R
2
 

calculated for each form which ranged from 

.998 for form Q to .999 for form A (Fig 15, 

left). However, the correlation seemed to 

decrease as density increased, as indicated by 

the R
2
 calculated for each density which 

dropped from .966 for FAR1 to .437 for FAR9 

(Fig 15, right).  

 

   

Figure 15. Facade VDF per unit floor area vs. 

horizontal DF per unit floor area by form (left) 

and by density (right) 

 

 

4. CONCLUSIONS 

The proposed urban scale daylight 

performance indicator is intended to allow 

planners and architects to do relatively quick 

and precise estimation of the interior daylight 

potential across various design scenarios 

during the early design stage when different 

spatial arrangements and geometric 

characteristics of simplified building masses of 

different built forms can be tested.  

 

On a floor-by-floor basis, the results indicated 

that amount of light falling on facade is highly 

correlated with the amount of light distributed 

across the entire floor space in terms of either 

the average or the total (Fig 8, 12), and the 

effect of from and density on this relationship 

is quite small (Fig 9, 13).  

 

Taking the entire facade surfaces and the 

usable floor spaces as a whole, the relationship 

between average VDF for facade and average 

horizontal DF for all floors was relatively 

weaker (Fig 10) and it may be affected by 

density (Fig 11). On the other hand, the 

significant and strong correlation between the 

proposed indicator and the reference indicator 

across different forms and densities suggested 

that the floor area normalized facade daylight 

quantity can be used as a relatively precise and 

efficient indicator of interior daylight potential 

(Fig 14). However, the percentage of 

variations in horizontal daylight potential that 

can be explained by the variation in the 

proposed indicator seemed to decrease as 

density increased (Fig 15). Therefore, cautions 

may need to be taken when apply the proposed 

indicator in extremely high density situation.  

 

Limitations and Future Studies 

The generic built forms tested in this study 

were intended to be representative. However, 

they’re not exhaustive and the results might be 

different if other generic forms are considered.  

Further parametric studies may consider 

covering a wider range of generic forms. In 

this study the variation of density was achieved 

through increasing building height solely. 

Future studies may need to consider other 

approaches to vary density such as varying site 

coverage and their respective impacts on the 

sensitivity of the proposed daylight 

performance indicator. The experiment of this 

study was conducted only for four typical 

density levels. To further test the sensitivity of 

the proposed indicator to the variation of 

density, more levels of built density may need 

to be considered. The impacts of other factors 

such as spacing between buildings and 

reflectivity of facade material on the 

effectiveness of the proposed performance 

indicator may also need to be further explored 

in a systematic way.  
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The proposed indicator is based on the 

calculation of daylight factor which is a static 

daylight metric. Many studies related to 

interior daylight potential have addressed the 

limitations of using daylight factor as an 

indicator of daylight quality (C. F. Reinhart, 

Mardaljevic, & Rogers, 2006) and suggested 

several climate-based daylight metrics 

(Architectural Energy Corporation, 2005; 

Nabil & Mardaljevic, 2006; Christoph F. 

Reinhart & Andersen, 2006). Further studies 

may need to explore if alternative dynamic 

daylight metric can be used so that the annual 

variation of daylight on facade can be captured 

in a precise way.  
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1.
 Instead of using proxy variables such as SVF, 

VDF is calculated in that it is widely used in 

daylight studies as indicator of facade daylight 

level and it was suggested to be a more 

appropriate variable for studies related to 

urban and inter building daylight evaluation 

(Ng, 2010, p. 67). Based on the contemporary 

development of numerical simulation software 

and computer hardware, precise simulation of 

VDF for complex urban geometries can now 

be achieved in relatively efficient ways.   

 
2.
 Similar understanding can be referred to in 

other studies related to environmental 

performance simulation for a given piece of 

urban fabric (Ratti et al., 2005; Ratti et al., 

2003; Salat, 2009), in which the hidden 

assumption is that the urban fabric being 

analyzed is relatively homogenous in terms 

built form. 
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ABSTRACT 

The accurate prediction of cooling and 

dehumidification coil performance is important in 

model-based fault detection and in the prediction of 

HVAC system energy consumption for support of both 

design and operations. It is frequently desirable to use a 

simple cooling coil model that does not require detailed 

specification of coil geometry and material properties. 

The approach adopted is to match the overall UA of the 

coil to the rating conditions and to estimate the air-side 

and water-side components of the UA using 

correlations developed by Holmes (1982). This 

approach requires some geometrical information about 

the coil and the paper investigates the sensitivity of the 

overall performance prediction to uncertainties in this 

information, including assuming a fixed ratio of air-

side to water-side UA at the rating condition. Finally, 

simulation results from different coil models are 

compared, and experimental data are used to validate 

the improved cooling coil model. 

INTRODUCTION 

Coils in HVAC systems couple air and water (or 

refrigerant) loops. The accurate prediction of cooling 

and dehumidification coil performance is important in 

model-based fault detection and in the prediction of 

HVAC system energy consumption to support both 

design and operation. Simulation of transient behavior 

is needed to assess local loop control performance 

while steady state modeling is generally sufficient for 

energy calculations. Recent work on coil modeling has 

focused on modeling dynamic response (Zhou 2005, 

Yu et al. 2005, Yao et al. 2004, Blomberg 1999), 

although these studies also address aspects of steady 

state performance, such as the velocity dependence of 

the surface convective heat transfer coefficients.  

A simplified method for modeling the steady state 

performance of cooling coils was developed by Braun 

(1988), who showed that the error in the heat transfer 

rate caused by assuming that a partially wet coil is 

completely wet or completely dry (whichever predicts 

the greater heat transfer) does not exceed 5% over the 

usual range of operating conditions. One advantage of 

this simple model is that the parameters can be 

estimated from a single rating point. One disadvantage 

of this simple model is the discontinuities in the leaving 

air dry bulb temperature and moisture content at the 

transition between the ‘all dry’ and the ‘all wet’ 

approximations. 

A detailed steady state model was developed by 

Elmahdy and Mitalas (1977); this model requires a 

detailed geometrical description of the coil, treats the 

velocity dependence of the surface convection 

coefficients and iterates to find the boundary between 

the wet and dry sections of the coil in partially wet 

operation. The Braun and the Elmahdy and Mitalas 

models are the bases of the CCSIM and CCDET 

models, respectively, in the ASHRAE HVAC2 Toolkit 

(Brandemuehl et al. 1993). Chillar and Liesen (2004) 

developed a model that is a hybrid of CCSIM and 

CCDET in that it treats partially wet operation by 

dividing the coil into a wet section and a dry section, 

eliminating the discontinuities in the output, but uses 

rating point conditions to define the parameters of the 

model.  

The overall thermal resistance of a coil, 1/UA, can be 

separated into three components: the air-side 

resistance, 1/ UAext, the resistance of the tubes, rtube, 

and the water-side resistance, 1/ UAint  (Equation 1). 

int

111

UA
r

UAUA
tube

exttot

++=        (1) 

The resistance of the fins is treated as part of the air-

side resistance. The tube resistance, rtube, is usually 

negligable in the case of clean coils but can be 

significant if the tubes are fouled. Estimating the air-

side and water-side UA values, UAext and UAint is a key 

aspect of cooling coil modeling. The ratio of UAext to 

UAint determines the relative humidity of the leaving 

air; the higher the ratio, the more saturated the air. If 

the model treats the dependence of the air-side and 

water-side convection coefficients on the fluid velocity, 
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it is necessary to separate the overall UA, UAtot, into its 

air-side and water-side components. This separation 

arises naturally in detailed coil models that use a 

geometrical description of the coil to define the model.  

If a rating condition is used to define the parameters of 

the model and this rating point corresponds to a fully 

wet coil, the UAext can be determined by calculating the 

bypass factor from the apparatus dew-point, as 

described by Brandemuehl et al. (1993). If the coil is 

not fully wet at the rating condition, a model that treats 

partially wet operation by dividing the coil into a wet 

section and a dry section can be inverted numerically 

using a iterative method to estimate UAext and UAint at 

the rating conditions. However, the uncertainty 

associated with the use of this method increases as the 

wet fraction of the coil decreases and the ratio of UAext 

to UAint becomes indeterminate for a completely dry 

coil. 

An alternative approach to estimating UAext and UAint 

has been developed by Holmes (1982). Holmes made 

experimental measures of the performance of a number 

of different hot and chilled water and direct-expansion 

coils and presented estimated values of the coefficients 

a1, a2 and a3 in Equation 2 for various types and models 

of cooling coil. 

3

8.0

2

8.0

1
aVelaVelSaR wa ++= −−        (2) 

where Vela is the ratio of the volumetric flow rate of the 

air to the face area of the coil, Af, Velw is the speed of 

the water in the tubes, S is ratio of the sensible and total 

heat transfer rates and 

tot

rowface

UA

NA
R =                               (3) 

The values of the exponents of the speeds in Equation 2, 

ie. 0.8, are the theoretical values that correspond to 

well-developed turbulent flow and so are more likely to 

be appropriate for near full load conditions than for low 

part load conditions.  

Comparing Equation 1 and Equation 2, it might appear 

that a3 corresponds to rtube; however, Holmes found 

significantly non-zero values of a3 for clean coils. One 

possible interpretation is that the effective value of the 

air-side exponent is less than 0.8 and a non-negligable 

value of a3 results in a better empirical fit to the 

measured data. For this reason, it was decided to 

associate the sum of the a1 and a3 terms with 1/UAext 

when using Equation 2 to determine the ratio of UAext 

to UAint in the model presented below.  

It should be noted that some geometrical information 

about the coil is required to apply Equation 2, which is 

written in terms of the fluid speeds rather than the fluid 

mass flow rates that are inputs to coil models used in 

system simulation. The relationship between the air 

speed and the air mass flow rate, ma, only requires the 

coil face area, Af, and the air density, ρa: 

facea

a
a

A

m
Vel

ρ
=                              (4) 

The relationship between the water speed and the water 

mass flow rate, mw, requires the tube internal diameter, 

di, and the number of parallel circuits, Ncir, in addition 

to the water density, ρw: 

cir

i

w

w
w

N
d

m
Vel

4

2π
ρ

=
                       (5) 

The face area, tube diameter and number of circuits can 

be determined more easily than the full geometrical 

description required by the Elmadhy and Mitalas model 

and CCDET, either from the manufacturer’s data or by 

on-site inspection. However, an even less onerous 

alternative, also proposed by Holmes (ibid) and 

applicable particularly to the stages of design before 

equipment selection, is to assume a fixed ratio of UAext 

to UAint at the rating point, and this alternative is 

considered below. 

COOLING COIL MODEL DESCRIPTION 

AND ALGORITHM 

For the general case of a partially wet coil, the model 

treats both the dry section and the wet section as 

counterflow heat exchangers, with temperature as the 

driving potential in the dry section and enthalpy as the 

driving potential in the wet section. The enthalpy of the 

water is taken to be the enthalpy of saturated air at the 

temperature of the water. The UA of the dry section, 

UAdry, is given by Equation 6, (Equation 1 with 

rtube=0): 
1

int
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)1(

−









+−=

UAUA
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ext

wetdry

                        (6) 

where fwet is the fraction of the coil that is wet. 

UA of the wet section, UAwet, is given by Equation 7: 
1

int,
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c
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p
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ext

wetwet

                     (7) 

cp is the specific heat of air and cp,sat is the saturated 

specific heat of air at the average air temperature in the 

wet section. Use of cp,sat enables the enthalpy-driven 

heat and mass transfer to be formulated in terms of 
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temperature as the driving potential. Note that the ratio 

of sensible to total heat transfer, S, in Equation 2 is 

equal to cp/cp,sat so that Equations 6 and 7 are 

equivalent to Equation 2, subject only to the 

interpretation of a3 discussed above. It is assumed that 

the sensible heat transfer coefficient of the air and the 

fin effectiveness each have the same value in the wet 

and dry sections. 

One way to use the Holmes model is to determine the 

values of UAext and UAint using Equations 2-5 and 

substitute these values into Equations 6 and 7. (Note 

that S=1 for the dry coil case (Equation 6) and, for the 

wet coil case, S=cp /cp,sat is already included in Equation 

7.) In this case, rating point information is not required 

and the capacity of the coil will be directly related to 

the capacities of the coils measured by Holmes, 

corrected for the face area and the number of rows. If it 

is desired to match the capacity of a coil with a known 

rating, a better approach is to derive the overall UA 

from the rating conditions and use Equations 2-5 and 

the coefficent values presented by Holmes to define the 

ratio of UAext to UAint. This process is now described. 

The first step is to incorporate the Holmes model into 

Equations 6 and 7, together with a correction factor, C, 

that will be used scale the size of the coil generated by 

Equations 2-5 to match the duty of the target coil at the 

rating point: 
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There are three different modes of coil operation, 

which are tested for each time the model is executed. 

The first step is to determine if the coil is completely 

dry. The coil is provisionally assumed to be completely 

dry and Equation 6 is used with fwet=0. If the entering 

dew point temperature is less than the surface 

temperature at the air exit, the coil is confirmed to be 

fully dry. If the entering dew point temperature is 

greater than the surface temperature at the air exit, the 

coil is fully or partially wet. The coil is then 

provisionally assumed to be fully wet and Equation 7 is 

used with fwet=1. If the entering dew point temperature 

is greater than the surface temperature at the air entry, 

the coil is confirmed to be fully wet. If the entering dew 

point temperature is less than the surface temperature at 

the air entry, the coil is either partially wet and both 

Equation 6 and Equation 7 are used. The leaving air 

condition from the dry section, calculated using 

Equation 6, is used as the entering air condition for the 

wet section. The leaving water temperature from the 

wet section, calculated using Equation 7, is used as the 

entering water temperature for the dry section. An 

iteration loop is used to find the value of the wet 

fraction, fw, for which the surface temperature in the dry 

section at the interface with the wet section is equal to 

the dew point temperature in the dry section.  

Additional iteration loops are used at the beginning of 

the simulation to calculate the overall heat transfer 

coefficient at the rating point, and find the value of the 

correction factor, C, that matches the overall heat 

transfer coefficient with the calculation of the UA at 

the rating point based on Equations 6-9. If it is 

important to match both the leaving dry bulb 

temperature and a measure of the leaving humidy and 

the latent duty at the rating point is comparable in 

magnitude to the sensible duty, separate correction 

factors could be introduced into Equation 8 and 

Equation 9. Further study would be required to 

determine the most robust numerical scheme.  

COOLING COIL MODEL TESTING AND 

SENSITIVITY ANALYSES 

The cooling coil model described here was used to 

model a sample cooling coil from a manufacture’s 

catalog. The selected coil has six rows with 20 tubes 

per row and 20 circuits and a face area of 1.16m
2
. The 

entering air condition is 26.7°C dry bulb and 19.4°C 

wet bulb temperature and the leaving air condition is 

13.6°C dry bulb and 13.4°C wet bulb temperature at 

the rating condition.  At the rating condition, the air 

flow rate is 2.95 m
3
.s
-1
, the entering water temperature 

is 7.2°C, and the water flow rate is 0.00279 m
3
.s
-1
.  

Figure 1 shows the normalized simulation results for 

the selected cooling coil at different air flow rates, 

constant water flow rate (0.001 m
3
.s
-1
), all other inlet 

conditions being maintained at the rating condition. As 

expected, the leaving dry bulb temperature, which is 

normalized to the range between the entering water 

temperature and the entering air temperature, increases 

with increasing air flow rate. The total heat transfer rate 

and sensible heat transfer rate increase with increasing 

air flow rate while the wetted fraction of the coil 

decreases with increasing air flow rate.  

Figure 2 shows the normalized simulation results for 

various water flow rates, all other inlet conditions being 

maintained at the rating condition. The normalized 

leaving dry bulb temperature decreases with increasing 

water flow rate. The total heat transfer rate and 
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Figure 1. Example output from a model configured 

with catalog data for various air flow rates 

sensible heat transfer rate increase with increasing 

water flow rate while the wetted fraction of the coil 

increases with increasing air flow rate.  

It may be difficult to determine the number of circuits 

by inspection in the field, particularly if the tube 

manifolds are covered and so it is important to 

understand to effect on coil performance of varying the 

number of circuits. Figure 3 shows the effect of varying 

the number of circuits while keeping the water flow 

rate and the size of the tubes constant.   

 

Figure 2. Example output from a model configured 

with catalog data for various water flow rates 

Decreasing the number of circuits by a factor of two 

increases the total heat transfer rate by 6% at the rating 

condition. This increase is mainly in the latent 

heattransfer, caused by a reduction in the surface 

temperature. Increasing the number of circuits by a 

factor of two decreases the total heat transfer rate by a 

similar amount. Decreasing the number of circuits 

increases the speed of the water in the tubes, thereby 

increasing the water-side heat transfer coefficient and 

hence the overall UA. This result applies to the 

situation in which the Holmes data are used to predict 

coil capacity as well as the the ratio of UAext to UAint.  
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Figure 3. Sensitivity analysis of the number of coil 

circuits 

As noted above, the geometrical parameters that 

determine the relationship between the fluid mass flow 

rate and the fluid velocity may be difficult to determine 

or may be unknown (e.g. before coil selection).  In this 

case, it is instructive to understand the errors that 

would be introduced by assuming a constant ratio of 

UAint to UAext at rating conditions.  From Equations 8 

and 9, this ratio is a2 Velw
-0.8
 : (a1 Vela

-0.8
+a3).  Holmes 

(ibid) presents values for a1, a2 and a3 for two types of 

cooling coil, one with a high fin spacing and one with a 

low fin spacing.  Typical rating point values for Vela 

and Velw
 
 are 2.5 m.s

-1
 and 1.4 m.s

-1
, which result in 

UAint to UAext ratios of 5.15 and 3.45 for the  high fin 

spacing and the low fin spacing, respectively.  A higher 

fin spacing results in fewer fins, decreasing the heat 

transfer area on the air side and thereby decreasing the 

air-side UA. 

COOLING COIL MODEL VALIDATION  

In this section, the results of comparing the proposed 

cooling coil model to laboratory measurements are 

presented. Zhou (2005) conducted experiments on a 

cooling coil with eight rows, eight tubes per row and 

eight circuits with 0.37 m
2
 face area and 0.0119 m tube 

inside diameter. The wet coil experimental test with the 

highest duty was used to define the rating condition for 

the model. The entering air condition is 27.0°C dry 

bulb and 21.3°C wet bulb temperature and the leaving 

air condition is 15.3°C dry bulb and 14.5°C wet bulb 

temperature at the rating condition.  The air flow rate at 

the rating condition is 1.07 m
3
.s
-1
, the entering water 

temperature is 3.1°C and the water flow rate is 0.00047 

m3.s
-1
. Results from the cooling coil model proposed 

by Chillar and Liesen (2004)—denoted by ‘CL’—are 

presented for comparison. The comparisons between 

simulation and measurements are shown in Figure 4 for 

the 16 dry cases and Figure 5 for the 16 wet cases 

(including the rating condition).  

Figure 4 shows the comparison of the proposed model 

and the CL model to the dry coil experimental 

measurements for leaving dry bulb temperature and 

leaving water temperature.  The comparison results 

indicate that the proposed model matches the 

experimental measurements quite closely. The 

maximum fractional error in the coil duty is 9.3% for 

the proposed model and 16.3% for CL model and the 

corresponding  mean fractional errors (MFE) are 4.3% 

and 5.6% respectively.  For reference, the maximum 

and mean fractional errors in the measured enthalpy 

balance between the air side and the water side are 

5.1% and 3.0%.  
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Figure 4. Comparison of the proposed model and the 

CL model with dry coil experiments  

Figure 5 shows the comparison of the proposed model 

and the CL model to the wet coil experimental 

measurements for leaving dry bulb temperature, leaving 

water temperature and leaving relative humidity.  

Again, the proposed model matches the experimental 

temperature measurements quite closely. The maximum 

fractional error in the coil duty is 7.7% for the 

proposed model and 24.8% for CL model and the 

corresponding MFE’s are 3.4% and 13.3% 

respectively. The experimental relative humidity results 

appear to be affected by measurement problems at high 

relative humidity. 

Analyses of the experiment data showed that the 

enthalpy balance between the air stream and the water 

stream is not exact in the wet coil cases. It was found 

that the imbalance is 0.1%-6.2% of the total duty, 

presumably due to measurement uncertainties in the 

experimental data (Zhou et al.  2007). On the 

assumption that the main source source of error is the 

leaving relative humidity measurement, since relative 

humidity sensors are generally less reliable close to 

saturation, the measured values of the leaving relative 

 

 

 
                  LRH-measurement (%) 

Figure 5. Comparison of the proposed model and the 

CL model with wet coil experiments 

humidity were modified so as to eliminate the enthalpy 

imbalance. Minor adjustments (<0.2K) were also made 

to the leaving air temperature where necessary to 

completely eliminate the imbalance. The comparison of 

the proposed model and the CL model to the revised 

leaving conditions is shown in Figure 6. The maximum 

fractional error in the leaving relative humidity for the 

proposed model is reduced to 4.7% and the MFE to 

2.3%. 
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Figure 6. Comparison of the proposed model and the 

CL model with the revised measured leaving conditions 

FIXED RATIO OF UAEXT TO UAINT 

As discussed above, the ratio of UAext to UAint for 

typical design air and water speeds derived from 

Holmes’ data are 5.15 and 3.45 for the high fin spacing 

and the low fin spacing, respectively. Figure 6 shows a 

comparison of the leaving air temperatures and the 

leaving water temperatures for coils with the ratio of 

UAint to UAext corresponding to low fin spacing coil high 

fin spacing. The overall UA of the two coils is the 

same, the aim being to show the effect of assuming 

different values for the ratio of UAext to UAint. The Test 

Numbers are defined in Table 1. 

Table 1. Test Numbers used in Figure 6 

 100% water 

flow rate 

30% water 

flow rate 

100% air flow rate Case 1 Case 3 

30% air flow rate Case 4 Case 2 

 

The biggest difference between the two UA ratios in 

Figure 7 is in the leaving air temperature for Test 

Number 4, which has a low air flow rate and a high 

water flow rate. The low air capacity rate results in a 

large temperature change on the air side and a high 

sensitivity of the leaving air temperature to changes in 

UAext. For a fixed overall UA, the primary effect of a 

change in UAext is to change the sensible to latent ratio, 

changing the leaving temperature and the leaving 

relative humidity while keeping the leaving enthalpy 

essentially constant. 

The difference in leaving air temperature for Test 

Number 4 is 3% of the difference between the entering 

air temperature and the entering water temperature. 

This suggests that the error due to assuming an average 

value of the UA ratio (4.3) would not be expected to 

exceed 1.5%, at least for the range of coils tested by 

Holmes and the 3.3:1 range of air flow rate found in 

conventional variable-air-volume (VAV) systems. It is 

suggested that this ratio be used in cases where there is 

no information about the coil geometry or 

configuration, e.g. when autosizing cooiling coils in 

whole building energy simulation programs.  
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Figure 7. Comparison of the leaving air temperatures 

and leaving water temperatures predicted by coil 

models with the ratio of UAint to UAext corresponding to 

low fin spacing and high fin spacing  

CONCLUSION  

An approach to modeling the behavior of HVAC 

cooling coils in the absence of detailed geometrical 

data has been developed. The proposed model treats 

the wet and dry sections of a partially wet coil 

separately and treats the effect of varying fluid speed 

on the corresponding surface heat transfer coefficient. 

If limited geometrical data are available – the face  

area, the number of rows of tubes, the number of tubes 

per row, the tube internal diameter and the number of 

water circuits – the performance of the coil, including 

the total duty and the sensible to latent ratio, can be 

estimated from empirical data published by Holmes 

(1982). The number of water circuits can be hard to 

determine in some circumstances; a factor two error in 

the number of circuits results in a 6% error in the total 

duty. The error in the sensible duty, and hence in the 

prediction of the leaving air temperature, is rather less 

but the error in the leaving humity is correspondingly 

greater. 
 

If rating point information can be used to determine the 

overall UA but the latent fraction is too small to 

provide a reliable estimate of the ratio of the air-side 

conductance to the water-side conductance, this ratio 

can be estimated from Holmes’ data using the limited 

geometrical data listed above. The predictions of such 

a model were compared to the laboratory 

measurements made by Zhou (2005), using one of the 

experimental tests to define the rating condition. 
 

If no geometrical data are available, typical design 

values of the air speed and water speed can be used to 

establish an average value of the ratio of the water-side 

to the air-side conductance at full duty. A value of 4.3 

for this ratio is a reasonable choice based on Holmes’ 

data.  
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ABSTRACT 
Chilled beam technology has seen increasing 
deployment throughout the United States during the 
past few years as designers seek the means to address 
larger sensible cooling demands without increasing duct 
sizes. While passive and active chilled beams work by 
basic principles well understood by engineers, their 
deployment in energy modeling software is often 
problematic or even erroneous.  Active chilled beams 
have been the most commonly discussed type in the 
modeling community and our design experience has 
found these to be the most commonly applied as well.  
Active chilled beam model workarounds exist for the 
most commonly used simulation tools for the active 
chilled beams and tend to be based around induction 
units.   Our experience has been that the magnitude of 
the simulated energy use results can seem reasonable, 
so many modelers stop there, though detailed review of 
hourly reports suggests that the various system 
components often aren’t acting as the system is 
intended to operate. The perception of appropriate 
savings is just that, a perception, albeit misguided.  This 
paper focuses on the differences of the design of actual 
chilled beam systems versus how they are modeled in 
eQuest, EnergyPlus, IES-VE, Trane TRACE, and 
TRNSYS rather than on the results of each software. 
 

INTRODUCTION 
Active chilled beams (ACB) are becoming more 
common in the built environment, and as such are 
finding their way into building energy models. Most 
software investigated had one or more significant issues 
with the way chilled beams were sized and operated 
that prevent the effective use of the model.  
 
How Chilled Beams Work 
An ACB works by supplying conditioned air (primary 
air) to the beam as shown in Figure 1. The air is then 
injected into the space via an array of nozzles that 

induce room air. The induced room air moves through 
the ACB where it is heated or cooled depending the 
needs of the space. The induced air mixes with the 
primary air, and enters the space (Loudermilk, 2009, 
Livchak, 2012). Note, the ACB can provide heating 
and/or cooling, and may be two pipe or four pipe.  

 
Figure 1: Active Chilled Beam Diagram.  
 
How Active Chilled Beams are Operated 
Most ACB are setup to operate in a constant air volume 
(CAV) configuration, but do have the ability to turn 
down as shown in the manufacturer’s specificaitons. 
The issue of changing air flow rates is that the nozzles 
are sized for a particular air flow rate, and the induction 
ratio is a function of the air flow rate. Therefore, if the 
air flow changes, the induction ratio changes, and the 
performance of the beam changes.  
Constant volume ACB typically include an air flow 
control terminal or damper upstream of the beam to 
maintain a certain air flow rate through the beam.  
The chilled water supplied to the beam is at an elevated 
temperature, typically 57-60oF(13.9-15.6oC), as 
compared to the chilled water temperature supplied to 
the main air handling unit cooling coil, which is 
typically between 42-45oF (5.5-7.2oC). This requires a 
secondary chilled water loop to be included in the 
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design, which may either be supplied by a separate 
chiller or a supplied off the main chilled water line and 
include a mixing valve to maintain the higher 
temperature. The higher temperature is critical as it 
reduces the chances of condensation forming at the 
chilled beam. Typically, ahumidity or dew point sensor 
is employed, and the chilled water temperature can be 
reset higher to provide additional assurances that the 
ACB will not sweat. This temperature difference 
requires a secondary chilled water loop to be included 
in the design, which may either be supplied by a 
separate chiller or  supplied off the main chilled water 
line with a mixing valve to maintain the higher 
temperature. 
Air handling unit configurations also vary for ACB 
applications and commonly include dedicated systems, 
central systems, or dedicated outside air systems 
(DOAS). When a large quantity of spaces, or common 
space types all have ACB, it may be economical to 
provide those zones with their own air handling unit 
(Figure 2). However, in larger buildings it may be more 
economical to have a larger central air handling system, 
which feeds zones with and without ACB (Figure 3). 
Another alternative is to have a DOAS which supplies a 
number of secondary air handling units, which in turn 
supply primary air to the ACB (Figure 4).  
 

Ambient Air

H
eat R

ecovery

P
reheat C

oil

C
ooling C

oil

Supply 
Fan

Return 
Fan

Multiple Zones

Chilled 
Beam

Figure 2: Dedicated AHU for Chilled Beams. 
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Figure 3: AHU Central Air Handling System with 
Chilled Beam. 
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Figure 4: AHU DOAS Configuration. 
 
To summarize, there are several factors working 
simultaneously that effect ACB performance and 
functionality that must be considered in an energy 
model to achieve realistic performance of an ACB.  
 

MANUFACTURERS’ DATA  
Currently there is a limited amount of experimental data 
related to the performance of ACB for validation of 
modeling methods. To provide some insight into 
performance of ACB for design purposes, a review of 
manufacturer’s performance data has been conducted in 
order to evaluate sensitivity of ACB devices to actual 
conditions.  A survey of data provided by four 
manufactuers was conducted to determine the 
sensitivity of ACB performance to actual design 
parameters.  Figure 5 shows the secondary air cooling 
capacity performance for a four foot (1.2m) long ACB 
at typical design conditions [57°F (13.9oC) entering 
chilled water temperature and 75°F (23.9oC) room air 
temperature].  The capacity among various 
manufacturer’s shows a generally similar trend. 
 

 
Figure 5: Comparison of Various Manufacturer’s 
Chilled Beam Performance.  
 
The actual secondary air cooling capacity performance 
of ACB devices is a function of several parameters, 
including primary air flow rate, entering chilled water 
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temperature, room air temperature, and coil design 
parameters.  The cooling capacity is based on 
manufacturer performance data for a single 4 ft long 
ACB is shown in Figure 6.  Due to the fact that chilled 
beams are installed in discrete lengths (e.g. 3, 4, 6 ft) 
the capacity will vary for both design and part load 
operation. 
For a constant volume system an ACB model may be 
simplified from a 4-D dataset to a set of curves at the 
design air flow rate and chilled water temperature as a 
function of the chilled water flow rate and room air 
temperature.  For empirically derived chilled beam 
models, this can alleviate difficulties with developing 
coefficients for all of the input parameters. 
The output for a single chilled beam product can vary 
by 30% while still operating within reasonable design 
criteria.  Additionally, the performance will vary 
nonlinearly during part load conditions.  These effects 
need to be captured by the modeling program to 
accurately estimate air flow and pumping requirements 
and whether the zone loads are met by the system. 
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Figure 6: Example of ACB Performance for a Single 
Product. 

SIMULATION 
Several software were reviewed for this paper that 
include a variety of approaches to modeling active 
chilled beams including: eQuest 3.64b, Trane TRACE, 
IES-VE, EnergyPlus v7.0, and TRNSYS 17. Each 
software has pros and cons as to the approach to 
modeling ACB.  
eQuest 3.64b 
The typical approach to modeling chilled beams in 
eQuest is using an induction unit system. There are 
several issues that arise with modeling the induction 
unit (IU) systems in eQuest:  

1. IU has a constant induction ratio.  
2. There is limited humidity control at the zone 

level.  
3. IU systems are only constant volume. 
4. Air handling systems are rigid 

o Multiple terminal devices can’t be 
assigned to a single system, ie. no 
combination of standard diffusers, 
chilled beams, fan coils, etc.  

o Dedicated outdoor air system flow 
diagram is improper.  

o Multiple system chilled water loops 
do not work properly. 

5. The approach temperature of chilled water and 
coil leaving air temperature is limited to 6oF 
(3.3oC) 

Issue #1: The induction ratio is set at the system level 
and is constant regardless of airflow rate. As the IU 
system is constant volume, this is not a significant 
issue, however different zones may have different 

indution ratios in the real design. For example, ACB 
come in standard lengths, with a fixed peak capacity, 
however the air flow per room may not scale uniformly 
for different rooms with different functions. Therefore, 
it is possible to have different induction ratios at the 
zone level, while air is supplied from the same system.   
Issue #2: There is limited control over humditiy as it is 
set at the system level, and is monitored in the return air 
stream. This tends not to be a problem as conditioned 
air is supplied to the zone, however if zones exist with 
significant latent load due to occupants it could be an 
issue. Care must be taken to verify no zone level 
dehumidifcation is taking place.  
Issue #3:

Constant volume spaces, such as patient rooms can 
work well if peak loads are controlled. A standard 
patient room requires a minimum of four or six air 
changes per hour depending on the code  applied with 
two air changes per hour of outside air (ASHRAE 170-
2008, UFC 4-510-01). An outside air quantity and a 
design air flow quantity can be input at the zone level, 
and should provide realistic results. Hourly reports 
should be referenced to verify that the proper air flows 
are being provided to each patient room.  

 There is no workaround as the IU is a constant 
volume system, however this may or may not be a 
problem. For office, classroom, and other similar 
spaces, the goal of an energy efficient design would be 
to have mimimum ventilation air supplied to the chilled 
beam, which would translate to a constant volume 
system. A problem arises when a system needs  more 
air for a few hours per year, but could otherwise operate 
at minimum ventilation air flow.  eQuest will determine 
the maximum flow rate, and the IU will run at that flow 
rate year round. This leads to a large increase in fan 
energy consumption.  

Laboratories typically have nighttime air flow rate set 
backs, such as six air changes per hour during the day 
and four air changes per hour at night (Labs21). This 
type of setback cannot be modeled in eQuest when a 
chilled beam is applied. An average air flow could be 
used, however it will effect peak equipment sizing as 
most labs are 100% outside air. This also limits the use 
of variable flow fume hoods as they are forced to be 
constant volume as well in an IU system.  
Issue #4:

A DOAS is created in eQuest by creating a system that 
has its outside air supplied by another system. This 
strategy introduces a series of issues due to the flow 

 The AHU is likely the most significant issue 
in eQuest as it is not flexible enough to handle modern 
AHU designs with ACB. As shown in Figure 3, a single 
AHU may supply multiple space types with differing 
terminal devices. The work around for having multiple 
terminal devices is a dedicated outside air system 
(DOAS).  
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diagram within eQuest. As shown in Figure 7, eQuest 
supplies the air to the IU system after the return fan, 
rather than after the supply fan, which does not 
correlate with the typical DOAS design shown in 
Figure 4.  

Ambient Air
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Figure 7: eQuest DOAS configuration.  

The data in Figure 8 shows that the outdoor air enters 
the DOAS between 29oF and 34oF (-1.6oC and 1.1oC) 
and is preheated to 34oF and 39oF (1.1oC and 3.9oC), 
and preheated to 50oF (10oC). The supply air is then 
provided to the zone attached to the DOAS, which is 
returned at 69oF (20.6oC). The air entering the 

secondary AHU with ACB is also 69oF (20.6oC), rather 
than 50oF (10oC) as would be desired. 
A work around for this issue is to use a “Dummy Zone” 
(DZ), or a zone that is small, has no load, or air flow 
requirements such as an unconditioned space or storage 
closet. The setpoint temperature for this space is set to 
55oF (12.8oC), which supplies the proper air 
temperature to the secondary AHU as shown in Figure 
9.  
As shown in Figure 7, the exhaust air (EA) from the 
secondary AHU is exhausted after the heat recovery 
unit. This is supported by Figure 9, which shows the 
DOAS EA Heat Recovery Inlet Temperature is the 
same as the DOAS Return Plenum Temperature rather 
than a mass based average between the DOAS Return 
Plenum Temperature and the Secondary AHU Return 
Plenum Temperature. Both systems are set to be 100% 
outside air, and have approximately the same flow 
rates. While it is possible to add a heat recovery unit to 

the secondary AHU, it will not operate effectively as 
the air supplied to the secondary AHU is already 
conditioned to 55oF (12.8oC). A separate heat recovery 
calculation would have to be completed to determine 
the actual amount of heat recovered.  
As stated in the introduction, it is often desired to 
supply chilled water at an elevated temperature to the 

Figure 8: eQuest DOAS Temperatures 
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ACB, however each system may be supplied by only 
one chilled water loop. Typically a cooling coil in the 
AHU is supplied by colder water than the ACB. The 
work around for this issue in eQuest is to create a 
DOAS, which preconditions the air with 42oF (5.5oC) 
chilled water, and provides 55oF (12.8oC) air to the IU 
system. If the main cooling coil is to provide warmer 
air, then the cooling coil will not operate and the 
remainder of the cooling will be accomplished by the 
induction unit. However, as stated in the previous 
paragraphs additional work arounds and difficulties 
arise from using a DOAS in eQuest.  
A separate chilled water loop may be added by 
changing the zone level cooling loop to a secondary 
loop off the primary loop., however the secondary loop 
does not appear to work properly. The hourly reports 
show that the secondary loop temperature is the same as 
the primary loop temperature.  
Issue #5:

In conclusion, eQuest 3.64b can model chilled beams 
with a reasonable degree of accuracy for a final 
compliance model when all inputs are known, and the 
air handling units are constant volume, and are not tied 
to another air handling unit. Using eQuest for design 
assistance is fraught with difficulties and can very 
quickly lead to false conclusions.  

 Issue five arises when a stand alone IU system 
is modeled and an elevated chilled water temperature is 
supplied to the system. eQuest sets a minimum 
temperature differential of 6oF (3.3oC) between the 
chilled water supply temperature and the main cooling 
coil leaving temperature. The purpose of this limit is 
unknown, but it does cause an error in the simulation. 
Furthermore, since eQuest uses the chilled water supply 

temperature to size air flow rate, a higher chilled water 
temperature causes very large air flow rates.  

 
Trane TRACE 
Trane TRACE offers both ACB and passive chilled 
beam options. A four-pipe ACB system with a central 
cooling coil and heating coil can be modeled. The 
chilled beam coils are simulated as an auxilliary system 
coil and are activated in the event the central coils do 
not meet the space load. A maximum space humidity 
set point can be used to provide dehumidificationn at 
the central coil and limit condensation at the ACB. 
Trace has similar limitations to eQuest 3.64b including: 

1. Single chilled beam capacity input for system 
with iterative zone primary airflow calculation 
necessary for sizing and ACB has a constant 
induction ratio.  

2. There is limited humidity control at the zone 
level.  

Figure 9: eQuest DOAS Temperatures with Dummy Zone. 
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3. Air handling systems are rigid 
o Multiple terminal devices can’t be 

assigned to a single system, ie. no 
combination of standard diffusers, 
chilled beams, fan coils, etc.  

4. Multiple chilled water loops cannot be 
assigned to the ACB system. 

Issue #1: The chilled beam capacity is defined as a Btu 
per lineal foot input for each system and is held 
constant no matter what the primary air flow is for a 
given time step. The primary airflow is specified at the 
zone input and needs to be iteratively determined along 
with the chilled beam coil capacity to make sure 
performance is consistent with manufacturer data, 
including the induction ratio as this cannot be directly 
defined.  
Issue #2: As indicated in Issue #1, individual zone level 
iterations must be used to determine zone level primary 
air requirements. If zone level latent loads require 
primary air adjustments, these have to be made or Trace 
will override the temperature of the chilled water 
entering the chilled beam, effectively reducing its 
capacity in order to meet the maximum humidity set 
point. This can result in unmet zone loads. 
Issue #3: Trace will vary air flow to the chilled beam if 
zone level minimum flow or ventilation rates are 
driving the air flow. Alternative system arrangements 
are limited as the ACB system cannot be combined 
with VAV terminals. Zone level heating units can be 
used in lieu of a four-pipe ACB however. A sample 
system flow diagram is shown in Figure 10.  

 
Figure 10: TRACE 700 ACB system 
 
Issue #4: Multiple chilled water loops cannot be 
assigned to the same system in Trace, similar to eQuest, 
but Trace does default to maintaining an entering 
chilled water temperature to the ACB greater than the 
zone maximum dewpoint plus a safety factor. Chilled 
water flow is increased, but Trace has limited pump 

selections so it is unclear how exactly the pumping 
power is modified to account for this.  
An additional issue is that Trace does not offer hourly 
reports at the zone level, which severely limits the 
ability to troubleshoot and ultimately, fully understand 
what the model is doing.  
In conclusion, Trane TRACE provides limited 
flexibility, control, and data to validate ACB model 
results.  
 
ENERGYPLUS 
The chilled beam model used in EnergyPlus, which is 
referred to as cooled beam 
(AirTerminal:SingleDuct:ConstantVolume:CooledBea
m), is derived from the cooled beam model that was 
originally implented in DOE-2.1E (DOE, 2011) .  This 
is a quasi-empirical model that was originally 
developed based on coefficients for a particular 
manufacturer.  The model is general enough that it may 
be tuned to other manufacturer’s data.   
The cooled beam model calculates the output of the 
chilled beam as a function of primary air flow rate, 
induction ratio, chilled water flow rate, room air 
temperature, chilled water temperature.  The induction 
ratio can be modified to model either passive or active 
chilled beams. 
EnergyPlus offers several advantages for modeling 
systems with ACB over the IU model currently used in 
eQuest.  Unfortuately, many of the limitations of 
eQuest are currently still found in EnergyPlus, and 
EnergyPlus does not prove to be a robust tool for 
simulating all system types.  EnergyPlus has the ability 
to model a Dedicated AHU for Chilled Beams (Figure 
2) and AHU Central Air Handling System with Chilled 
Beam (Figure 3), but difficulties with handling complex 
air loops makes modeling the AHU DOAS 
Configuration (Figure 4) prohibitive for design 
purposes.   EnergyPlus solves some of the issues found 
within eQuest including: 

1. Cooled beam model varies induced air flow 
with chilled water to room air temperature 
difference.  

2. Air handling systems allow slightly more 
flexibility, but have difficulty with handling 
secondary loops served from a single chiller. 

o A combination of terminal devices 
can be served from a single air 
handling system. 

o DOAS systems can be simulated in 
EnergyPlus, but the loop format for 
system equipment means that 
multiple AHUs cannot be ganged on 
a single heat recovery device.  This 
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limits the possible configurations that 
can be accurately modeled.  

o Multiple chilled water loops may be 
assigned, but require a heat exchanger 
work around to mix loops at different 
temperatures served by a single 
chiller. 

3. There is no limitation on the approach 
temperature of chilled water and coil leaving 
air temperature. 

4. EnergyPlus allows for calibration with 
manufacturer provided performance data 
through the use of coefficients 

An additional benefit of the the EnergyPlus model is 
generation of sizing information for chilled beams.  The 
output of the sizing calculations include the quantity 
and length of beams, the required supply air flow rate, 
and the chilled water flow rate needed to meet the 
design load conditions.  The sizing does have the 
limitation that the beam length increments can not be 
modified by the user. 
A description of the limitations of EnergyPlus are listed 
below : 

1. There is limited humidity control at the zone 
level.  

2. Cooled beam systems are only constant 
volume. 

3. Cooled beam is only capable of cooling. 
4. Plant Loop Module and Air Loop Module 

have strict requirements for how individual 
HVAC components may be used.  A loop is 
required to have a supply side and demand 
side with a chiller or AHU on the supply side 
and loads on the demand side.  Each loop can 
only have a single set point (Two in the case of 
a primary/secondary chiled water loop).  Mass 
transfer for fluid mediums is not allowed 
between loops. 

Humidity control with ACBs in EnergyPlus is not 
explicitly provided for the cooled beam model.  Work-
arounds may be available to reset the chilled water 
temperature based on the ACB coil conditions, but a 
simple humdity control scheme would be a useful 
addition. 
The cooled beam model is limited to constant volume, 
cooling-only systems at this time. This may be 
acceptable to some applications such as internal spaces 
that have significant internal gains or where exterior 
loads are relatively small.  
Any system that requires a change-over and/or variable 
air volume systems cannot currently be modeled by the 
cooled beam model.  A similar workaround to what is 
currently used in eQuest, using a constant volume 

single duct four-pipe induction unit (IU), is required to 
model a heating/cooling chilled beam system in 
EnergyPlus. 
The IU model in eQuest determines the zone flow rate 
based solely on the primary air flow rate and the user-
defined induction ratio, while the cooled beam model 
also includes the effects of the room air to chilled water 
supply temperature difference.  This is included in the 
model as an additional source of induced air flow due to 
buoyancy effects.  The additional input parameters in 
the cooled beam model allow for calibration with 
manufacturer provided performance data.  While, 
calibration may be achieved by providing appropriate 
model coefficients, it is unknown how reasonable it is 
to calibrate these models with actual experimental data.  
The multi-dimensional nature of the performance data 
will likely make an individual product difficult to fit the 
current EnergyPlus model to the data. 
The primary limitation of modeling chilled beams in 
EnergyPlus is the simplification of the system and plant 
models into discrete loops.  EnergyPlus is developed in 
this manner in order to eliminate the need for additional 
iterations, that are required by simultaneous solvers 
when the system of equations becomes large.  This 
improves the speed of the simulation and simplifies the 
numerics required for convergence.  The trade-off is 
that EnergyPlus can only accurately model HVAC 
systems that are in discrete systems or plant loops, and 
it has difficulty with the complex multi-temperature air 
and chilled water loops that are commonly 
implemented in institutional HVAC infrastructure.  
These complex facilities (e.g. laboratories and 
healthcare) are currently where ACB are actively being 
proposed as a viable energy conservation measure 
(ECM).  100% effective heat exchanger objects may be 
used to bridge various loops, but implemention of these 
schemes must be accomplished with extreme care to 
insure proper operation of both loops. 
 
IES-VE 4.6.0.7 
Modeling ACB in IES-VE is possible but not 
completely without challenges. The air-side system in 
IES-VE is well developed, where the user can choose 
from several predefined so called “prototype” 
(template) HVAC systems within the Apache-HVAC 
module. IES-VE allows the user to select from one of 
the two predefined ACB systems such as a 2-pipe 
(Figure 11) or 4-pipe (Figure 12) system or a custom 
system can be assembled using the multi-zone HVAC 
network. 
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Figure 11: IES-VE  2-pipe ACB system 

 
Figure 12: IES-VE  4-pipe ACB system 
 
The ACB in IES-VE is modelled as a Fan-Coil Unit 
(FCU) conected to a DOAS system. The DOAS ensures 
proper amounts of conditioned primary air whereas the 
recirculation branch (typical for FCUs) provides 
induced flow. The ACB models accepts variable 
airflow, and uses a constant induction ratio to vary the 
amount of induced air flow via a proportional 
controller. Zone level induction ratio values may be 
added if desired.  
Furthermore, IES-VE offers a fair bit of flexibility of 
the air side flow diagram, but care must be taken when 
mixing ACB and more standard VAV systems.  
The plant side of the software is sufficient to model 
ACB with separate chilled water loops feeding the 
cooling coil and the ACB. In this version of IES, up to 
ten chilled water loops, with an primary/secondary 
arrangement, can be used to feed chilled water to ACB. 
Furthermore, humidity control can be added to provide 
a chilled water reset to prevent condensation. It should 
be noted that the water-side plant modeling of IES-VE 

is limited to relatively simple chiller and boiler systems, 
and is not as well developed as the air-side portion.  
Accurate modeling of ACB in IES-VE is feasible, 
however some challenges persist including: 

1. Constant induction ratio 
2. Manual system sizing 

 
Issue #1: As stated, the induction ratio in IES-VE can 
vary amongst zones but not within the zone itself. This 
means that IES-VE is not able to capture changes in 
induction when other than a design flow is used at the 
beam but rather it operates using a constant induction 
ratio. This discrepancy will cause some performance 
issues as induction ratio is not constant when airflow 
varies.  
Issue #2:

Thus, complexity is added for buildings with large 
numer of zones and especially with mixed use (i.e., 
primary air supplied from DOAS for both VAV and 
ACB).  

 Sizing of an ACB system is done outside of 
the Apache HVAC module. Once the multi-zone 
network has been layed out, IES-VE will export 
zone/system data into a spreadsheet file. This is then 
used to further modify/edit zone/system inputs for 
equipment sizing. Also oversizing factors and 
ASHRAE 62.1 requirements can be added in the 
spreadsheet at this point. In order to size the ACB, the 
spreadsheet is used to enter induction ratio and adjust 
the primary airflow min. and max. for the zone(s) if a 
variable system is modeled. Once done editing, data 
from the spreadsheet is imported back into IES-VE. 
This works well for typical ASHRAE 90.1 systems, but 
is somewhat cumbersome for other custom systems. 
The cause of this is that IES-VE does not autosize non-
standard systems very well. Therefore, as the building 
design changes or different features are added and 
removed, the spreadsheet may need to be edited again. 
In essence, the chilled beam values must be hard coded 
and if the loads and air flow rates change substantially, 
the model may no longer be accurate. 

In conclussion, IES-VE is very powerful on the air-side, 
but can be cumbersome during the design process 
where loads and design are changing frequently. It has  
some limitations but provides the most comprehensive 
means of modeling ACB systems at this time. 
 
TRNSYS 17 
A proprietary ACB TRNSYS component has been 
developed that allows for significant flexibility in the 
model of various ACB. The ACB component is 
supplied with: 

• primary air temperature and flow,  
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• chilled water supply temperature and flow,  
and 

• room air temperature and relative humidity.  
The ACB component has two additional inputs that 
define the ACB; an induction ratio and a bypass 
fraction. The induction ratio is a variable that can be set 
based on user preferences and influenced by the 
supplied airflow rate.  
Based on the air flow rate calculated from a separate 
VAV controller and the induction ratio, a quantity of 
room air is induced into the ACB component. A portion 
of the induced air is bypassed around the coil based on 
the bypass fraction. The non-bypassed part of the 
secondary air stream goes past the coils and comes out 
saturated at the coil average water temperature. The rest 
of the secondary stream bypasses the coil entirely and 
the two streams are remixed, coming out above the 
dewpoint. The remixed secondary and primary air 
streams are then remixed and are input into the zone. 
Furthermore, the radiant portions of the heat transfer is 
also taken into account. Therefore, as the zone 
temperature increases, the radiant output of the beam 
also increases.  
A simple ACB model is shown in Figure 13 with a zone 
varying temperature schedule to mimic the temperature 
rise a space might see over the course of a day.  

 
Figure 13: TRNSYS ACB Model  
 
Figure 14 shows the temperatures in degrees Celcius for 
each flow stream, and how the system chilled beam 
reacts to a rising temperature in the space.  
The blue (top) line shows the zone temperature over the 
course of a 24 hour period. The red (middle) line shows 

a constant primary air temperature of 55oF (12.8oC). 
Similarly, the purple line (bottom) provides a shows a 
constant chilled water supply temperature of 58oF 
(14.4oC). The orange line (4th from top) shows the 
chilled water return temperature, which varies as the 
load in the room changes. A variable speed drive on the 
pump, would be able to maintain a constant chilled 
wate return temperature, but in this case displaying 
reaction to the zone temperature increase was desired. 
Finally, the green line (2nd from the top), shows the 
temperature of the air being supplied to the zone, which 
varies with the zone load. Again, a controller would 
either provide more primary or chilled water to 
maintain a zone supply air temperature, but again this 
was not modeled to show the functionality of the 
model.  
The TRNSYS ACB model provides the most detail of 
any ACB model surveyed in this document, however it 
comes with two key limitations. First, as stated in the 
manufacturers data section, a performance map 
approach would be best for modeling chilled beams 
rather than a simplified approach of tweaking induction 
ratio and bypass fraction. The performance map could 
be created once for each particular type of beam and 
could be reused for a variety of different circumstances. 
This would eliminate some of the iterative efforts with 
modeling in TRNSYS, and will be included in the next 
version of the model.  
The second issue is more complex in that each beam 
must be modeled individually. There is no means of 
applying beams to several zones all at once such as the 
other software previously described. Each beam must 
be added one at a time and connected to the appropriate 
zone model. This becomes time and cost prohibitive if 
numerous zones with chilled beams are desired.  
It should be noted that a common misunderstanding 
among TRNSYS users is that TRNSYS cannot model 
VAV systems. This is not the case, however there is no 
canned VAV control component or VAV AHU. A 
custom controller must be written that uses the loads 
and ventilation requirements of each space to determine 
the proper flow rate. This is somewhat cumbersome, 
but feasible.  
In conclusion, the TRNSYS ACB model is very useful 
for detailed design needs and provides nearly unlimited 
flexibility for controls strategies. This is attractive when 
designing and/or optimizing one or two spaces. 
However as the number of zones increases, or an entire 
building model is necessary, the complexity of keeping 
track of links within the model increases rapidly. 
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RESULTS 
Table 1 compiles results for each piece of software 
focusing on the features to model a modern HVAC 
system with ACB.   
 

 
Table 1: Chilled Beam Modeling Results 
 
Each software has its pros and cons beyond it’s ability 
to model ACB, and must be selected carefully before 
proceeding as accuracy must be balanced with time and 
budget constraints.  

Most of the rows in Table 1 are filled in based on 
information from the previous sections. Additional 
qualitative results are included in Table 1 that are useful 
for energy modelers and software developers. 
Intuitiveness and modeling time are based on the 
assessments from more than a dozen energy modelers at 
Affiliated Engineers, Inc. While this is not a statistically 
significant data set, this type of feedback is important 
for software developers in order to optimize their tools 
for broader implementation. Additional feedback 
should be provided.  
Simulation time refers to the speed at which models are 
run. While this is very dependent on model size, and the 
computer on which the models are run; certain software 
do run noticebly slower than others. To assist in the 
design process, the faster the run times, the better.  
Compliance modeling refers to models that provide 
sufficient accuracy for a federal, state or certification 
(GreenGlobes, LEED, etc.) compliance model. All the 
tools meet this requirement, however TRNSYS has 
some limitations as there are no canned reports that 
reviewers are familiar with. All outputs from TRNSYS 
are in a modifiable text file, which may lack credibility 
with reviewers and code authorities.  
Design assistance modeling refers to models that 
provide sufficient support and detail in order to inform 
actual building designs. For example, an eQuest model 
does not provide a reliable cooling load split between  
the main cooling coil and the ACB. On the other hand, 

Figure 14: TRNSYS ACB Temperature vs. Time. 
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the TRNSYS model provides sufficient data, which 
allows a designer to trust the results in order to optimize 
the design.  
 

DISCUSSION 
The overall goal for any modeling software is to 
improve designs through relatively low cost 
mathematical models rather than through expensive 
experiments and mockups. This is especially true for 
building models where custom solutions are the norm 
as climate, geometry, and user behaviors vary greatly 
from project to project.  
In order for practicing architects and engineers to 
effectively utilize the models, accuracy and speed are 
critical. In today’s climate of tight budgets and short 
project delivery times, energy models often fall short of 
expectations. More accurate models can lead to right 
sizing system, thus reducing first costs, operating costs, 
and potentially expensive retrofits. However, justifying 
the upfront design costs and time can be challenging.  
In order to trust these models and avoid the cost of 
experiments and mockups, the software must be 
improved and validated to a greater extent, which may 
be addressed by a new research topic from ASHRAE 
titled, “Testing and Modeling Energy Performance of 
Active Chilled Beam Systems” (Bauman, Lee, Nelson 
2011).  
Furthermore, a complete software package needs to be 
created that can model simpler geometries and systems 
quickly, but allow for more complex geometries and 
systems if desired. The primary driver for this is the 
lack of time for training. Today, a VAV system with a 
relatively simple façade is what comprises the standard 
building model. This can be handled accurately and 
quickly in many simple software such as eQuest or 
Trane TRACE. Furthermore, most baseline models 
based on ASHRAE 90.1 for LEED and State 
compliance are VAV systems. Therefore, at least 50% 
of all models will be VAV or CAV systems. As such 
most energy modelers must be trained to model these 
types of systems quickly to maximize time spent on 
assisting the design rather than on compliance 
modeling.  
If a modeler needs to use a different piece of software 
to model a non-standard HVAC system or plant, which 
they are less familiar with, then the amount of time 
spent modeling increases significantly. Essentially, it is 
impossible for one person to master the dozens of 
software needed to accurately complete an energy 
model today. That’s why eQuest and Trane TRACE are 
used to model chilled beams so frequently, because the 
user base has a relatively good understanding of the 
software even if it is frequently misapplied.  

Software developers need to investigate what works, 
and what doesn’t in other software, and integrate 
similar concepts into their software. It is understood 
that speed, accuracy, and flexibility often contradict one 
another in energy models. However a balance must be 
struck if energy modeling is to advance beyond VAV 
systems, and allow for more advanced techniques that 
are more common in academia to make their way into 
the built environment.  
 

CONCLUSION 
The performance modeling software available today 
have multiple issues with modeling active chilled 
beams whether it be accuracy, ease of use, and/or cost. 
Strides must be made in order for building designers to 
reliably use a software to inform design quickly and 
accurately. 
 

RECOMMENDED FUTURE WORK 
The future work must proceed on two fronts, which 
include the development of better tools, and the 
generation of performance data to validate tools.  
Metering and performance testing of real buildings is 
becoming more common. Data from buildings with 
chilled beam installations must be made available to the 
modeling community in order to provide realism to the 
models as relatively few rules of thumb exist for 
performance comparisons.  
Furthermore, a continued dialogue between the design 
and modeling community needs to take place that 
informs tool design. Frequently it appears that the 
software tool developers receive little in the way of 
feedback from the end-users of their products. This lack 
of feedback needs to be addressed as this would provide 
direction for research and development funds.  
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NOMENCLATURE 
ACB = Active Chilled Beam 
AHU = Air Handling Unit 
CAV = Constant Air Volume 
DOAS = Dedicated Outdoor Air System 
HVAC = Heating, Ventilation, and Air-Conditioning 
IU = Induction Unit 
VAV = Variable Air Volume 
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ABSTRACT 

Variable Air Volume (VAV) Heating Ventilation and 

Air Conditioning (HVAC) systems are common design 

solutions for large buildings with complex zone 

arrangements. 

In designing and analyzing these systems, it was found 

that where the building has large high occupancy center 

zones combined with a range of perimeter conditions, it 

is very easy to build an energy model that meets the 

ventilation code but that might not be supplying enough 

outside air to maintain CO2 levels below a reasonable 

setpoint. 

This paper explores whether this is leading us to 

underestimate the energy of these systems and offers a 

review of analysis methods that may enable more 

accurate asssessment of performance. 

INTRODUCTION 

During design on a project, studying the use of a 

Variable Air Volume (VAV) system in a courthouse, we 

sought to review the actual ventilation rates being 

achieved within the courtroom space in the thermal 

model. 

The cause for the review was concern that, with a 

minimum turndown ratio equal to the ventilation rate 

requirements of the courtroom, and with design supply 

temperatures of 55F, anytime the central air handling 

unit was operating outside of economizer conditions 

and supplying 55F air, the courtroom would not be 

achieving actual outdoor air (OA) requirements within 

the zone. 

The courtroom was initially being designed using the 

Californian Title 24 standard requirements for 

Ventilation, so the ASHRAE 62.1 requirements for 

ventilation were also implemented and studied 

separately. 

Even with significantly increased minimum OA 

volumes at the Air Handling Unit (AHU), the 

courtrooms still faced the same issue – if cooling air 

was not 100% OA and the air was supplied at 55F with 

a turndown at ventilation rates, then the OA entering the 

courtroom was not meeting the intent of the code. 

This led to the following fundamental questions: 

- If we designed the courtrooms to have CO2 sensors 

and demand control ventilation, were we 

potentially under-estimating the energy use of the 

courtroom. 

- If we were underestimating the energy use with the 

modeling method proposed, was there an analysis 

method that would allow us to correctly model the 

impact of CO2 sensors; 

- Would the analysis method allow us to vary both 

the turndown ratio and the OA rate at the AHU? 

- How well would real-life operation of a buidling 

with CO2 sensors mimic what we had modeled? 

This paper investigates these questions with the 

following process: 

- Review of the results from the Courthouse case 

study; 

- Review of how commonly used analysis software 

deals with ventilation supply to zones; 

- Review of what research is currently indicating 

about ventilation rates and CO2 sensors in large 

buildings with VAV systems; 

- Conclusions. 

CASE STUDY - COURTHOUSE 

To set the scene, results are presented from an analysis 

exercise conducted for a substantial courthouse 

buidling. 

Project Description 

The project consists of a large floor plate with multiple 

program spaces including perimeter offices, perimeter 
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corridor space, center zone office, circulation and 

courtrooms. 

A zoning diagram of the typical spaces served by a 

single AHU is shown below. It can be seen that the 

AHU serves not only courtrooms but west and east-

facing offices and public circulation at the perimeter  as 

well. 

The project included a requirement to obtain energy 

savings at least 15% better than code. The base case 

design solution was to provide efficient lighting and a 

low-flow overhead VAV HVAC system, with supply air 

temperatures of 55F and minimum turn downs in most 

zones of 20%. Full outside air economizer was also 

included. 

The courtrooms were assumed to be fully occupied all 

day per the brief from the client. Internal loads from 

equipment and lighting were varied by about 50% from 

morning to afternoon to allow for some fluctuation in 

heat gain for the internal zones. 

The table above describes the options that were 

considered. 

Ventilation Rate Background 

The courthouse is located in the San Francisco Bay 

Area. In California, where Title 24 also provides the 

ventilation requirements, courtrooms end up having 

much higher ventilation requirements that the ASHRAE 

62.1 guidelines.  

Under Title 24, the only requirement for outside air is to 

ensure that the sum of the minimum ventilation rates for 

each zone is applied to the air handling unit serving 

those zones. This approach makes it easy to model and 

design outside air considerations for VAV systems. 

Typically Title 24 ventilation rates are comparable to 

ASHRAE 62.1 2004. In the case of courtrooms, the 

Title 24 requirements are much higher. Even with a 

highly occupant loaded “critical zones” method is 

applied using ASHRAE 62.1, the outdoor air rates 

required are not as high as Title 24. 

In both instances, the standard generally focusses on the 

minimum OA contribution at the AHU. The zone is 

assumed to get enough ventilation if the AHU delivers 

what is requried to all zones served. This means that the 

turndown rate (minimum flow per zone) at full 

occupancy can be as low as the ventilation rate to that 

zone. 

The key consideration is how much OA would actually 

need to be supplied to the zone to prevent a CO2 sensor 

from calling for more ventilation. It is arguable that 

8cfm of supply air per person in a center zone space 

fully occupied all day would result in CO2 levels above 

a control point of say 800ppm. It is possible even that 

15cfm of supply air per person could even touch 

800ppm of CO2 from time to time. This question was 

important, because it suggests that with CO2 sensors 

overriding minimum code requirements, significantly 

more energy might be used. 

Description

Zone OA 

requirement at 

AHU

Minimum Zone 

Turndown Rate
AHU OA Rate

Courtroom 

Outside Air Rate 

(cfm/person)

Courtroom 

Minimum 

Turndown Rate 

(cfm/sqft)

AHU Net Min OA 

Requirement (cfm)

ASHRAE 90.1 

Baseline

ASHRAE 62.1 

“basic” method 

+30%

Max of OA 

requirement or 0.4 

CFM/ft²

Sum of zone 

ventilation rates 

(incl. 30% 

additional)

                      8.06                       0.40                     2,294 

Title 24 Original 

Design

Max of 0.15 

CFM/ft² or 15 

CFM/person

Max of 0.15 

CFM/ft² or zone 

ventilation rate

Sum of zone 

ventilation rates
                    15.00                       0.71                     2,798 

ASHRAE 62.1 

Critical Zone 

Method

ASHRAE 62.1 

“basic” method 

+30%

Max of 0.15 

CMF/ft² or zone 

ventilation rate

Sum of zone vent 

rates divided by 

Ev value of 0.82

                      8.06                       0.39                     3,826 

Title 24 with 

100% OA and 

heat Recovery

Max of 0.15 

CFM/ft² or 15 

CFM/person

Max of 0.15 

CMF/ft² or zone 

ventilation rate

100% OA with 

Heat Recovery
                    15.00                       0.71  100% OA 

 

Figure 1: Summary of Ventilation Requirements tested for Courtroom Example 
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Figure 2: Modeled outdoor air rates received in a courtroom for different VAV Outdoor Air rate 

configurations studied (Courtroom being part of a larger building with a single VAV system) 

In each graph, the yellow line represents the Title 24 minimum outdoor air rate that is 

supposed to be supplied to the courtroom. The red line represents the ASHRAE 62.1 

minimum outdoor air rate that is supposed to be supplied, with the green line 30% 

higher. The blue line represents the actual modeled outdoor air that makes it to the 

courtroom each hour of the year. 
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Ventilation Distribution 

All spaces were occupied per the expectations for the 

building, with most spaces fully occupied between 9am 

and 4pm. The hypothesis was that the courtrooms would 

be frequently underventilated, even with a full fresh air 

economizer on the AHU. This is because at times with 

both minimum OA at the AHU and peak solar loads at a 

façade, a dispropotionate amount of outside air would 

be distributed to the perimeter. 

The charts on the previous page show the actual outside 

air volumes provided to these courtrooms over the 

course of the year for each option. The modeled amount 

of actual outside air that makes it to the zone is 

represented by the blue line. This is calculated from the 

% of outside air entering the AHU and the flow rate 

entering the space. 

The solid orange line shows the Title 24, red line shows 

ASHRAE 62.1 and green line shows ASHRAE 62.1 

plus 30% zone-minimum outside air requirement. Re-

circulated “unused” OA has not been factored in. 

These results show that outside air supplied to the 

courtroom is frequently below the zone requirement for 

outside air.  

Energy impacts 

The following graph shows how the changes in outside 

air rates affect the efficiency of the system. Note the 

Case 1 ASHRAE 90.1 (2007) baseline and so has 

characteristics inconsistent with the other models (such 

as a higher turndown rate). 
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The key finding is that the increased minimum 

courtroom turndowns required by the increased 

minimum air to the room affects energy consumption 

much more significantly than increasing the OA rate at 

the AHU. The difference between the ASHRAE 62.1 + 

30% option (case 3) and Title 24 (case 2) is upwards of 

20% in energy consumption. Many analysts outside of 

California would probably model the system similarly 

to Case 3, but the ventilation results show that if those 

zones had CO2 sensors and were trying to achieve 

reasonable CO2 setpoints by increasing turndown, the 

actual energy would have been underestimated. 

Interestingly, the energy difference between a return air 

option that achieves reasonable OA delivery in the zone 

and a 100% outside air option with heat recovery is low. 

Analysis Obstacles 

The analysis shown above was carried out in EDSL 

TAS v8.5 and provides a good example of the analysis 

challenges in addressing this issue.  

In practice, and as required by ASHRAE 62.1 the 

courtrooms would almost certainly have CO2 sensors. 

Depending on the sophistication of the BMS and VAV 

box DDC capabilites, these might provide anything 

from Demand Control Ventilation (DCV) turning the 

zone minimum flow down further to a fully optimized 

control system continuously monitoring the CO2 in 

each zone and optimially adjusting both the AHU OA 

rate and zone flow rates to provide adequate ventilation 

to each space. 

Some of the key analysis issues raised in this case study 

are as follows: 

 Simple DCV mimicing the use of CO2 sensors is 

only partially possible with this analysis software. 

Schedules reflecting different diversity in the 

spaces can be used to adjust turndowns at the zone 

and AHU. However actual CO2 tracking following 

the position of the OA damper at the AHU is not 

possible. 

 Input of sophisticated diversification of loads 

between zones is very cumbersome and requires 

hard coded changes to  air flow and turndowns 

based on hand calculations; 

 Optimization of turndowns and outside air rates at 

the AHU for energy performance is not possible. 

 Calculation of the the AHU ventilation fraction and 

therefore the quantity of outside air entering each 

zone is only possible through post-processing hand 

calculations. 

Based on these limitations, we determined it is very 

difficult to model demand control ventilation, or the 

controls that would actually be in effect to manage 

ventilation rates very effectively. Most commonly we 
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would be underestimating energy consumption by 

underestimating the ventilation needed in each space. 

SOFTWARE METHODS COMPARED 

Because the older version (8.5) of TAS was not suitable 

for properly controlling this type of VAV system, we 

reviewed the suitability of other energy analysis 

software commonly used in the design industry. This 

included the following analysis tools: 

 eQuest (DOE 2.2) 

 EnergyPro 

 IES ApSYS (Apache Systems – basic HVAC) 

 IES ApacheHVAC (more detailed HVAC version) 

For each software tool, we have reviewed whether the 

tool can calculate and control: 

 ASHRAE 62.1 ventilation rates easily 

 simple demand control ventilation that varies the 

minimum zone turndown based on occupancy 

 demand control ventilation that ramps down the 

minimum zone turndown based on a CO2 sensor in 

the zone 

 actual outside air rates going to a specific zone at 

any period of time and control to that requirement 

 hourly energy optimization through increasing 

outside air rate at the AHU or increasing supply air 

rate to the zone and selecting the most efficient. 

Ventilation in eQuest 

The methods for demand control ventilation in eQuest 

are well documented Taylor et al (2005) describe 3 

control sequences possible: 

 Fixed minimum (peak occupancy drives a fixed 

minimum at the AHU) 

 Demand Control Ventilation using Sum of Zones 

(Title 24 (2005) method) 

 Demand Control Ventilation using Critical Zone 

(ASHRAE 62.1 (2004) method) 

The important thing to understand with eQuest, is that 

although minimum zone ventilation rates are set for 

each zone, all this is doing is informing the amount of 

outside air that needs to be let in at the central air 

handling unit. In other words, there are controls that 

give the impression that a zone is going to get enough 

outside air, but as shown in the outputs from the 

original TAS analysis, this outside air rate is not 

guaranteed in the first instance, especially if the “sum of 

zones” method is used. 

In addition, the demand control ventilation does not 

cause the turndown ratio in the zone to go above the 

volume of minimum outside air for that zone. So 

whenever supply temperatures are low and the system is 

not operating on 100% outside air at the AHU, the 

rooms are under-ventilated in spite of the DCV settings. 

None of the eQuest controls calculate CO2 in a room 

and then control the minimum flow ratio to ensure 

enough outside air for each single zone, nor do they 

instantaneously calculate whether the actual amount of 

outside air being delivered to each zone is sufficient. 

If CO2 sensors were being used effectively in the highly 

occupied center zone in a real life scenario, they could 

be set to increase the flow rate to the zone to maintain 

acceptable CO2 levels. eQuest does not capture this and 

it is quite likely it is underestimating energy 

consumption in instances like the case study above. 

Ventilation in EnergyPro 

Energy Pro v5 incorporates a Demand Control 

Ventilation box that can be checked for high occupancy 

spaces which have been designed to include a CO2 

sensor. (EnergySoft 2011) 

This option provides a similar demand control 

ventilation option to the “sum of zones” method in 

eQuest. It has the same limitations as eQuest in terms of 

only varying the outside air rate at the AHU and not 

considering it in parallel with zone turn-down.

This means it is also likely that for certain VAV 

configurations, EnergyPro underestimates the amount of 

energy needed to achieve satisfactory ventilation 

conditions in some zones. 

Ventilation in IESVE ApSYS 

We consulted Timothy Moore at IES to understand how 

the software addresses ventilation control in both 

IESVE ApSYS and ApacheHVAC. 

ApSYS is the simplest and most commonly used HVAC 

simulation tool in IES. It is more similar to eQuest in 

the way it is presented than the more sophisticated 

ApacheHVAC tool or other component-based 

simulation software. 

Outside air rates have slightly more flexibility in IES 

ApSYS than in eQUEST or EnergyPro but the key 

limitation still exists. The following describes a typical 

process: 

 Set a minimum outside air rate for each room or 

zone. This can be any number chosen by the 

modeler. There are no ASHRAE 62.1 calculatiosn 

embedded in this tool, so it is necessary to do this 

calculation either by had or using ApacheHVAC. 
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 Apply schedules and embedded formula-profiles to 

modulate the min OA value for each zone. The 

schedule and simple modulating value (0 to 1.0) 

used for each period within the schedule provide a 

modulating profile for the min OA value. Any time 

period within the schedule profile can use a 

formula rather than just a simple 0 to 1.0 

modulating value. 

Although a formula can be used to modulate the 

minimum OA value for each zone, this is still only the 

reference point that informs how much OA is needed at 

the AHU, and not a control point verifying the OA 

actually being distributed to the zone.  

To this end, ApSYS is still prone to the same limitations 

as eQuest in the sense that the actual amount of outside 

air being delivered to the zone is not tracked, so zones 

such as the courtroom in the case study can still end up 

underventilated in the analysis model (with energy 

possibly underestimated again). 

Ventilation in IESVE ApacheHVAC 

ApacheHVAC is a sophisticated tool within IES that 

allows for a from scratch component builder of air-side 

HVAC systems. In this sense, it is more like TRNSYS 

or EnergyPlus than eQuest and for these reasons it is 

less commonly used in industry, particularly when it 

comes to code compliance and LEED submissions. 

ApacheHVAC overcomes many of the issues that are 

described in this paper, through more thorough and 

flexible controls. 

Although the method for calculating outside air rates 

required at the AHU are relatively similar, there are 

some key additional controls that can be used in IES 

ApacheHVAC to more realistically manage outside air 

delivery on a zone by zone basis. These include: 

 Sensors that track actual volume of outside air 

being delivered to any given zone (based on the 

proprtion of outside air in the supply air and the 

proportion of air being delivered to the zone); 

 Sensors that monitor CO2 levels in any given zone, 

with sensors accounting for all zone level 

ventilation and infiltration effects. 

These sensors are critical because they can then be used 

to modulate either the outside air rate at the central air 

handling unit or the turn-down ratio in the zone being 

served (or both in a sequence). 

This mimics much more closely the operation of CO2 

sensors in such a building, where CO2 sensors usually 

call for increased outside air at the air handling unit if 

CO2 levels in a space are low. It increases complexity 

of the energy model, but enables the model to ensure all 

zones have adequate amounts of outside air delivered in 

the model, and therefore has the potential to provide a 

more realistic estimation of the building’s energy use. 

Other Software 

EnergyPlus 7 includes a CO2 sensor that can be 

controlled in a similar way to IESVE ApacheHVAC. 

TRNSYS can be programmed to output actual 

ventilation being delivered to zones or CO2 in zones 

with that output used to control either the OA rate at the 

AHU or the zone turndown rate or both. 

Conclusion 

The most common software used for energy analysis of 

low-flow VAV systems in large multi-zone spaces do 

not have ventilation controls that can be used to prevent 

under-ventilation of spaces or used to mimic the way 

CO2 sensors are usually designed to operate in reality. 

The hypothesis of this paper is that this may cause 

energy analysis of VAV systems with these types of 

ventilation scenarios to be incorrect and underestimate 

the real life energy of those designs. This could be one 

cause of the energy from modern buildings with VAV 

HVAC systems not being consistent with design 

preductions. 

REAL LIFE VENTILATION OF 

BUILDINGS WITH VAV HVAC SYSTEMS 

As described and shown above, it can be easy to 

incorrectly model the ventilation distributed in 

complicated buildings with VAV AHUs serving a large 

number of diverse zones. 

The varied real-life control options for these types of 

systems and the tendancy to value engineer down 

controls late in the design phase make it even harder to 

represent what is actual operation with an energy model. 

Many good quality control systems now have the ability 

to monitor in real time the amount of CO2 or the 

amount of actual OA going to each zone. Some even 

have optimization code that allows the most efficient 

combination of outside air rates at the AHU and turn-

down rates in the zone to be selected to hit the 

appropriate ventilation rates. Technically it should be 

possible to use CO2 or OA rate control points such as is 

possible in IESVE Apache HVAC or EnergyPlus and 

simulate reasonably well a building with an optimized 

control strategy. 

However many buildings do not implement these sorts 

of controls systems in practice. The issue of what 

happens in real life is very contentious. Two key issues 
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that are not widely agreed on that affect our hypothesis 

include the following: 

 That buildings are either over-ventilated (Apte, M. 

2006) or not sufficiently ventilated, leading to Sick 

Building Syndrome (Seppanen et al, 1999, 

Wargoki and Wyon, 2007 in Fisk 2010) 

 That CO2 sensors are somewhat unreliable (Fisk et 

al 2010) or very reliable (DOE, 2004) 

These two phenomena are described in additional detail 

below. 

Whether buildings are over or under-ventilated 

There is a growing consensus that ventilation rates 

currently required by code are not as high as they could 

be for optimum indoor environmental quality.  

Many green building rating tools, including LEED and 

GreenStar offer credits for increasing the minimum 

outside air rates above the code requirements. With 

LEED, the credit was added for LEED 2009, with the 

reasons explained quite well in this summary by Taylor 

(ASHRAE Journal 2005). 

At the same time, there are other studies indicating that 

buildings controls are frequently not commissioned 

properly and that this causes buildings to be over-

ventilated and for demand control ventilation not to 

work properly. In these studies, the concern is that 

incorrect control of outdoor air is causing energy to be 

increased.  

These parallel but somewhat contradictory points of 

view potentially suggest that the problem lies with the 

way systems are designed and controlled, and that in 

many cases, large buildings, especially those with 

overhead recirculating VAV systems, contain some 

zones that are over-ventilated and some zones that are 

under-ventilated. 

If buildings are controlled the same way that they are 

modeled in tools such as the courthouse example shown 

at the beginning of this paper, it is very likely that they 

are simultaneously over ventilated and underventilated 

because ventilation is not controlled at the zone level.  

This would mean some zones are suffering from poor 

indoor air quality through elevated CO2 and indoor air 

pollutant levels while other zones are using more energy 

than necessary through over-ventilation, supporting 

both theories regarding poor ventilation distribution in 

buildings. 

Whether Carbon Dioxide Monitoring is reliable or 

not 

Some retro-commissioning studies indicate that CO2 

sensors 5-10 years ago are very frequently not working 

properly. Earlier models of CO2 sensors were 

unreliable, requiring frequent recalibration. Many 

current models are still found to become declibrated 

outside acceptable ranges during the recommended 5 

year recalibration period (Fisk 2010). 

Another criticism of CO2 sensors is that they are also 

often located in the wrong location within the zone 

(Taylor, 2007, Fisk 2010). This affects the validity of 

the reading. 

Many manufacturers now offer long warranties on CO2 

sensors and this will potentially reduce the impact of 

CO2 sensors not being reliable. There is not a lot of 

evidence in existing buildings operating for a 

reasonable period that this has been effective in making 

CO2 sensors more reliable. 

Whether CO2 sensors work or not in real life is very 

important to analysis. As shown above, more detailed 

software techniques allow CO2 to be monitored in an 

energy model and used as a real-life version of control. 

However if CO2 sensors in real-life are not accurate 

then the energy and ventilation performance results in a 

thermal model will not be correct either. 

CONCLUSIONS 

The first conclusion of this paper is that it is very easy 

for energy models looking at VAV systems in large and 

diversely loaded buildings to underventilate high 

occupancy center zone spaces. 

This in turn could be leading to inaccuracies in energy 

results where those buildings incorporate ventilation 

controls such as CO2 monitoring to prevent those zones 

from being underventilated (if those controls work).   

The paper has reviewed analysis software and found 

that although many simulation tools offer demand 

control ventilation, the controls in these simulation tools 

do not always prevent underventilation from happening 

because they only vary the amount of Outside Air 

coming into the AHU, not the actual Outside Air 

delievered to each space or the turndown at each zone. 

Furthermore the modeling controls in most analysis 

tools do not match controls in practice. 

It would be extremly beneficial to have the ability to 

check ASHRAE 62.1 compliance based on hourly 

ventilation rates and outdoor air fractions at the AHU. 

This could then be used as a design tool increasing the 

operational hours in which all spaces are achieving 
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targeted ventilation rates while minimizing unnessary 

over ventilation. 

There are tools that allow proper consideration of CO2 

monitoring. These tools are not as widely used, 

arguably because the level of detail needed for their use 

is more than is typically applied by many energy 

analysts. 

In real life, there is evidence that buildings are both 

under-ventilated and over-ventilated. This possibly 

means that the analysis results are correct and that it is a 

design and code issue that causes some zones to be 

underventilated. 

However in buildings with CO2 sensors, the question is 

then whether they are working or not. If they are 

working, but were not incorporated into the original 

energy model, it is likely that energy use is higher in  

real life than in the energy model. 

If CO2 sensors are not working, then it is worth asking 

the question – is there a better way to control ventilation 

in buildings and also, should VAV systems be designed 

to service so many zones, especially center and 

perimeter zones from a single AHU?  

For overhead VAV system controls, a better way both 

in analysis and real life might be to track occupancy 

using a different method, such as an occupancy sensor 

and then allow a more significant reduction in OA 

delivery to the zone if it is unoccupied. If this were 

applied, energy consumption predictions in energy 

analysis would also need to be corrected to reflect this 

sort of operating proceedure rather than assuming that 

OA rates can modulate according to partial occupancy 

(which cannot be measured if CO2 sensors are not 

doing the job properly). 

The ideal solution is the analysis and real life control 

with CO2 sensors. However until it is proven that CO2 

monitoring systems can be routinely and successfully 

implemented through all phases of design, analysis, 

construction, commissioning and operation, it is likely 

that energy analysis for these systems is going to be 

inaccurate comparing modeled vs actual performance. 
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ABSTRACT 

Various methods are used to design and operate 

underfloor air distribution (UFAD) systems. There 

are a number of factors that affect UFAD 

performance: air distribution strategies in the supply 

plenum, system configuration and diffuser types, slab 

insulation, air handler supply temperature setpoints, 

operation of blinds at peak conditions, impact of 

occupant control, and the effect of climate 

differences. Generally, these factors influence 

performance indicators, such as plenum “thermal 

decay” (supply air temperature gains) and room air 

temperature stratification, which in turn affect system 

energy use and comfort conditions. Previously, the 

impact of design and operating strategies has been 

difficult to evaluate analytically due to the lack of 

simulation tools that accurately model the complex 

heat transfer processes involved with thermal decay 

and stratification. The development of EnergyPlus 

along with the recent addition of the UFAD module 

has progressed to the point that a systematic 

comparison of these strategies is now possible.  

In this paper, we take a detailed look at the impact of 

a number of design and operating variations for a 

medium office building prototype in Sacramento CA. 

A comparison to a baseline conventional VAV 

overhead (OH) system is included to understand 

better the potential energy and comfort differences 

between the two technologies. 

INTRODUCTION 

A UFAD system primarily delivers conditioned air 

from a pressurized plenum through floor-mounted 

diffusers into the room (zone). Compared to 

conventional overhead (OH) mixing systems, where 

the air in the zone is well-mixed, UFAD has several 

potential advantages such as improved thermal 

comfort and indoor air quality (IAQ), layout 

flexibility, reduced life cycle costs and improved 

energy efficiency in suitable climates (Bauman 2003). 

However, previously two important features of 

UFAD systems, room air stratification and thermal 

decay (Lee 2012) in the underfloor supply plenum, 

could not be properly represented by most of the 

energy simulation programs widely used by the 

industry. Now the situation has improved with the 

development of a dedicated UFAD module in 

EnergyPlus. (Bauman et. al. 2007, Webster et al., 

2008, DOE, 2010). The authors have used 

EnergyPlus/UFAD extensively and participated in 

the design and implementation of refinements to the 

UFAD module. Lee et al. (2011) describes lessons 

learned from this experience and guidance for how to 

model these systems properly. 

With these tools, it is now possible to study ways to 

optimize the performance of the system using design 

and operating principles that can minimize energy 

use while maintaining comfort.  

In this paper we analyze three design and operating 

strategies that affect UFAD system performance: 

plenum configuration and number of diffusers, which 

affect thermal decay and room air stratification, and 

real (or perceived) impacts of personal cooling 

control provided by the adjustable floor diffusers, 

which can lead to reductions in cooling and airflow 

energy by raising zone thermostat cooling setpoints.   

SIMULATION SOFTWARE 

The authors implemented the office-building 

prototype described below for development, testing, 

and performance studies using the publicly available 

EnergyPlus/UFAD simulation program. (DOE 2010) 

This paper reports results using a development 

version of EnergyPlus v6.0 that includes UFAD 

modules. A detailed description of these UFAD 

capabilities and why EnergyPlus is an ideal program 

for simulating UFAD systems can be found in a 

previous paper by Lee et al. (2011). Webster et al. 

(2008) discusses validation of the UFAD simulation 

capabilities based on laboratory testing, and details of 

laboratory testing appears in Bauman et al. (2007).  

SIMULATION MODEL 

Building model 

A three-story prototype office building, located in 

Sacramento CA, is a rectangular shape (75 m x 51 m 

(246 ft x 167.3 ft)) with an aspect ratio of 1.5.  The 

floor plate size is 3,716 m
2
 (20,000 ft

2
) (total floor 

area is 11,152 m
2
 (60,000 ft

2
)) and each floor is 

composed of four perimeter zones 4.5 m (15 ft) wide, 

an interior, which respectively represent 

approximately 39% and 61% of the floor area. Table 
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1 summarizes the building characteristics. 

Constructions and thermal properties of windows, 

walls (insulated stucco with steel framing), and roof 

can be changed based on climate zone to comply 

with ASHRAE 90.1 (2010). Design day 

specifications conform to ASHRAE 0.4% summer 

and 99.6% winter design conditions. The 

development version contains a preliminary sizing 

procedure for zone terminal units that attempts to 

accurately represents the effects of thermal decay on 

terminal unit entering temperatures. For details, see 

(Lee et al. 2011).  

 

 

Figure 1. Illustration of building model and zoning 
 

Table 1. Building model characteristics 
 

Feature Overhead UFAD 

Floor plate size 1858 m2 (20k ft2) Same 

Number of floors 3 Same 

Floor to floor height 4.9 m (13 ft) Same 

Return plenum height 1 m (3.3 ft) 0.58m (1.9 ft ) 

Supply plenum height NA 0.4  m (1.3 ft) 

Skin/glazing 90.1 2010 Same 

Window/wall ratio 33% Same 

Room setpoints, Occ 
[Unocc] 

23.9/21.1 
[29.5/15.5]°C 

(75/70 [85/60])°F 

Same 

Internal loads:   

 Lights 10.8 W/m2 

 (1.0 W/ft
2 ) 

Same 

Equipment 8.1 W/m2  

(0.75 W/ft
2 
) 

Same 

People  1.86 m2/Person 

(201 ft
2
/Person) 

Same 

HVAC systems 

From 7:00 until 22:00 the system controls the 

internal air temperature to a cooling and heating 

temperature setpoint of 23.9°C (75°F) and 21.1°C 

(70°F), respectively. Internal load schedule 

maximums are 90-95% between hours of 9:00 to 

18:00. The system does not operate during the night. 

Infiltration was assumed equal to 0.33E-03 m
3
/(s m

2
) 

(0.11 cfm/ft
2
) (flow per exterior surface area), when 

fans are off and 25% of that when fans operate (i.e., 

assumes a pressurized building when operating).  

The minimum outdoor airflow rate was set to be 0.76 

E-03  m
3
/(s m

2
) (0.15 cfm/ft

2
) flow per gross floor 

area.  

Distribution of supply air to the zones occurs through 

swirl diffusers in interior zones and linear bar grille 

diffusers in the perimeter zones. Variable speed fan 

coil units (VSFCU) provide air to perimeter zones 

during cooling mode when the fan is on (and heating 

coil is off); during heating mode, the fan and the 

heating coil are on. Due to pressure in the plenum, 

airflow through the VSFCU (based on field 

measurements by the authors) occurs when the fan is 

off and the zone temperature is in the deadband. 

The building, for both systems, is served by a single 

variable speed central station air-handling unit (AHU) 

including an airside economizer, a chilled water 

cooling coil, and a relief fan. A simulated static 

pressure reset strategy controls the AHU fan. In both 

UFAD and OH systems, supply air temperature (SAT) 

is reset as shown in Table 2 based on an outdoor air 

temperature (OAT) range of 18.3 to 21.1°C (65-

70°F).
1
 The central plant consists of a central scroll 

chiller with variable speed pumps and a two-speed 

cooling tower. A gas fired forced draft hot water 

boiler provides hot water to all heating coils. Table 2 

shows further details of system and plant inputs. 

Table 2. Summary of HVAC system configurations 
 

HVAC OH UFAD 

AHU supply air 
temperature (for OAT 
range) 

15.6 to 12.8°C 
(60 to 55°F) 

18.3 to 15.6°C 
(65 to 60°F) 

AHU fan design  
static pressure 

See Table 3 See Table 3 

AHU fan efficiency 75% 75% 

AHU part load shutoff2 125 Pa (0.5 iwc) Same 

Minimum outside air 
rate 

7.62 E-04 m3/s/m2 
(0.15 cfm/ft2) 

Same 

Airside economizer; 
differential dry bulb 

Yes Yes 

System cycles at night  No No 

Zone minimum airflow 
7.62 E-04 m3/s/m2  

(0.15 cfm/ft2) 
Same 

Interior zone reheat Yes No 

                                                           
1
 This range was in error, should have been wider; it 

will be corrected in future studies. 
2

 Represents fan static pressure operating curve 

extrapolated shutoff pressure. (iwc = inches water 

column, Pa = Pascals) 
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VSFCU design static 
pressure 

NA 125 Pa (0.5 iwc) 

VSFCU design 
efficiency 

NA 15% 

Plant   

Chiller design COP 5.0 Same 

Cooling tower 2-speed Same 

Boiler design efficiency 80% Same 

 

Table 3. AHU  design fan static pressures (FSP) 
 

System/UFAD Plenum 
configuration AHU Design FSP  

Overhead system 1075 Pa (4.3 iwc) 

Common plenum 700 Pa (2.8 iwc) 

Series plenum 700 Pa (2.8 iwc) 

Ducted perimeter 1075 Pa (4.3 iwc) 

 

MODELING OVERVIEW 

In the following, we describe the modeling of each of 

the three factors that are the subject of this study. 

Plenum configuration  

Plenum configuration simulation options reflect 

variations in methods used to distribute air in the 

supply plenum, which, because of thermal decay, has 

an impact on the supply air temperature to the zones 

and thus its airflow requirements. The intent of these 

idealized models is to capture the impact of different 

ways to configure plenum distribution; real systems 

will seldom conform perfectly to any of these models.    

One of the goals of improved plenum design is to try 

to deliver the coolest air possible to perimeter zones, 

since the loads are greater there. In the most common 

plenum design used in today’s practice, a large open 

plenum serves both interior and perimeter zones of 

the conditioned space.  Due to the location of HVAC 

shafts in the core, air usually enters the plenum in the 

interior, although various forms of ductwork can 

distribute air across the floorplate to or toward the 

perimeter. Generally, elimination of thermal decay is 

not possible, but its impact is manageable. Likewise, 

distribution methods cannot guarantee exactly how 

the temperatures are distributed.   

Figure 2 shows illustrations of three idealized cases 

for plenum distribution. These are plan views that 

represent slices of the supply plenum. For example, 

in Figure 2a, the injection point for AHU air is on the 

right and flows to the perimeter zone on the left as 

indicated by the arrows. EnergyPlus/UFAD models 

these plenums as fully mixed zones, which are 

idealized representations of actual distributions.  

Figure 2a depicts an open “series” plenum 

distribution method, in which cool air from the AHU 

is delivered first to the interior portion of the open 

plenum. In this idealized model, the plenum airflow 

first gains heat (raising the temperature) from the 

interior zone before entering the perimeter portion of 

the plenum, where it gains additional heat.  This 

plenum configuration results in the perimeter zone 

having higher thermal decay (i.e., difference between 

plenum and AHU SAT) than the interior zone.  

For the “common” open plenum depicted in Figure 

2b the entire plenum is mixed so both interior and 

perimeter zones receive the same temperature air 

derived from the combined heat gain from the two 

zones.  

Figure 2c shows a third idealized approach that has 

been approximated in practice, where air is ducted 

directly from the AHU to the perimeter zone 

diffusers in parallel to that entering the interior zone. 

This of course eliminates heat gain to the air entering 

the perimeter, thereby reducing airflow rates, but at 

an extra cost for ductwork and increased reheat.  

 
Figure 2. Supply plenum configurations; Clockwise, 

(a) Series, (b) common, and (c) ducted perimeter 

Increased stratification 

Room air stratification is a key factor in reducing 

energy use of UFAD systems because it determines 

how much of the room energy is distributed to the 

occupied zone (per ASHRAE Standard 55 (ASHRAE 

2010), the region between 0.1 m (4 inches) and 1.7 m 

(67 inches) from the floor; the foot-head region). It 

also allows the thermostat setpoint to be increased to 

account for the lower temperatures in the occupied 

zone.  

Stratification is produced by a complex interaction 

between thermal plumes from heat loads in the space 

and the turbulent mixing caused by the floor diffusers. 

If mixing is too high, there will be little or no 

stratification. EnergyPlus/UFAD contains semi-

empirical algorithms based on laboratory testing of 

commonly used diffusers provided by various 

vendors  (Bauman et. al. 2007). Internal studies (field 

and simulation) by the authors have shown that many 

of the diffusers, and especially linear bar grilles, 

produce little stratification. The lack of standardized 

design methods exacerbates this situation (Bauman et 

al. 2010). (An online version of a new tool that will 

help mitigate this situation is available at 
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http://www.cbe.berkeley.edu/research/ufad_designto

ol-download.htm.)  

Generally, stratification performance of the types of 

diffusers
3
 simulated in this study improves (larger 

stratification) by increasing their number so that 

airflow at peak conditions is relatively low thereby 

reducing the throw height. To test the sensitivity of 

this we doubled the normal design (based on 

manufacturers rated airflows) number of diffusers. 

Personal control 

Previous studies (Bauman et al. 1998) have shown 

that occupants tolerate wider variations in indoor 

environmental conditions if they perceive they have 

control over them, or actually have control such as 

with workstation personal control systems. This 

potential benefit is realized in an UFAD system, by 

allowing the occupant to control the nearby floor 

diffuser to provide more or less cooling. We modeled 

this option by assuming an increase of cooling 

setpoints from 24 to 25°C (75 to 77°F) which 

represents the approximate cooling effect of 

increasing air velocity from  0.10 m/s to ~0.25 m/s 

(20 – 50 fpm). (See ASHARE Standard 55-2010 

(ASHRAE 2010)) 

RESULTS 

Typically, interior zones of UFAD systems have no 

terminal heating equipment. It is common practice in 

California not to use a central heating coil in the 

AHU. The purpose of the heating coil is to maintain 

thermal comfort in interior zones and is required for 

cold climates for both UFAD and OH systems. Lee et 

al. (2011) discusses some of the ramifications of this 

choice; also shown is the comfort impact due to 

various AHU supply air temperatures. 

Energy performance 

Table 4 summarizes the various cases simulated. All 

UFAD cases used minimum ventilation rates to allow 

for apples-to-apples comparisons to the “best 

practices” OH system. Furthermore, we assume 

UFAD systems operate better at low minimums and 

avoid problems of dumping and poor heating 

performance that sometimes occur with OH systems. 

The best practices OH system departs from standard 

90.1-2010 by using zone minimum ventilation rates 

rather than the 20% specified in Appendix G. Using 

20% results in minimum zone rates of ~0.00127 

m
3
/s/m

2 
(0.25 cfm/ft

2
).  

                                                           
3
 Certain types of VAV diffuser designs do not 

exhibit this behavior because they maintain constant 

throw height throughout their operating range. 

Table 4. Simulated strategies summary 
 

Case Label Description 

1 
OH - MinOSA 
(Base) 

VAV box minimums set to 
“best practices” consistent 
with OSA requirements 
shown in Table 2 

2 OH – 20% min 
VAV box minimums set to 
20%, as per ASHRAE 
90.1(2010) 

3 
OH – MinOSA, no 
core htg 

Case 1 but with no reheat for 
interior boxes; similar to 
UFAD 

4 
UF - common 
plenum 

UFAD with common plenum 

5 UF – series plenum UFAD with series plenum 

6 
UF- ducted 
perimeter 

UFAD with ducting directly to 
perimeter diffusers (no 
thermal decay) 

7 
UF – Increased 
stratification + 
common plenum 

UFAD with increased 
stratification by doubling 
number of perimeter diffusers 

8 
UF – occupant 
control + common 
plenum 

UFAD with cooling setpoints 
increased to 25°C (77°F) 

9 UF – combo  Cases 6, 7, 8 combined 

 

Figure 3 shows results from a comparison of energy 

performance between the strategies described above 

as well as an additional “combo” case, which shows 

the combined effects of increased diffusers, ducted 

perimeter plenum, and personal control.  

These results are preliminary to a larger study that 

will incorporate additional strategies as well as five 

US climate zones. Included in this figure is the 

percentage difference (shown as percentage change) 

between each of the cases and the baseline OH 

simulation. Negative numbers indicate energy 

reductions (i.e., savings). 

It is clear from Figure 3 that most of the savings 

results from savings in heating and only for the cases 

on the far right of the figure (cases 8 and 9 in Table 4) 

are there savings in both electric loads and heating. 

The decrease in heating energy for UFAD is about 45% 

overall. The overall HVAC savings shown in Figure 

3 reflects the net effect of these trends. The heating 

trends tend to mask the impact on the electric loads 

that support cooling; for example, electric energy use 

increases from ~7-12% for the three plenum 

configurations. In the ducted perimeter case, the 

electric energy penalty is least (~7%) but heating 

energy is increased by 6 percentage points (due to 

less reheat) so the impact on overall HVAC energy is 

about the same for all plenum cases. Although these 

plenum cases are idealized versions of real systems, 

the results indicate that designers should strive to 
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avoid designs that tend to produce the series case. 

Cases 8 and 9 show positive savings for both gas and 

electric, which yield decreases of 17% and 22%, 

respectively. It is clear that combining strategies 

delivers the best energy performance. 

The large heating differences are somewhat 

explained by the results shown in Figure 4, showing 

a breakdown of heating components. We know that 

UFAD systems reduce reheat due to thermal decay in 

the supply plenum. In addition, the OH reheat shown 

in Figure 4 includes about 17% of interior zone 

reheat, which helps to account somewhat for the 

large disparity. On the other hand, it is not 

completely clear why the actual zone heating loads 

are so different. We know that there is some effect of 

the cool supply plenum causing extra zone heating 

load, but we do not believe it addresses the entire 

magnitude of the difference. This is the subject of 

ongoing research. 

Thermal comfort 

In this paper, we provide thermal comfort results in 

two ways: (1) a comparison between OH and UFAD 

of zone temperatures setpoints not met (TNM), and 

(2) some examples of predicted percentage of 

dissatisfied (PPD), based on operative temperature, 

for selected zones.  

Table 5 shows results of temperature setpoints not 

met comparing OH and UFAD. For perimeter and 

interior cooling, UFAD has a higher percentage of 

hours not met but (except for ducted perimeter) still 

well below standards of ~300 hours per year (~10%) 

specified in ASHRAE 90.1 2010.  

Differences between all the cases for cooling are 

largely due to sizing issues. For example, terminal 

unit sizes for the common plenum case were 

relatively smaller than for the series case, resulting in 

more unmet temperatures. South zones are a 

particular problem and require cooling design days in 

the fall. Complicating sizing procedures for UFAD is 

the lack of knowledge of thermal decay during sizing 

runs; we are currently developing alternative 

methods to resolve this problem.  

Table 6 shows example PPD results for the interior 

(core) zone and West zone. For the interior, the 

results are not markedly different between OH and 

UFAD, only slightly higher for UFAD. This may not 

be true in colder climates, but in that case a central 

heating coil would help mitigate comfort problems in 

the interior. Results for the West zone indicate that 

OH systems have greater discomfort in winter. This 

is a counterintuitive result, but upon further study, we 

found that the mean radiant temperature is lower for 

the OH system in the West perimeter zone. Detailed 

data (e.g., surface temperatures) was not available to 

investigate further; this will be the subject of 

additional research. 

Although these results are interesting, simulation 

only captures the effects of surface and air 

temperatures, not other real world effects such as 

drafts. However, they are somewhat consistent with 

our experience from field studies where interior 

zones are often too cool. However, in real systems, 

cool drafts can occur under conditions when cool air 

enters a supply plenum that behaves like a series 

plenum (e.g., when economizer is at minimum and 

outside air is lower than AHU setpoint), or if the 

SAT setpoint is lowered to ensure perimeter zones 

have adequate capacity.
4
 

CONCLUSION 

This study indicates that optimized design and 

operating strategies can deliver significant benefits 

relative to conventional OH systems. For example, 

increased stratification indicates 11% savings, an 

occupant control strategy yields 17% savings, and the 

combination case shows savings of 22%.  The results 

also show that, at least for the Sacramento climate, 

plenum configuration options have little impact 

relative to one another. Their overall impact on 

HVAC energy use is about 8% relative to a “best 

practices” case for overhead systems. However, the 

common plenum assumption yields slightly better 

performance than the other configurations.  

Comparing to a normal practice overhead system 

conforming to ASHRAE 90.1-2010, savings for all 

UFAD cases are 8% (percentage points) greater than 

the best practices comparison.  

Overall, the results suggest that simulated thermal 

comfort does not appear to be significantly different 

between the two technologies for any of the various 

options studied. Unexpectedly, in winter (for the 

Sacramento climate) indications are that overhead 

systems are slightly less comfortable in some areas 

(e.g., West perimeter zone) due to lower mean 

radiant temperatures. However, these results may not 

accurately reflect real world conditions because it is 

difficult to model effects such as drafts.  

.  
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Figure 3: Energy performance comparison, Site HVAC EUI, Sacramento 
 

 

Figure 4: Example heating breakdown 
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Table 5. Thermal comfort - zone temperature setpoints not met, Sacramento 
 

 

Table 6. Thermal comfort – PPD for selected zones, Sacramento 
 

 
 

 
 

 
 

 

 

 

 

OH MinOSA

(base)

OH 20% 

minimum

OH No Core 

Heating

Series 

plenum

Common 

plenum

Ducted 

perimeter

Increased 

stratification

Occupant 

Control Combo

Perimeter cooling  0.0 0.0 0.0 3.7 7.2 10.8 3.3 7.2 6.7

Interior cooling 0.0 0.0 0.0 0.0 0.1 0.2 0.1 0.0 0.1

Perimeter heating 1.9 1.9 2.0 1.5 1.4 1.9 1.4 1.4 1.8

Interior heating 1.6 0.5 8.7 9.6 7.1 5.7 7.4 6.3 5.1

UFADOverhead

Percentage of occupied hours with cooling or heating setpoint not met

MF Core

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Too cold 19.4 15.3 10.8 10.0 10.2 10.1 9.4 9.5 9.9 9.5 11.9 19.1

Too hot 0.2 0.3 0.4 0.5 0.4 0.4 0.5 0.5 0.4 0.5 0.4 0.2

UFAD 

Common

Monthly average Fanger PPD -- Zone : 

MF Core

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Too cold 16.6 12.9 9.8 8.5 8.2 7.8 7.0 7.0 7.3 7.7 10.8 15.6

Too hot 0.3 0.4 0.5 0.6 0.6 0.7 0.8 0.8 0.7 0.7 0.5 0.3

OH MinOSA
Monthly average Fanger PPD -- Zone : 

MF West

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Too cold 17.5 15.6 10.9 9.1 7.9 7.0 6.2 6.6 7.7 9.0 13.0 17.4

Too hot 0.3 0.5 0.8 1.2 1.4 1.6 1.9 1.9 1.5 1.1 0.6 0.3

UFAD 

Common

Monthly average Fanger PPD -- Zone : 

MF West

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Too cold 27.7 22.6 14.4 10.0 7.5 5.9 5.2 5.5 6.8 9.7 17.5 26.5

Too hot 0.2 0.3 0.6 1.0 1.4 1.7 1.9 1.9 1.5 1.0 0.4 0.2

OH MinOSA
Monthly average Fanger PPD -- Zone : 
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COST-EFFECTIVE RECOMMENDATIONS FOR 15% ABOVE CODE ENERGY 
EFFICIENCY MEASURES BASED ON THE ASHRAE 90.1-2007  

FOR SMALL OFFICE BUILDINGS IN TEXAS 
 

Hyojin Kim, Juan-Carlos Baltazar, and Jeff Haberl 

Energy Systems Laboratory, Texas A&M University System, College Station, TX 
 
 
 
 

ABSTRACT 

This paper presents cost-effective recommendations for 
achieving 15% above-code energy performance, which 
are based on the ASHRAE Standard 90.1-2007, for 
commercial small office buildings across the State of 
Texas. The recommendations were developed for three 
ASHRAE 90.1-2007 climate zones in Texas along with 
simple payback calculations. A total of 16 measures 
were selected, including building envelope and 
fenestration, HVAC system, service hot water (SHW) 
system, lighting and receptacle, and renewable options. 
The implementation costs of each individual measure 
were calculated along with simple payback 
calculations. These measures were then combined to 
achieve a total source energy savings for the group that 
is 15% above the base-case, ASHRAE 90.1-2007 code-
compliant building. Three combinations were proposed 
in each climate zone with the corresponding payback 
periods and NOx, SOx, and CO2 emissions savings.  

INTRODUCTION 

In the 79th Texas Legislature (2005) the Energy 
Systems Laboratory was required to develop three 
alternative methods for achieving 15% above-code 
energy savings in new residential, commercial and 
industrial construction. The Laboratory continues to 
work closely with code officials, energy raters, 
manufacturers, state officials and other stakeholders to 
develop cost effective energy efficiency measures. This 
paper presents detailed information about the 
recommendations for achieving 15% above code-
compliant building energy performance, which are 
based on the ASHRAE Standard 90.1-2007 (ASHRAE 
2007), for small office buildings across the State of 
Texas. The recommendations were developed for three 
ASHRAE Standard 90.1-2007 climate zones in Texas 
along with simple payback calculations.  

 

METHODOLOGY 

The analysis was performed using the Laboratory’s  
simulation model, which is based on the DOE-2.1e 
simulation of an ASHRAE Standard 90.1-2007 code-
compliant, small office building and the appropriate 
TMY2 weather files. According to the ASHRAE 90.1-
2007 Climate Zone, a representative county was 
selected in each climate zone: Harris County for 
Climate Zone 2, Tarrant County for Climate Zone 3, 
and Potter County for Climate Zone 4 (Figure 1).  

To begin, the ASHRAE 90.1-2007 code-compliant, 
small office base-case models were constructed for 
each climate zone. A total of 16 energy efficiency 
measures were then applied to the base-case models to 
determine the savings of each measure. These measures 
were simulated by modifying the selected parameters 
used for the DOE-2 simulation model. The solar 
measures including solar PV and solar service hot 
water (SHW) were simulated using the PV-F Chart 
(Klein and Beckman 1994) and F-Chart (Klein and 
Beckman 1983) programs, respectively. The 
implementation costs of each measure were also 
calculated along with simple payback calculations. Cost 
information was obtained from various resources, 
including: Texas manufacturers, local contractors, 
online suppliers, and R.S.Means costWorks database 
(RCD 2011). 

These measures were then combined to achieve a total 
source energy savings for the group that is 15% above 
the base-case ASHRAE 90.1-2007 code-compliant 
small office building. The results from individual 
measures and cost analysis were used to guide the 
selection of measures for this group analysis. Another 
set of simulations was performed with the selected 
measures applied in combination. As a result, three 
combinations were proposed for each base case in each 
climate zone. Each combination was formed to have a 
different payback period. Finally, the corresponding 
emissions savings (NOx, SO2, and CO2) of each 
combination were calculated based on the US EPA’s  
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Figure 1: Climate Zones in ASHRAE Standard 90.1-

2007 and Three Selected Counties 

Emissions and Generation Resource Integrated 
Database (eGrid) for Texas1. 

Base-Case Building Description 

The base-case building simulation model in this 
analysis is based on the standard design as defined in 
the ASHRAE Standard 90.1-2007  and certain 
assumptions. The base-case building is a 20,000 sq.ft., 
square-shape, two story, wood-frame building oriented 
N, S, E, W, with a 20% window-to-wall ratio. Four 
perimeter zones and a central core zone were modeled 
for each floor with a floor-to-ceiling height of 13 feet. 
The other envelope and system characteristics were 
determined from the general characteristics and the 
climate-specific characteristics as specified in the 
ASHRAE 90.1-2007. Table 1 summarizes the base-
case, ASHRAE 90.1-2007 code-compliance building 
characteristics used in the DOE-2 simulation tool in this 
analysis. 

Assumptions for the Cost Analysis 

The cost analysis for different measures was carried out 
based on utility costs of $0.095/kWh for electricity, 
$5.00/kW for demand charge, and $0.63/therm for 
natural gas. The electricity rate was determined based 
on the annual average prices of Texas commercial 
electricity for 2010 published by the U.S. DOE EIA 
(2011). Demand charges were from the previous study 
by Cho et al. (2007). For natural gas rates, the annual 
average natural gas rates for 2011 were surveyed and 
averaged for the following  five area categories in 
Texas: San Antonio, Dallas, all cities except Dallas in 
                                                           
1 The emissions savings were calculated using the 2007 
eGRID which were specially prepared for Texas by Mr. Art 
Diem at the US EPA. 

Mid-TX, Amarillo inside city limit, and Amarillo 
outside city limit (Atmos Energy 2011).  

ENERGY EFFICIENCY MEASURES 
(EEMS) AND IMPLEMENTATION COSTS 

A total of 16 energy efficiency measures were 
considered in this analysis. These measures include 
building envelope and fenestration, HVAC system, 
service hot water (SHW) system, lighting and 
receptacle, and renewable options. 

1) Increased Roof  and Wall Insulation  

This measure was simulated by increasing roof 
insulation from R-20 to R-25 and by adding R-3.8c.i. 
wall insulation. It was estimated that this measure 
would increase the cost by $9,092 - $13,639. 

2) Decreased Glazing U-value 

In this option, the base-case U-Factor was taken as 0.75 
Btu/h-sq.ft.-°F for Climate Zone 2, 0.65 Btu/h-sq.ft.-°F 
for Climate Zone 3, and 0.55 Btu/h-sq.ft.-°F for 
Climate Zone 4. For the EEM, a U-Factor of 0.35 
Btu/h-sq.ft.-°F was used. The frame type and SHGC 
remained the same as the base case. In this analysis, it 
was estimated that improving the U-value of the 
fenestration system would increase the cost by $10,284 
− $15,425 for Climate Zone 2; $7,039 − $10,558 for 
Climate Zone 3; and by $6,223 − $9,335 for Climate 
Zone 4. 

3) 0.5 PF Window Shading 

This measure was simulated by modeling a 2.5 foot 
window overhang with a projection factor (PF) of 0.5 
on south, east and west sides. The gross window area, 
orientation, and other characteristics were kept the 
same as the base-case building. It was estimated that 
this measure would increase the cost by $14,159 − 
$21,238. 

4) 0.5 PF Window Shading and Redistribution 

For this measure, the building was simulated with the 
windows distributed 36% on the south, 20% on the 
north, 12% each on east and west orientations. A 2.5 
foot window overhang was also included on south, east 
and west sides. Adding a 2.5 foot of window overhang 
is estimated to increase the cost by $14,159 − $21,238. 
However, window redistribution in a new construction 
would have no increased cost. 

5) CO2-Based Demand-Controlled Ventilation (DCV) 

This measure analyzed the energy savings that would 
occur by installing CO2 sensors for outside air demand 
control. This measure was simulated by changing the
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Table 1: Characteristics of the ASHRAE 90.1-2007 Compliant Base-Case Small Office Model  
for Harris County (Climate Zone 2), Tarrant County (Climate Zone 3), and Potter County(Climate Zone 4) 

 

Gross Area (sq.ft.) PNNL-19341 (Thornton et al. 2010) 
Aspect Ratio PNNL-19341 (Thornton et al. 2010)
Number of Floors PNNL-19341 (Thornton et al. 2010)
Floor-to-Floor Height (ft.) ASHRAE 90.1-1989 13.7.1
Orientation PNNL-19341 (Thornton et al. 2010)

Wall Construction CoA small office analysis (Kim et al. 2011)
Roof Configuration PNNL-19341 (Thornton et al. 2010)
Foundation Construction PNNL-19341 (Thornton et al. 2010)
Wall Absorptance DOE 2.1E BDL SUMMARY, Page 12
Wall Insulation (hr-sq.ft.-°F/Btu) ASHRAE 90.1-2007 Table 5.5-2 to 5.5-4
Roof Absorptance ASHRAE 90.1-2007 Sec. 5.5.3.1.1
Roof Insulation (hr-sq.ft.-°F/Btu) ASHRAE 90.1-2007 Table 5.5-2 to 5.5-4
Slab Perimeter Insulation ASHRAE 90.1-2007 Table 5.5-2 to 5.5-4
U-Factor of Glazing (Btu/hr-sq.ft.-°F) ASHRAE 90.1-2007 Table 5.5-2 to 5.5-4
Solar Heat Gain Coefficient (SHGC) ASHRAE 90.1-2007 Table 5.5-2 to 5.5-4
Window Area PNNL-19341 (Thornton et al. 2010)
Exterior Shading ASHRAE 90.1-2007 Table 11.3.1 No.5

Space Heating Set point
Space Cooling Set point
Lighting Power Density (W/sq.ft.) ASHRAE 90.1-2007 Table 9.5.1
Equipment Power Density (W/sq.ft.) PNNL-19341 (Thornton et al. 2010)

HVAC System Type ASHRAE 90.1-2007 11.3.2

Air Conditioning System Efficiency
FEDERAL MINIMUM EFFICIENCY 
STANDARDS (effective as of 1/1/2010)

Heating System Efficiency (%) ASHRAE 90.1-2007 Table 6.8.1E 
Cooling Capacity (Btu/hr) ASHRAE 90.1-2007 Appendix G
Heating Capacity (Btu/hr) ASHRAE 90.1-2007 Appendix G

Economizer ASHRAE 90.1-2007 Table 6.5.1

Ventilation (cfm/sq.ft) ASHRAE 62.1-2004
Supply Air Flow (cfm/sq.ft)

SHW System Type PNNL-19341 (Thornton et al. 2010)

SHW Heater Efficiency (%) ASHRAE 90.1-2007 Table 7.8 
SHW Temperature Setpoint (F) PNNL-19341 (Thornton et al. 2010)

Information Source

PNNL-19341 (Thornton et al. 2010)

Characteristics

80 % Et (SL=1046.5 Btu/h)

Harris County 
(CZ 2A)

Tarrant County 
(CZ 3A)

0.3

Construction

Building

None

R-13

6" concrete slab-on-grade floor

Wood frame with 2x4 studs spaced at 16” on center

20% Window to wall ratio

75 F(Occupied), 5 F setup

0.25 0.40
0.55

Space Conditions

0.75

13 SEER (<65,000 Btu/h)
11 EER (≥135,000 Btu/h and <240,000 Btu/h)

80% Et

None

120 F

Gas-fired storage water heater 
(75 gallon, 75,100 Btu/hr)

1.0

No
Yes 

(≥65,000 Btu/h)

0.75

Flat built-up, Insulation entirely above deck

Potter County
(CZ 4B)

1.00

Autosized
Autosized

0.08

Mechanical Systems
Packaged rooftop air conditioner 

(CAV, DX, gas furnace)

0.75 0.65

70 F(Occupied), 5 F setback

ASHRAE 90.1-2007 Code-Compliant Small Office

South facing
13
2

1:1

R-20 ci

20,000

 
 
fixed ventilation ratio of the base cases2 to be adjusted 
for varying occupancy: 5 cfm/person. This measure 
was estimated to increase the cost by $7,367 − $11,051. 

6) Improved AC Efficiency  

In this option, the Seasonal Energy Efficiency Ratio 
(SEER) 133 and EER (Energy Efficiency Ratio) 114 
                                                           
2 The base-case building was assumed to have a fixed 
ventilation ratio of 0.08 cfm/sq.ft. This ratio was calculated 
using 5 cfm/person and 0.06 cfm/sq.ft, which is based on Sec. 
6.2.2.1 of the ASHRAE Standard 62.1-2004 (ASHRAE 2004) 
with an assumption of 275 sq.ft./person. 
3 for the units smaller than 5.4 ton (65,000 Btu/h). 

packaged single zone (PSZ) systems were replaced 
with a similarly sized SEER 18 and EER 12.6 units, 
respectively. This measure would increase the cost by 
$12,288 − $18,432. 

7) Improved Heating System Efficiency 

This measure was simulated by increasing the heating 
system thermal efficiency from 80% to 90%. This 
measure would increase the cost by $7,900 − $11,850. 

                                                                                           
4 for the units between 11.3 ton (135,000 Btu/h) and 20.0 ton 
(240,000 Btu/h). 
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8) Improved Fan Efficiency 

This measure was simulated by increasing the fan 
efficiency from 55% to 65%. Improving fan efficiency 
was estimated to increase the cost by $6,869 − $10,303. 

9) Improved SHW Heater Efficiency 

This measure was simulated by increasing the SHW 
system thermal efficiency from 80% to 95%. This 
measure would increase the cost by $3,456 − $5,184. 

10) Tankless Gas Water Heater 

To simulate this measure, the standby loss (SL) 5  of 
SHW system decreased from 2.4% to 0.3%, and the 
circulation pump electricity use was minimized. This 
measure is expected to increase the cost by $1,414 − 
$2,120. 

11) Solar SHW System 

For this measure, one solar thermal SHW system was 
simulated using the F-Chart program (Klein and 
Beckman 1983). The modeled SHW system is 
comprised of two 32 sq.ft. of flat plate solar collectors. 
The collector tilt was assumed to be the same as the 
latitude of that location. A constant hot-water use of 73 
gallons/day was assumed year around. Any 
supplementary hot water heating was provided by the 
base-case water heating system. Additional electricity 
use was taken into account for operating the pump. 
This measure would increase the cost by $2,880 − 
$4,320. 

12 & 13) Decreased Lighting Power Density (LPD) 

These measures analyzed the energy savings that would 
occur if base-case lighting was replaced by energy 
efficient lighting. This measure was simulated by 
changing a fixed lighting power density (LPD) from 
1.0 W/sq.ft. to 0.9 W/sq.ft as required in the ASHRAE 
Standard 90.1-2010 (ASHRAE 2010) for EEM 12; and 
to 0.75 W/sq.ft as recommended by the ASHRAE 
Advanced Energy Design Guide (AEDG) for small to 
medium office buildings (ASHRAE 2011) for EEM 13. 
The increased cost would be $4,913 − $7,369 for EEM 
12 and $6,052 − $9,079 for EEM 13. 

14) Daylight Dimming Controls 

For this measure, continuous daylight dimming control 
systems were simulated. The sensors were assumed to 
be located 10 ft. from the side windows for the primary 
daylighted area which is an area closest to the window; 
and 15 ft. from the side windows for the secondary 

                                                           
5 Standby Loss (SL) based on a 70°F temperature difference 
between stored water and ambient requirements. 

daylighted area which is an area beyond the primary 
daylighted area. The increased cost would be $15,723 − 
$23,584.  

15) Automatic Receptacle Control for Offices using 
Occupancy Sensors 

This measure was simulated by modifying the schedule 
for the plug load equipment based on the Section 8.4.2 
of the ASHRAE Standard 90.1-20106. This measure 
was estimated to increase the cost by $7,587 − $11,380. 

16) 40 kW Photovoltaic (PV) array 

For this measure, solar PV systems with 16% efficiency 
that comprise 16% of roof area (3,200 sq.ft.) were 
simulated using the PV F-Chart program (Klein and 
Beckman 1994). The PV array tilt was assumed to be 
the same as the latitude of that location. Installing a 40 
kW PV array was estimated to increase the cost by 
$200,000 − $300,000. 

RESULTS FOR INDIVIDUAL MEASURES 

Base-Case Energy Use 

Figure 2 shows the annual site and source energy 
consumption of base-case small office buildings for 
three counties that represent each climate zone such as 
Harris County for Climate Zone 2, Tarrant County for 
Climate Zone 3 and Potter County for Climate Zone 4. 
The base-case total annual site energy consumption was 
704 MMBtu/yr (35.2 kBtu/ sq.ft.-yr) for Harris County, 
732 MMBtu/yr (36.6 kBtu/ sq.ft.-yr) for Tarrant 
County, and 865 MMBtu/yr (43.2 kBtu/ sq.ft.-yr) for 
Potter County. This includes: 1) Harris County:  22% 
for cooling, 9% for heating, 43% for lighting and 
equipment, 19% for fans and pumps, and 7% for 
service water heating; 2) Tarrant County: 18% for 
cooling, 15% for heating, 41% for lighting and 
equipment, 19% for fans and pumps, and 7% for 
service water heating; and 3) Potter County: 10% for 
cooling, 32% for heating, 35% for lighting and 
equipment, 17% for fans and pumps, and 6% for 
service water heating. The annual source energy 
consumption was then calculated using the multipliers 
of 3.16 for electricity and 1.1 for natural gas per 
Section 405.3 of the 2009 IECC (ICC 2009):  1,992 
MMBtu/yr (94% for electricity and 6% for natural gas) 
for Harris County, 1,989 MMBtu/yr (91% for 
electricity and 9% for natural gas) for Tarrant County, 
and 2,055 MMBtu/yr (82% for electricity and 18% for 
natural gas) for Potter County. 

                                                           
6About 22% of reduction was assumed in the schedule 
fraction during occupied hours (Thornton et al. 2011) for the 
50% of receptacles in a building.  
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(a) Annual Site Energy Consumption 

 

 
 

(b) Annual Source Energy Consumption 
 

Figure 2: Annual Site and Source Energy Consumption 
of ASHRAE 90.1-2007 Code-Compliant Small Office 

Base-Case Models in Texas 

This suggests that the measures that reduce the lighting 
and equipment energy use would have the highest 
impact on the total energy use for small office buildings 
in Texas. For Potter County in Climate Zone 4, the 
measures that reduce the heating energy use would 
have higher impact on the total energy use compared to 
Climate Zone 2 and 3. It is also noted that since the 
above-code performance is determined based on source 
energy consumption, the measures reducing electricity 
consumption will yield higher savings percentage than 
the measures decreasing natural gas consumption. 

Energy Savings from Various EEMs 

Table 2 summarizes the detailed results of the 
simulations and cost analysis for three counties that 
represent each climate zone. Of the sixteen measures, a 
solar PV had the largest savings, ranging between 
23.1% and 36.1% source energy savings across the 
counties. Daylight dimming control and decreased LPD 
to 0.75 W/sq.ft. measures also resulted in considerable 
savings (6.8% to 7.8% source energy savings with 
daylight dimming control measure; and 5.7% to 7.0% 
source energy savings with decreased LPD to 0.75 
W/sq.ft. measure).  

Among the envelope and fenestration measures, a 
decreased glazing u-value measure showed a relatively 

high site energy savings (3.5% to 5.9% site energy 
savings), while the source energy savings became 
lower (1.0% to 2.6% source energy savings) due to a 
high savings in natural gas and the increased cooling 
energy penalty. The savings from the three other 
envelope and fenestration measures were less than 
1.5% for all cases. 

Among the HVAC system measures, an improved air 
conditioner efficiency measure resulted in high source 
energy savings in Harris and Tarrant Counties: 4.2% 
and 4.7% source energy savings, respectively. For 
Potter County in climate Zone 4, the resultant savings 
were somewhat less at 2.7% source energy savings. An 
improved fan efficiency measure resulted in good 
savings across the counties: 3.0% to 3.6% source 
energy savings.  

The savings from SHW measures were small, less than 
1.6% of source energy savings because the base-case, 
end-use consumption of service water heating was only 
around 2.6% to 2.9% of the total source energy use of 
the building. The solar SHW system measure was 
found to be effective only for site energy savings (3.2% 
to 3.6% site energy savings and 1.2% to 1.4% source 
energy savings). Finally, an automatic receptacle 
control measure yielded a source energy savings 
between 2.3% and 2.7%. 

Cost Effectiveness of Various EEMs 

The cost savings depend on the fuel type associated 
with the end use affected by the measure. The measures 
that reduce electricity use as well as peak demand 
resulted in significant energy cost savings compared to 
the measures that reduce only gas use. Thus the solar 
PV and all three lighting measures that showed a 
significant reduction in electricity use were very 
effective in reducing the overall energy cost. The 
measures that reduce electricity use for cooling and 
fans and pumps also resulted in high energy cost 
savings. These measures include improved air 
conditioner efficiency and improved fan efficiency. An 
automatic receptacle control measure also showed good 
cost savings. 

To estimate the cost-effectiveness of measures, a 
simple payback was calculated using the 
implementation costs obtained from various resources. 
The cost-effectiveness of a measure depends upon the 
energy cost savings versus the cost of implementation. 
The most cost-effective measure was a decreased LPD 
to 0.75 W/sq.ft. (EEM 13) with the shortest payback 
periods across the counties: 4.1 to 6.9 years. Tankless 
gas water heater yielded the second shortest payback 
periods: 4.9 to 7.6 years, although the energy savings 
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Table 2: Annual Total Site and Source Energy and Cost Savings from Individual EEMs  
for Harris County (Climate Zone 2), Tarrant County (Climate Zone 3), and Potter County(Climate Zone 4) 

 

Site Source Energy Demand Site Source Energy Demand Site Source Energy Demand

1
Increased Roof/Wall 
R-Value  

1.2% 0.6% $79 $14 97.0 - 145 1.7% 0.9% $112 $14 72.1 - 108 2.9% 1.5% $181 $11 47.3 - 70.9

2
Decreased Glazing 
U-Value 

3.5% 1.0% $80 $16 107 - 161 4.5% 1.5% $146 $1 48.0 - 72.0 5.9% 2.6% $289 -$5 21.9 - 32.8

3 Window Shading 0.8% 1.3% $231 $38 52.6 - 78.9 0.1% 0.9% $178 $33 67.2 - 101 -1.1% 0.7% $195 $60 55.4 - 83.1

4
Window Shading & 
Redistribution 

1.2% 1.5% $269 $45 45.0 - 67.5 0.6% 1.1% $216 $38 55.9 - 83.8 -0.4% 1.1% $244 $70 45.0 - 67.5

5
CO2-Based Demand-
Controlled Ventilation 

2.1% 1.6% $253 $43 24.9 - 37.3 2.0% 1.2% $168 $14 40.5 - 60.8 3.2% 1.6% $202 $9 34.9 - 52.3

6
Improved A/C 
Efficiency 

4.2% 4.7% $830 $224 11.7 - 17.5 3.6% 4.2% $729 $205 13.1 - 19.7 2.1% 2.7% $496 $181 18.2 - 27.3

7
Improved Furnace 
Efficiency 

1.1% 0.4% $46 $0 170 - 255 1.7% 0.7% $76 $0 104 - 156 3.5% 1.6% $191 $0 41.3 - 61.9

8
Improved Fan 
Efficiency 

2.9% 3.6% $640 $91 9.4 - 14.1 2.4% 3.4% $615 $93 9.7 - 14.5 1.3% 3.0% $576 $92 10.3 - 15.4

9
Improved SHW 
Heater Efficiency 

1.1% 0.4% $46 $0 74.4 - 112 1.0% 0.4% $48 $0 72.4 - 109 1.0% 0.5% $53 $0 64.8 - 97.2

10
Tankless Gas Water 
Heater

1.8% 1.6% $264 $16 5.0 - 7.6 1.8% 1.6% $265 $18 5.0 - 7.5 1.6% 1.6% $273 $17 4.9 - 7.3

11 Solar SHW System 3.3% 1.2% $127 -$6 23.7 - 35.6 3.6% 1.4% $145 -$6 20.7 - 31.1 3.2% 1.4% $151 -$6 19.8 - 29.6

12
Decreased LPD  to 
0.9 W/sq.ft.

2.3% 2.8% $501 $96 8.2 - 12.4 1.9% 2.6% $476 $97 8.6 - 12.9 1.2% 2.3% $436 $95 9.3 - 13.9

13
Decreased LPD to 
0.75 W/sq.ft.

5.7% 7.0% $1,247 $241 4.1 - 6.1 4.8% 6.6% $1,196 $243 4.2 - 6.3 3.0% 5.7% $1,087 $236 4.6 - 6.9

14
Daylihgt Dimming 
Control

6.5% 7.8% $1,387 $334 9.1 - 13.7 5.7% 7.5% $1,342 $325 9.4 - 14.2 4.1% 6.8% $1,275 $328 9.8 - 14.7

15
Automatic Receptacle 
Control 

2.3% 2.7% $486 $109 12.7 - 19.1 1.9% 2.6% $462 $112 13.2 - 19.8 1.3% 2.3% $429 $108 14.1 - 21.2

16 40 kW PV Array 20.6% 23.1% $4,048 $760 41.6 - 62.4 29.3% 34.1% $5,979 $800 29.5 - 44.3 27.1% 36.1% $6,528 $648 27.9 - 41.8

Energy 
Savings (%)

Simple 
Estimated 
Payback 

(yrs)

Energy 
Savings (%)

Renewable Power Measure

Lighting and Receptacle Measures

Service Hot Water Measures

HVAC System Measures

Envelope and Fenestration Measures

Simple 
Estimated 
Payback 

(yrs)

Energy 
Savings (%)

Simple 
Estimated 
Payback 

(yrs)

EEM DescriptionNo.
Cost Savings 

($/year)
Cost Savings 

($/year)
Cost Savings 

($/year)

Harris County (Climate Zone 2) Tarrant County (Climate Zone 3) Potter County (Climate Zone 4)

 
 

was not significant (1.6% of source energy savings). 
The other two lighting measures, decreased LPD to 0.9 
W/sq.ft. (EEM 12) and daylight dimming control (EEM 
14), also yielded relatively short payback periods: 8.2 
to 13.9 years for EEM 12 and 9.1 to 14.7 years for 
EEM 14.  

15% ENERGY SAVINGS ABOVE ASHRAE 
90.1-2007 CODE-COMPLIANT BUILDING 
Grouped measures are the combination of individual 
measures that have been combined and re-simulated. 
The measures were combined to achieve a total source 
energy savings for the group that is 15% above the 
base-case simulation of ASHRAE Standard 90.1- 2007 
code-compliant small office building. Because the 
measures are interdependent in many cases, the 

resultant savings of grouped measures are not always 
the same as the sum of the savings of the individual 
measures. In each climate zone, three combinations 
were developed. Figure 3 presents the results of 
analysis for Harris County in Climate Zone 27. In the 
figure, the upper table summarizes the results obtained 
from individual measures in terms of annual site energy 
savings, annual source energy savings, annual demand 
savings, energy cost savings, estimated costs for each 
measure implemented individually, and payback period. 
The lower table summarizes the results obtained by 
implementing combined measures to achieve 15% or 
more total source energy savings, and includes: energy 
savings, energy cost savings, estimated costs, payback 
                                                           
7 The results for other counties are presented in Kim et al. 
(2012). 
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period for each combination, and annual NOx, SO2, and 
CO2 emission savings. 

The groups shown in the table represent several ways 
of grouping to achieve 15% savings above the base 
case. The most cost-effective combination 
(combination 1) has a payback period of: 8.2 to 12.3 
years for Harris County in Climate Zone 2; 8.4 to 12.7 
years for Tarrant county in Climate Zone 3; 8.7 to 13.0 
years for Potter County in Climate Zone 4. On the other 
hand, a payback period of the least cost-effective 
combination (combination 3) is: 12.2 to 18.3 years for 
Harris County in Climate Zone 2; 13.1 to 19.6 years for 
Tarrant County in Climate Zone 3; and 14.9 to 22.4 
years for Potter County in Climate Zone 4. 

SUMMARY 

This paper presents cost-effective recommendations to 
maximize energy savings for small office buildings 
across the State of Texas. A total of sixteen 
recommendations based on the energy savings above 
the base-case building were selected. The most cost-
effective measure was a decreased LPD to 0.75 W/sq.ft. 
with the shortest payback periods across the counties: 
4.1 to 6.9 years. Tankless gas water heater and the other 
two lighting measures (i.e., LPD to 0.9 W/sq.ft. and 
daylight dimming control) also yielded relatively short 
payback periods. These measures were then combined 
to achieve the total source energy savings of the group 
is 15% above the base-case, ASHRAE 90.1-2007 code-
compliant small office buildings. The most cost-
effective combination has a payback period of: 8.2 to 
13.0 years across the three representative climate zones 
for Texas. 
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Description of Individual Measures

Site Source

A Envelope and Fenestration Measures

1
Increased Roof and Wall Insulation R-Value (from 20 to 25 for roof and 13 to 
13+3.8c.i. for w alls)

1.2% 0.6% $79 0.5% $14 $94 $9,092 - $13,639 97.0 - 145

2 Decreased Glazing U-Value (from 0.75 to 0.35) 3.5% 1.0% $80 0.5% $16 $96 $10,284 - $15,425 107 - 161

3 0.5 PF Window  Shading (None to 2.5 ft. Overhang for S/E/W) 0.8% 1.3% $231 1.2% $38 $269 $14,159 - $21,238 52.6 - 78.9

4
Window  Shading and Redistribution (20% Equal Window s on All Sides w ith 
No Shadings to S=36%, N=20%, E/W=12% w ith 2.5 ft. Overhangs for S/E/W)

1.2% 1.5% $269 1.4% $45 $315 $14,159 - $21,238 45.0 - 67.5

B HVAC System Measures
5 CO2 Based Demand-Controlled Ventilation (DCV) 2.1% 1.6% $253 1.3% $43 $296 $7,367 - $11,051 24.9 - 37.3

6
Improved Air Conditioner Eff iciency  (from 13 SEER & 11 EER to 18 SEER & 
12.6 EER)

4.2% 4.7% $830 6.9% $224 $1,053 $12,288 - $18,432 11.7 - 17.5

7 Improved Furnace Eff iciency (from 80% to 90% Et) 1.1% 0.4% $46 0.0% $0 $46 $7,900 - $11,850 170 - 255

8 Improved Fan Eff iciency (from 55% to 65%) 2.9% 3.6% $640 2.8% $91 $732 $6,869 - $10,303 9.4 - 14.1

C Service Hot Water Measures
9 Improved SHW Heater Eff iciency (from 80% to 95% Et) 1.1% 0.4% $46 0.0% $0 $46 $3,456 - $5,184 74.4 - 112

10 Tankless Gas Water Heater 1.8% 1.6% $264 0.5% $16 $280 $1,414 - $2,120 5.0 - 7.6

11 Solar Service Hot Water System (64 sq.ft. collector, 80 gal tank) 3.3% 1.2% $127 -0.2% -$6 $121 $2,880 - $4,320 23.7 - 35.6

D Lighting and Receptacle Measures

12
Decreased Lighting Pow er Density  based on ASHRAE 90.1-2010 (from 1.0 to 
0.9 W/sq.ft.)

2.3% 2.8% $501 3.0% $96 $597 $4,913 - $7,369 8.2 - 12.4

13
Decreased Lighting Pow er Density based on AEDG-SMO-2011 (from 1.0 to 
0.75 W/sq.ft.)

5.7% 7.0% $1,247 7.5% $241 $1,488 $6,052 - $9,079 4.1 - 6.1

14 Daylight Dimming Control 6.5% 7.8% $1,387 10.4% $334 $1,721 $15,723 - $23,584 9.1 - 13.7

15 Automatic Receptacle Control for Off ices using Occupancy Sensors 2.3% 2.7% $486 3.4% $109 $596 $7,587 - $11,380 12.7 - 19.1

E Renewable Power Measure
16 40 kW Photovoltaic Array 20.6% 23.1% $4,048 23.6% $760 $4,808 $200,000 - $300,000 41.6 - 62.4

Description of Combined Measures
NOx Emissions 

Savings 
SO2 Emissions 

Savings 
CO2 Emissions 

Savings 

Site Source Annual (lbs/yr) Annual (lbs/yr) Annual (tons/yr)

14 Daylight Dimming Control $15,723 - $23,584

13
Decreased Lighting Pow er Density based on AEDG-SMO-2011 (from 1.0 to 
0.75 W/sq.ft.)

$6,052 - $9,079

8 Improved Fan Eff iciency (from 55% to 65%) $6,869 - $10,303

13
Decreased Lighting Pow er Density based on AEDG-SMO-2011 (from 1.0 to 
0.75 W/sq.ft.)

$6,052 - $9,079

6
Improved Air Conditioner Eff iciency  (from 13 SEER & 11 EER to 18 SEER & 
12.6 EER)

$12,288 - $18,432

15 Automatic Receptacle Control for Off ices using Occupancy Sensors $7,587 - $11,380

10 Tankless Gas Water Heater $1,414 - $2,120

14 Daylight Dimming Control $15,723 - $23,584

13
Improved Air Conditioner Eff iciency  (from 13 SEER & 11 EER to 18 SEER & 
12.6 EER)

$12,288 - $18,432

15 Automatic Receptacle Control for Off ices using Occupancy Sensors $7,587 - $11,380

5 CO2 Based Demand-Controlled Ventilation (DCV) $7,367 - $11,051

Note:     [ASHRAE 90.1-2007 Code-Compliant Building Description]
1. Total energy savings from heating, cooling, lighting, equipment and DHW for emissions reductions determination.      * Building type: Small Office
2. Savings depend on fuel mix used.      * Gross area: 20,000 sq-ft
     * Energy Cost: Electricity = $0.095/kWh & Demand = $5.00/kW      * Building dimension: 100 ft x 100 ft x 13 ft (WxLxH)
                             Natural gas = $0.63/therm      * Number of floors: 2
3. Yearly demand cost = Sum of monthly demand cost for 12 months      * Floor-to-floor height: 13 ft
4. Marginal cost = new system cost - original system cost      * Window-to-wall ratio: 20%
5. New system cost = new system cost only      * HVAC system: SEER 13 or EER 11 Rooftop PSZ & 80% Et Furnace
6. See individual measures above for specific savings      * DHW: 80% Et Gas Water heater

12.2 - 18.3 46.6 29.2 19.714.6% 16.2% $2,849 $664 $3,512

12.3 45.4 28.7$3,333 8.2 - 19.1

Combination 3

Combination 2

13.7% 15.7% $2,769 17.5% $564

8.2 - 12.3 48.8 31.5 20.3

Simple Estimated 
Payback (yrs)

Marginal Cost4 New System Cost5

Combination 1

13.3% 16.4% $2,920 18.2% $586

Simple Estimated 
Payback (yrs)

Marginal Cost4 New System Cost5

Combination of Measures6

Combined Annual 
Energy Savings (%)1

Combined 
Energy 
Savings 
($/year)2

Combined 
Demand 
Savings

(%)

Combined 
Demand 
Savings 
($/year)3

Combined Savings 
(Energy+Demand)

($/year)

Combined Estimated Cost 
($)

Individual Measures

Annual Energy Savings 
(%)1

Annual 
Energy 
Savings 
($/year)2

Annual 
Demand 

Savings (%)

Annual 
Demand 
Savings 
($/year)3

Combined Savings 
(Energy+Demand) 

($/year)

Estimated Cost ($)

$3,507

20.6%

ASHRAE 90.1-2007 – Climate Zone 2   
(corresponding to the table) 
ASHRAE 90.1-2007– Climate Zone 3  
ASHRAE 90.1-2007– Climate Zone 4

 
Figure 3: Individual and Combined Energy Efficiency Measures for an ASHRAE 90.1-2007 Code-Compliant Small Office Building for Climate Zone 2 
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ABSTRACT 
Building stakeholders often need to evaluate energy 
conservation measure (ECM) retrofit packages to 
reduce the cost of ownership and energy consumption. 
The considered alternatives are often ad-hoc and 
limited to familiar measures. To develop a more 
systematic evaluation of retrofit options, we study the 
impact of a wide set of ECMs in combinations as 
retrofit packages, and assess which combinations offer 
the most energy conservation for a given investment. 
We utilize EnergyPlus to evaluate the effectiveness of 
ECM packages in reducing energy use intensity, and 
use RSMeans to evaluate the costs of each package. We 
consider medium office buildings in the Greater 
Philadelphia region, because this sector offers high 
potential to reduce building energy consumption in the 
region. For any level of energy consumption reduction, 
we find there are several alternative packages of ECMs 
with varying costs. We identify the least cost 
alternatives for all levels of energy consumption 
reduction, and compare these against previous 
recommendations. This effort is part of an ongoing 
effort of the Greater Philadelphia Innovation Cluster 
(GPIC) HUB to create such analyses for common 
building types in the region.   

INTRODUCTION 
When opportunities for capital investment in buildings 
arise, stakeholders evaluate ways to maximize returns. 
Some investment options take the form of energy 
conservation measures (ECMs). The considered ECMs 
typically include those that the stakeholders are familiar 
with, either through exposure or experience, and are not 
typically exhaustive. Case studies (Martinez et al. 
2005), journal papers (Commerford et al. 2008), and 
design guidelines typically serve as sources of reference 
for these types of decisions. However, many studies 
have shown the need to evaluate ECMs on a case-by-
case basis (Chidiac 2011, Chidiac 2010, Liu et al. 
2009), instead of taking these guideline 

recommendations and simply accepting them. In this 
paper, we conduct a systematic analysis whereby 
energy reduction guidelines for an entire sector can be 
developed, and further the sequence of cost effective 
alternatives as a function of increasing capital 
investment can also be identified. This allows 
prescriptive design guidelines to be defined for a 
climactic and end-use sector, along with best alternative 
packages near this prescriptive solution.  We 
demonstrate this approach for the medium office sector 
in the Philadelphia Innovation Cluster (GPIC) HUB 
region, a ten-country area of southern Pennsylvania and 
adjacent portions of Delaware and New Jersey. 
The approach presented here is in accordance with the 
results of a number of previous research efforts. A 
recent study by Chidiac et al. (2011) evaluated the 
effectiveness of both single and multiple ECMs in 
Canadian office buildings for three building types and a 
variety of vintages, using EnergyPlus to model ECM 
benefits.  Three main conclusions were reached: (1) 
ECM benefits should not be assumed to be additive as 
the joint effect of combined ECMs is not as great as the 
sum of the impacts of the individual ECMs, (2) specific 
geography plays a large role in effectiveness of ECMs, 
and (3) as exhaustive a list of all combinations of 
ECMs as possible should be explored.  
Others have done work comparing effectiveness of 
ECMs and their combinations.  Ellis et al (2006) 
identified the Pareto optimal frontier of design 
alternatives for a particular building of study.  We take 
a similar approach here, but for purposes of developing 
design guidelines for the entire mid-sized office 
building sector in the GPIC region. A study by Liu et 
al. (2009) provides a prescriptive path for reducing 
energy consumption in medium office buildings by 
50% for all ASHRAE climates (including 4A, the 
climate GPIC is in). While providing a solution, they do 
not present alternatives and their trade-offs around this 
solution.  Further, the study’s medium office building is 
based on national characteristics which are not the same 
as those of office buildings in the GPIC region. An 
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earlier study by Chidiac et al. (2010) evaluated single 
ECMs in terms of their benefits (again using 
EnergyPlus) and payback periods (based on first costs 
from RSMeans). 
Within the GPIC region, medium-sized office buildings 
have a large potential to help GPIC meet its goal of 
reducing regional building energy consumption as 
much as 50% by the year 2050. In this region, not only 
does the building stock vary due to climate compared to 
the national average, but also the decision-making 
processes are highly variable from owner to owner as 
well, depending on factors such as the availability of 
capital and required payback period. Therefore, there is 
a need to evaluate a wide range of ECM retrofit 
packages on a regional scale, where the benefits are 
evaluated by energy simulation (in EnergyPlus) against 
expected first cost differences, and presented as 
differences from a nominal design guideline to show 
impact on energy benefits and first costs. Those 
differences can then be evaluated individually by 
different decision makers according to their own 
criteria (see Hamilton et al., 2012 for a discussion of 
regional decision processes). 

METHODOLOGY 
Based on characterization data gathered from the 
CoStar database (CoStar Realty, 2012), a typical 
medium-sized office building in the GPIC region is: 

x Located in Philadelphia, PA 
x 3 stories tall and 60,000 square feet (SF) 
x Renovated or built in the last 20 years 
x Has single pane windows with u-value of 1.0 

Btu/hr-ft2-°F and solar heat gain factor (SHGF) 
of 0.5 (Deru et al., 2011) 

x EITHER: masonry construction with 20% 
glazing and roof-top, packaged air-
conditioning (abbreviated MS)  

x OR: steel construction with 60% glazing and 
packaged air-conditioning (abbreviated ST) 

The basic methodology for defining the benefits of 
single and combined ECMs is to simulate particular 
retrofit packages of interest in EnergyPlus (to evaluate 
suspected synergies), compare the results from the 
simulation results with regional energy consumption 
data, and extrapolate those results over a broader set of 
ECM packages that could be estimated by 
incrementally changing the modeled ECMs. 

EnergyPlus Modeling 
Deru et al. (2011) have developed benchmark 
EnergyPlus models based on the 2003 Commercial 
Buildings Energy Consumption Survey (CBECS) (EIA, 
2005). Among these benchmark models, the medium 
office model (referred to as the NREL model, and 

meeting ASHRAE 90.1-1989 code) that is in climate 
4A and with post-1980 construction serves as a starting 
point for this study. The NREL model was modified to 
represent two baseline buildings for this study, having 
the characteristics previously described. Both buildings 
are modeled as having a deck roof with insulation 
entirely above the deck. The roof insulation has an R-
value of 15. The roof is covered in an asphalt 
membrane, with a solar absorptance value of 0.9.The 
first baseline building, having masonry construction 
(referred to as MS) has the following exterior wall 
construction (from outside layer to inside layer): 

x 1 inch of stucco 
x 8 inch concrete masonry units 
x R-6 continuous insulation 
x ½ inch gypsum wallboard 

The second baseline building, having steel construction 
(referred to as ST) has the following exterior wall 
construction (from outside layer to inside layer): 

x 1 inch of stucco 
x R-9.4 insulation between 24 in. o.c. steel studs 
x ½ inch gypsum wallboard 
Table 1. Baseline Internal and External Gains 

VARIABLE VALUE 
Occupant Density 0.005 person/square foot 
Ventilation Requirement 26.5 CFM/person 
Lighting Power Density 1.5 watts/square foot 
Interior Small Plug Loads 1.0 watts/square foot 
Elevator Consumption 32,000 watts 
Exterior Lighting  18,000 watts 
Envelope Infiltration Rate 0.223 CFM/square foot 
Important model inputs are summarized in Table 1and 
all of these assumptions come from Deru et al. (2011). 
These two baseline buildings are meant to represent 
less efficient medium office buildings in the GPIC 
region in terms of both envelope and equipment, but 
they are assumed to be commissioned, or running with 
good control algorithms and balanced systems.  

Table 2. Baseline Mechanical Systems 
 MS 

BASELINE 
ST 

BASELINE 
System 3 CAV, AHUs 3 CAV, RTUs 
Main Cool Coil DX, COP 3 DX, COP 3 
Main Heat Coil Hot water NG furnace 
Zone Reheat Hot water Electric 
Heat Plant Central Boiler Packaged 
Heat Efficiency 70% AFUE 70% AFUE 
The baseline mechanical configurations are tabulated in 
Table 2. The baseline systems are either constant-air-
volume (CAV) air-handling units (AHUs) or roof-top 
units (RTUs). Primary cooling is provided by 
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electricity, achieved by a direct-expansion (DX) coil 
which is connected to a cooling source with a 
coefficient of performance (COP) of 3. Primary heating 
is provided by either a natural gas (NG) boiler with a 
hot water (HW) coil system, or a NG furnace, both of 
which have a 70% annual fuel efficiency utilization 
(AFUE). Zone reheat is provided by either HW from 
the central boiler, or electric resistance heating. 

Table 3. ECM Abbreviations and Descriptions 
 DESCRIPTION 
MS/ST Masonry/steel curtain baseline 
L1 T-5 lighting upgrade 
L2 LED light tube upgrade and exterior LED 
K High efficiency elevator upgrade 
W Double pane window upgrade 
R White roof upgrade 
HE High-efficiency plant upgrade 
VAV Variable-air-volume system upgrade 
D Dedicated outdoor-air system upgrade 
CC Central chiller plant upgrade 
CB Central boiler plant upgrade 
TR Temperature Reset Strategy 
This study models a combination of ECMs in 
EnergyPlus, which are tabulated with their 
abbreviations and descriptions in Table 3. For lighting 
ECMs, this study assumes that the luminaire type is 
recessed, and only the lamps are changed. Baseline 
lighting assumes a distribution of 90% T-8 fluorescent 
and 10% incandescent lighting.  The first lighting 
upgrade (L1) changes lighting to T-5 bulbs, reducing 
the lighting power density (LPD) from 1.5 to 1.0 watts 
per square foot. The second lighting upgrade (L2) 
replaces lamps with LED light tubes, altering LPD to 
0.22 watts per square foot, which is not typically 
achieved by products currently available on the market, 
but is a projected future LPD that could be achieved by 
2020 (Tsao, 2003). Additionally, it is assumed that for 
L2, exterior light bulbs are changed to LED bulbs as 
well. High efficiency elevators are modeled with an 
energy savings of 50% over the baseline (Kone 
Elevators, 2012). This ECM (K) reduces elevator 
consumption from 32 kW to 16 kW. The first envelope 
ECM modeled simulates updating from single to double 
pane windows (W), giving windows a u-value of 0.57 
and an SHGF of 0.39 (ASHRAE, 2004). The second 
envelope ECM (R) simulates a white roof coating, 
which is modeled by changing the solar absorptance 
value of the membrane from 0.9 to 0.2 (Walton, 
2012).Mechanical ECMs take one of three forms: an 
efficiency upgrade, a system upgrade, or a plant 
upgrade. Low efficiency cooling has a COP of 3, while 
high efficiency cooling has a COP of 5. Low efficiency 
heating has an AFUE of 70%, and high efficiency 
cooling has an efficiency of 95%. Low efficiencies are 

denoted by LE, and high efficiencies are denoted by 
HE. The first system upgrade replaces CAV 
components with variable-air-volume (VAV) 
components. The second system upgrade replaces VAV 
components with a hydronic, dedicated outdoor air 
system (D) with passive cooling supplied by a central 
chiller and heating supplied by a central boiler. The 
first plant upgrade replaces a DX system with a central 
chiller (CC). The second plant upgrade replaces NG 
furnaces and electric reheat coils with a central boiler 
and hydronic heating coils (CB). Only upgrades from 
the baseline models are abbreviated in the run 
descriptions in Table 3.Temperature reset (TR) is a 
supply air reset, but the specifics of modeling this in 
EnergyPlus were unknown at the time of developing 
the building stock.  Therefore, TR was not modeled 
directly with EnergyPlus but as a post-process 
reduction in heating and cooling source energy. The 
previously summarized ECMs were simulated in 
isolation and combination as packages, which were 
applied as upgrades for each baseline model. For both 
baseline EnergyPlus models, there were 14 EnergyPlus 
models created, generating a total of 28 models. These 
models were created with the intention of isolating end-
use consumption as well as power synergies and 
interactions. The combinations and their annual energy 
consumptions are outlined in Table 4 below. 

Table 4.Annual Consumption (MWh/year) for 14 
Models Simulated in EnergyPlus 

 CONSUMPTION 
MODEL DESCRIPTION MS ST 
MS or ST baseline model 1166 1249 
+TR 1166 1249 
+TR+L1 1007 1084 
+TR+W 1125 1161 
+TR+HE 1063 1154 
+TR+K+L1+W 942 969 
+TR+K+L2+W 815 835 
+TR+L1+W+HE 865 886 
+VAV+HE 986 1133 
+VAV+K+L1+W 728 793 
+CC+HE+VAV+K+L2+W 687 769 
+TR+R 1162 1245 
+R+CC+HE+VAV+K+L1+W 823 905 
+D+R+CC+HE+K+L2+W 957 1079 

Extension of Modeled Results to Other Alternatives 
Synergies and end-use interactions of single and 
multiple ECM packages were explored using building 
simulation, which allows for joint impacts of multiple 
ECMs to be modeled based on physical principles.  
However, many ECMs are tedious to model in detail 
through building energy simulation.   
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Rather, field experience and engineering judgment can 
be more effective to estimate the impact on energy 
savings.  For example, temperature reset strategies and 
control changes can be difficult to model but easy to 
estimate based on field experience.  In such cases, the 
results of simulation conducted without the ECM can 
simply be scaled by the anticipated effect of the ECM 
on energy end-use.    The calculated and presumed 
effect of ECMs on end-use energy for the medium offie 
building are captured in Table 5 above.  Using these 
scaling factors, the number of ECM packages was 
expanded from 14 for each building (a total of 28) to 99 
for each building (a total of 198 packages; ECMs of 
interest not shown in Table 3 are summarized in Table 
7).  Due to the list of measures being considered so 
exhaustive, only the most attractive configurations and 
technologies are discussed in this report.  (The energy 
consumption data for the 198 models can be found in 
the corresponding Appendix uploaded with this 
document). 

Comparison to Regional Building Energy Use Data 
The results from the previous section on energy 
consumption of each alternative were compared to 
market energy consumption totals by adding up the 
existing stock of each alternative and comparing the 
result with known energy consumption totals. We find 
the estimated segment total to be off from the energy 
totals reported by CBECS by a 20% underestimation 
(EIA, 2005). This is not surprising given the typical 
state of repair, operation, and occupancy of existing 
buildings compared to our modeled results. To match 
the known segment energy consumption, we scaled the 

entire building stock (198 models) to match the 
observed segment consumption data. 

Cost Modeling 
The basic methodology for defining the benefits of 
ECM packages was to use RSMeans (Reeds 
Construction Data, 2011) to calculate the first cost of a 
retrofit. However, such cost models are known to be 
relatively correct but not necessarily precise on costs 
themselves. The costs estimated here using RSMeans 
under-reported the square foot first costs in the GPIC 
region by 23% for the office segment compared to 
recent data. Therefore, the computed cost estimates 
using RSMeans were scaled to match the reported value 
of construction for the segment, similar to the scaling of 
the energy simulation results. Data from a recent study 
(Hamilton et al., 2012) would suggest that GPIC-area 
decision-makers use many metrics for assessing 
attractiveness of options, but the limiting factor is first 
cost.  Therefore, the most attractive options are those 
with the greatest benefit, and the lowest first cost. 

RESULTS AND ANALYSIS 
For each of the two baseline constructions, 99 models 
were evaluated on the basis of energy use intensity and 
first cost. These results are plotted in Figure 2 and 
Figure 3. Figure 2 plots all of the MS configurations 
and ECM packages, while Figure 3shows all of the ST 
configurations and ECM packages (represented by 
black, hollow circles). For each figure, the x-axis is first 
cost (in millions of dollars) and the y-axis is annual 
energy use intensity (EUI) (kWh/ft2). On each figure, 
there are three important horizontal lines representing 
target EUIs. The first important EUI is 21 kWh/ft2 and 

Table 5. Scaling of Energy End-Use Based on EnergyPlus Modeling and Engineering Judgment 

ECM Interior 
Lighting 

Exterior 
Lighting 

Hot 
Water Heating Cooling Pumps and 

Condensers Fans Elevators Small Plug 
Loads 

(U) 100% 100% 100% 120% 120% 120% 120% 100% 100% 
L1 54% 100% 100% 141% 81% 100% 77% 100% 100% 
L2 12% 15% 100% 145% 80% 100% 77% 100% 100% 
K 100% 100% 100% 100% 100% 100% 100% 50% 100% 
W 100% 100% 100% 75% 75% 100% 100% 100% 100% 
TR 100% 100% 100% 89% 90% 100% 100% 100% 100% 
CB 100% 100% 100% 70% 100% 100% 100% 100% 100% 
CC 100% 100% 100% 100% 60% 100% 100% 100% 100% 
VAV 100% 100% 100% 82% 42% 100% 65% 100% 100% 
H 100% 100% 100% 33% 33% 100% 100% 100% 100% 
G 100% 100% 100% 33% 23% 100% 100% 100% 100% 
D 100% 100% 100% 88% 90% 100% 50% 100% 100% 
R 100% 100% 100% 100% 98% 100% 99% 100% 100% 
IW 100% 100% 100% 80% 80% 100% 100% 100% 100% 
I 100% 100% 100% 10% 10% 100% 100% 100% 100% 
S 100% 100% 100% 100% 100% 100% 100% 100% 100% 
P 100% 100% 100% 100% 100% 100% 100% 100% 100% 
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represents the current stock average, based on market 
segment data and population-weighted building data. 
The second line represents an EUI of 16 kWh/ft2, which 
is the average between an MS and an ST configuration 
having VAV distribution (with mechanical components 
meeting ASHRAE 90.1-2004 minimum), and overall 
envelope thermal conductivities meeting ASHRAE 
90.1-2004 minimum specifications (while keeping 
glazing areas at 20% and 60% respectively). The third 
line represents a 50% improvement over 90.1-2004, or 
an EUI of 8 kWh/ft2. 

EUI Reduction Potential by Building Configuration 
Based on summary statistics, the MS retrofit packages 
have an average EUI of 16 kWh/ft2 with a standard 
deviation of 5 kWh/ft2. The ST retrofit packages have 
an average EUI of 15 kWh/ft2 (lower than MS) but have 
a standard deviation of 6 kWh/ft2. Therefore, an initial 
observation is that there is more potential for energy 
savings in ST configurations than in MS configurations. 
This idea is supported by reviewing the number of 
configurations which fall under the 50% savings lines. 
For instance, the MS population has only 1 
configuration barely reaching the 50% reduction line. 
Alternatively, the ST population has 3 configurations 
falling under the 50% reduction line (these and other 
configuration statistics found in Table 6). 

Table 6. Statistics by Building Configuration 
 MS ST 
Mean EUI (kWh/ft2) 16 15 
Standard Deviation of EUI 5 6 
# > Stock Average 10 12 
Stock Ave � # > 90.1-2004 25 20 
90.1-2004� # > 50 % Over 90.1 63 62 
# � 50 % Over 90.1-2004 1 3 

 

 
Figure 1. Cumulative Buildings Below Target EUIs 

If all configurations are given equal weight, the 
cumulative number of configurations below target EUIs 
(Figure 1) supports the claim that ST configurations 
have greater potential of energy savings than MS 
configurations. If instead, each configuration (for both 
ST and MS buildings) represents a fraction of the 
building stock within the GPIC region, then the results 
would be weighted by that fraction. However, this 
analysis assumes equal weight for all configurations. 
Future work could apply the cost of the configuration in 
conjunction with its fraction of the population for a 
fuller understanding of regional potential in EUI. 

Costs and Benefits of Retrofit Packages 
Economic factors are included in these analyses using 
two methods (refer to Figure 2 and Figure 3). The first 
method identifies the least cost solutions for reducing 
EUI by at least 50% over the 90.1-2004 case (these 
configurations or ECM packages are highlighted as 
larger, red, circles). These configurations are tabulated 
in Table 8 (percentage reduction and cost in millions of 
dollars reported). These solutions fall close to the 50% 
savings line (given that energy models can have a 20% 
uncertainty in their estimates). The second method is a 
curve outlining configurations exhibiting the greatest 
EUI reduction for a given first cost investment (Curve 
points tabulated in Table 9 and Table 10, represented as 
black, filled circles, and show EUI in kWh/ft2 relative 
to cost in millions of dollars). Configurations falling on 
this line exhibit the greatest return on investment, while 
configurations above this line represent less attractive 
investments on the basis of first cost and EUI reduction. 
The configurations at the head (left) of this curve 
represent configurations which have that greatest return 
on investment, while configurations towards the tail 
(right) of this curve offer diminishing returns on 
investment. This discussion addresses the least cost 
configurations used to develop this Pareto curve (for 
information on all configurations refer to Hamilton et 
al., 2012). 
Insulated roof (I) represents an R30 insulated roof, and 
Insulated wall upgrade (IW) represents an R11 wall. 
Heat pump (H) mechanical represents a COP 4 in 
cooling air to air heat pump, while a ground-source heat 
pump (G) represents a COP 6 for the cooling system. A 
photovoltaic system (P) represents a system with 50% 
roof coverage. Smart grid refers to an operational 
scheme which reduces the peak consumption of end-use 
components effectively making them more efficient or 
shutting them off. This study assumes that smart grid 
controls save no energy per se, but reduce the building 
level demand energy by 15%. 
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Figure 2. MS Retrofit Packages by EUI and Cost 

 
Figure 3. ST Retrofit Packages by EUI and Cost
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Table 7. ECM Abbreviations and Descriptions 
 DESCRIPTION 
MS/ST  Masonry/steel curtain baseline 
(U) Uncommissioned configuration 
L1 T-5 lighting upgrade 
L2 LED light tube upgrade and exterior LED 
K High efficiency elevator upgrade 
W Double pane window upgrade 
R White roof upgrade 
I Insulated roof upgrade 
IW Insulated walls upgrade 
HE High-efficiency plant upgrade 
VAV Variable-air-volume system upgrade 
D Dedicated outdoor-air system upgrade 
H Heat pump 
G Ground-source heat pump 
CB Central boiler 
P Photovoltaics 
S Smart grid controls 

Table 8. 50% Least Cost Solutions 
MODEL DESCRIPTION % COST 

MS+P+S+IW+I+CC+VAV+K+L1+W 50% 4.11 
ST+H+VAV+K+L2+W 50% 2.93 

Table 9. MS Optimal Returns on Investment 
MODEL DESCRIPTION EUI COST 

MS(U) 21 2.63 
MS 19 2.63 
MS+VAV+HE+CB+K+L1 12 2.79 
MS+VAV+HE+K+L2+W 11 2.98 
MS+P+S+R+G+VAV+K+L1+W 10 3.66 
MS+P+S+D+IW+I+G+K+L2+W 8 5.35 

Table 10.ST Optimal Returns on Investment 
MODEL DESCRIPTION EUI COST 

ST 21 2.62 
ST+R+TR 13 2.59 
ST+H+VAV+K+L2+W 8 2.93 
ST+P+S+D+IW+I+G+K+L2+W 5 5.31 
There are some interesting findings from these results. 
Firstly, there are a number of configurations that are 
above the stock average (again, 21 kWh/ft2) and fairly 
costly. These configurations all made use of combined 
heating and power (CHP) or combined cooling, heating, 
and power (CCHP) systems, which for this building 
type in this climate were not effective. Secondly, the ST 
buildings relative to the MS buildings provided 
interesting findings. This is primarily due to it being 
cheaper to upgrade the envelope u-value for ST 
configurations, which have a 60% glazing area 
compared, to the 20% glazing area on the MS 
configurations, given that wall insulation upgrades cost 
more than window upgrades.  

Recommended Retrofit Packages 
To achieve a 50% reduction in energy use over the 
90.1-2004 configuration in the GPIC region at 
minimum first cost, one can examine Figures 2 and 3 
for configurations that meet the 50% solution line 
(within a 20% error bound). We recommend the 
configurations in Table 8. The lowest first cost MS 
building in the GPIC region should be retrofitted to 
include: photovoltaics, smart grid controls, VAV 
distribution, a central chiller, T-5 lighting, wall and roof 
insulation upgrades, high efficiency elevators, and 
double pane windows. An ST building in the GPIC 
region should be retrofitted to include VAV 
distribution, heat pumps, LED lighting, high efficiency 
elevators, and double pane windows. These 
configurations differ slightly from the 
recommendations by Liu et al. (2009). The 50% 
solution for the Liu et al. (2009) model included a 
DOAS system, envelope upgrades, a white roof, double 
pane windows, and lighting upgrades. It also included 
ECMs out of the scope of this project, such as 
permanent shading and daylight harvesting.  When the 
Liu et al. package was applied to the MS and ST 
constructions (except for shading devices and daylight 
harvesting) for the GPIC region, it resulted in an EUI 
around 10 kWh/ft2 (only a 37% reduction). The MS and 
ST retrofit packages did not include permanent shading 
devices and daylight harvesting, since these measures 
are not universally applicable, site dependent, and often 
extensive as retrofit applications. Furthermore, different 
ECMs such as photovoltaics and ground source heat 
pumps are alternative means to reach and exceed the 
50% reduction goal. However, these ECMs are capital 
intensive technologies and so appear off the lowest cost 
boundary of Figures 2 and 3.   

CONCLUSIONS 
As supported by Chidiac et al. (2011), it is important to 
remember that the results of this study are specific to 
the geography and buildings within the GPIC region. 
The framework for this study can be replicated to 
develop an understanding of which ECM packages 
from an exhaustive list apply most to a specific building 
or building stock. Noting this, there are important 
conclusions for the GPIC region building stock: 
x Retrofit packages along the Pareto curve are the 

designs to select given a specified first cost, as these 
packages represent optimal return on investment 

x The least-cost 50% reduction in energy use designs 
are slightly different than the Liu et al. (2009) 50% 
solution for an ASHRAE 4A climate. While the 
results presented here are more specific to the GPIC 
region, Liu et al. considered daylighting and 
shading, which are potentially attractive options and 
warrant consideration in future research, although 
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they are not expected to be universally applicable, 
given site constraints.  

Overall, we find this approach useful for establishing 
the most cost-effective solutions for typical masonry 
and steel buildings in the GPIC region. Not only does it 
provide the least-cost alternative, but it also indicates 
the tradeoffs between first cost and energy reduction 
visually on the Pareto curve and allows for decision 
makers to add or decrement from proposed solutions 
based on their specific decision making criteria and 
goals. 
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APPENDIX FOR: 
 

CAPITAL COSTS AND ENERGY SAVINGS ACHIEVEDBY ENERGY CONSERVATION 
MEASURES FOR OFFICE BUILDINGS IN THE GREATER PHILADELHIA REGION 

 
Liam Hendricken1, Kevin Otto2, Jin Wen1, Patrick Gurian1, William Sisson3 

1Drexel University, Philadelphia, PA 
2Robust Systems and Strategy, Taunton, MA 

3United Technologies Research Centre, Hartford, CT 
 

APPENDIX SUMMARY 
This appendix supplements the above titled conference 
paper (Hendricken et al., 2012) by presenting a 
description of all of the energy conservation measures 
(ECMs) explored for the entire study.  Table A-1 
provides the ECM abbreviations and descriptions for 
the study. Table A-2 provides the model number, 
model description, energy use intensity (EUI) in terms 

of MWh/year, and capital cost (in terms of $US) for 
each model for the masonry building configurations.  
Table A-3 provides the model number, model 
description, energy use intensity (EUI) in terms of 
MWh/year, and capital cost (in terms of $US) for each 
model for the steel building configurations.  For 
additional explanation of study, please contact primary 
author.

 
Table A-1. ECM Abbreviations and Descriptions for Entire Study 

 DESCRIPTION 
TR Temperature reset strategy 
L1 T-5 lighting upgrade 
L2 LED light tube upgrade and exterior LED 
K High efficiency elevator upgrade 
W Double pane window upgrade 
R White roof upgrade 
I Insulated roof upgrade 
IW Insulated walls upgrade 
HE High-efficiency plant upgrade 
VAV Variable-air-volume system upgrade 
D Dedicated outdoor-air system upgrade with radiant heating and cooling 
H Heat pump 
G Ground-source heat pump 
CB High efficiency central boiler 
CC High efficiency central chiller 
AC Absorption chiller 
TS Ice tank thermal storage 
P Photovoltaics 
S Smart grid controls 
CHP Combined heating and power system 
CCHP Combined cooling, heating, and power system 
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Table A-2. Model Number, Description, EUI (in MWh/year), and Capital Cost (in $US) for Masonry Buildings 

RUN MODEL DESCRIPTION EUI FIRST COST 
1 Uncommissioned MS Baseline: 25% Window Area 21 $2,630,828 
2 Uncommissioned MS Baseline + L1 19 $2,676,167 
3 Uncommissioned MS Baseline + K + L2 17 $2,870,138 
4 Uncommissioned MS Baseline + W 20 $2,654,061 
5 MS Baseline (Commissioned) 19 $2,630,828 
6 MS Baseline + TR 19 $2,679,445 
7 MS Baseline + L1 + TR 17 $2,690,360 
8 MS Baseline + K + L2 + TR 15 $2,884,331 
9 MS Baseline + W + TR 19 $2,707,989 
10 MS Baseline + CB + TR 19 $2,702,052 
11 MS Baseline + HE Cooling + TR 18 $2,683,311 
12 MS Baseline + HE Cooling + CB + TR 18 $2,719,459 
13 MS Baseline + K + L1 + W + TR 16 $2,714,073 
14 MS Baseline + K + L2 + W + TR 14 $2,905,058 
15 MS Baseline + L1 + HE Cooling + CB + TR 16 $2,738,166 
16 MS Baseline + K + L2 + HE Cooling + CB + TR 14 $2,932,137 
17 MS Baseline + W + HE Cooling + CB + TR 17 $2,744,191 
18 MS Baseline + K + L1 + W + HE Cooling + CB + TR 14 $2,760,795 
19 MS Baseline + K + L2 + W + HE Cooling + CB + TR 12 $2,954,765 
20 MS Baseline + VAV no DCV + HE Cooling + CB 17 $2,747,520 
21 MS Baseline + VAV + HE Cooling + CB 16 $2,747,520 
22 MS Baseline + VAV + HE Cooling + CB + L1 14 $2,766,226 
23 MS Baseline + VAV + HE Cooling + CB + K + L2 13 $2,960,197 
24 MS Baseline + VAV + HE Cooling + CB + W 16 $2,775,925 
25 MS Baseline + VAV + HE Cooling + CB + K + L1 + W 12 $2,790,332 
26 MS Baseline + VAV + HE Cooling + CB + K + L2 + W 11 $2,984,303 
27 MS Baseline + H + VAV 21 $2,789,950 
28 MS Baseline + H + VAV + L1 19 $2,808,657 
29 MS Baseline + H + VAV + K + L2 17 $3,002,628 
30 MS Baseline + H + VAV + W 20 $2,814,113 
31 MS Baseline + H + VAV + K + L1 + W 15 $2,813,466 
32 MS Baseline + H + VAV + K + L2 + W 14 $3,007,436 
33 MS Baseline + CC + CB + VAV 16 $2,856,275 
34 MS Baseline + CC + CB + VAV + L1 14 $2,874,982 
35 MS Baseline + CC + CB + VAV + K + L2 12 $3,068,953 
36 MS Baseline + CC + CB + VAV + W 16 $2,880,620 
37 MS Baseline + CC + CB + VAV + K + L1 + W 12 $2,937,298 
38 MS Baseline + CC + CB + VAV + K + L2 + W 11 $3,131,268 
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39 MS Baseline + R  + TR 19 $2,680,611 
40 MS Baseline + I + TR 19 $2,819,815 
41 MS Baseline + R + VAV + HE Cooling + CB + K + L1 + W 12 $2,793,700 
42 MS Baseline + R + H + VAV + K + L1 + W 15 $2,816,600 
43 MS Baseline + R + H + VAV + K + L2 + W 14 $3,010,571 
44 MS Baseline + R + CC + CB + VAV + K + L1 + W 14 $2,932,129 
45 MS Baseline + R + CC + CB + VAV + K + L2 + W 12 $3,126,100 
46 MS Baseline + IW + VAV + HE Cooling + CB + K + L1 + W 11 $3,040,386 
47 MS Baseline + IW + I + H + VAV + K + L1 + W 14 $3,199,273 
48 MS Baseline + IW + I + H + VAV + K + L2 + W 12 $3,393,244 
49 MS Baseline + IW + I + CC + CB + VAV + K + L1 + W 11 $3,305,569 
50 MS Baseline + IW + I + CC + CB + VAV + K + L2 + W 10 $3,499,540 
51 MS Baseline + R + G + VAV + L1 16 $2,864,085 
52 MS Baseline + R + G + VAV + K + L1 + W 17 $2,833,493 
53 MS Baseline + R + G + VAV + K + L2 + W 15 $3,027,464 
54 MS Baseline + R + G + VAV + K + L2 + W + IW 13 $3,289,574 
55 MS Baseline + I + G + VAV + K + L2 + W + IW 21 $3,538,031 
56 MS Baseline + TS + R + CC + CB + VAV + K + L1 + W 14 $2,932,129 
57 MS Baseline + TS + R + CC + CB + VAV + K + L2 + W 12 $3,126,100 
58 MS Baseline + D + R + CC + CB + K + L1 + W 12 $4,109,037 
59 MS Baseline + D + R + H + K + L1 + W 17 $4,025,178 
60 MS Baseline + D + IW + I + CC + CB + K + L2 + W 10 $4,713,754 
61 MS Baseline + D + R + G + K + L1 + W 16 $3,988,095 
62 MS Baseline + D + IW + I + G + K + L2 + W 14 $4,592,812 
63 MS Baseline + D  + TS + IW + I + G + K + L2 + W 14 $4,592,812 
64 MS Baseline + S + VAV + HE Cooling + CB + L1 14 $2,922,205 
65 MS Baseline + S + VAV + HE Cooling + CB + K + L2 + W 12 $3,124,883 
66 MS Baseline + S + H + VAV + K + L1 + W 15 $2,969,444 
67 MS Baseline + S + R + CC + CB + VAV + K + L2 + W 14 $3,266,680 
68 MS Baseline + S + IW + I + H + VAV + K + L2 + W 14 $3,533,824 
69 MS Baseline + S + R + G + VAV + K + L2 + W 15 $3,168,044 
70 MS Baseline + S + IW + I + G + VAV + K + L2 + W 13 $3,570,147 
71 MS Baseline + S + TS + R + CC + CB + VAV + K + L1 + W 14 $3,088,107 
72 MS Baseline + S + D + R + CC + CB + K + L1 + W 12 $4,265,015 
73 MS Baseline + S + D + R + H + K + L1 + W 17 $4,181,156 
74 MS Baseline + S + D + IW + I + CC + CB + K + L2 + W 10 $4,854,334 
75 MS Baseline + S + D + R + G + K + L1 + W 19 $4,374,261 
76 MS Baseline + S + D + IW + I + G + K + L2 + W 14 $4,733,392 
77 MS Baseline + S + D  + TS + IW + I + G + K + L2 + W 14 $4,733,392 
78 MS Baseline + CCHP + S + R + AC + VAV + K + L1 + W 27 $3,301,174 
79 MS Baseline + CCHP + S + IW + I + AC + VAV + K + L1 + W 25 $3,711,919 
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80 MS Baseline + CCHP + S + R + AC + VAV + K + L2 + W 25 $3,479,747 
81 MS Baseline + CCHP + S + R + AC + VAV + K + L1 + W 26 $3,301,174 
82 MS Baseline + CCHP + S + TS + R + AC + VAV + K + L1 + W 27 $3,301,174 
83 MS Baseline + CCHP + S + D + R + AC + K + L1 + W 26 $4,368,674 
84 MS Baseline + CHP + S + R + HE Cooling + VAV + K + L1 + W 27 $3,070,900 
85 MS Baseline + CCHP + S + D + IW + I + AC + K + L1 + W 26 $4,779,419 
86 MS Baseline + CHP + S + R + AC + VAV + K + L2 + W 27 $3,670,814 
87 MS Baseline + CHP + S + R + CC + VAV + K + L1 + W 29 $3,210,800 
88 MS Baseline + CHP + S + IW + I + CC + VAV + K + L1 + W 26 $3,587,400 
89 MS Baseline + P + S + R + CC + CB + VAV + K + L1 + W 12 $3,760,107 
90 MS Baseline + P + S + IW + I + CC + CB + VAV + K + L1 + W 9 $4,133,547 
91 MS Baseline + P + S + R + CC + CB + VAV + K + L2 + W 10 $3,938,680 
92 MS Baseline + P + S + R + CC + CB + VAV + K + L1 + W 10 $3,763,949 
93 MS Baseline + P + S + TS + R + CC + CB + VAV + K + L1 + W 12 $3,760,107 
94 MS Baseline + P + S + D + R + CC + CB + K + L1 + W 10 $4,937,015 
95 MS Baseline + P + S + D + IW + I + CC + CB + K + L1 + W 10 $5,347,761 
96 MS Baseline + P + S + R + G + VAV + K + L1 + W 10 $3,655,516 
97 MS Baseline + P + S + D + R + G + K + L1 + W 9 $4,723,016 
98 MS Baseline + P + S + D + IW + I + G + K + L1 + W 10 $5,168,592 
99 MS Baseline + P + S + D + IW + I + G + K + L2 + W 8 $5,347,165 
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Table A-3. Model Number, Description, EUI (in MWh/year), and Capital Cost (in $US) for Steel Buildings 

RUN MODEL DESCRIPTION EUI FIRST COST 
1 Uncommissioned ST Baseline: 60% Window Area 24 $2,651,443 
2 Uncommissioned ST Baseline + L1 22 $2,670,150 
3 Uncommissioned ST Baseline + K + L2 19 $2,864,121 
4 Uncommissioned ST Baseline + W 21 $2,644,683 
5 ST Baseline (Commissioned) 21 $2,622,570 
6 ST Baseline + TR 21 $2,671,187 
7 ST Baseline + L1 + TR 18 $2,683,923 
8 ST Baseline + K + L2 + TR 15 $2,877,894 
9 ST Baseline + W + TR 19 $2,690,789 
10 ST Baseline + HE Heating + TR 20 $2,703,132 
11 ST Baseline + HE Cooling + TR 20 $2,762,312 
12 ST Baseline + HE Cooling + HE Heating + TR 19 $2,702,921 
13 ST Baseline + K + L1 + W + TR 16 $2,700,804 
14 ST Baseline + K + L2 + W + TR 14 $2,888,867 
15 ST Baseline + L1 + HE Cooling + HE Heating + TR 17 $2,721,628 
16 ST Baseline + K + L2 + HE Cooling + HE Heating + TR 14 $2,915,599 
17 ST Baseline + W + HE Cooling + HE Heating + TR 19 $2,735,157 
18 ST Baseline + K + L1 + W + HE Cooling + HE Heating + TR 15 $2,755,697 
19 ST Baseline + K + L2 + W + HE Cooling + HE Heating + TR 12 $2,949,668 
20 ST Baseline + VAV no DCV + HE Cooling + HE Heating 19 $2,744,494 
21 ST Baseline + VAV + HE Cooling + HE Heating 19 $2,744,494 
22 ST Baseline + VAV + HE Cooling + HE Heating + L1 17 $2,763,201 
23 ST Baseline + VAV + HE Cooling + HE Heating + K + L2 13 $2,957,172 
24 ST Baseline + VAV + HE Cooling + HE Heating + W 18 $2,779,053 
25 ST Baseline + VAV + HE Cooling + HE Heating + K + L1 + W 13 $2,793,163 
26 ST Baseline + VAV + HE Cooling + HE Heating + K + L2 + W 10 $2,987,134 
27 ST Baseline + H + VAV 16 $2,680,831 
28 ST Baseline + H + VAV + L1 14 $2,699,538 
29 ST Baseline + H + VAV + K + L2 10 $2,893,509 
30 ST Baseline + H + VAV + W 16 $2,715,906 
31 ST Baseline + H + VAV + K + L1 + W 11 $2,732,599 
32 ST Baseline + H + VAV + K + L2 + W 8 $2,926,569 
33 ST Baseline + CC + HE Heating + VAV 18 $2,756,473 
34 ST Baseline + CC + HE Heating + VAV + L1 16 $2,775,180 
35 ST Baseline + CC + HE Heating + VAV + K + L2 13 $2,969,150 
36 ST Baseline + CC + HE Heating + VAV + W 18 $2,790,798 
37 ST Baseline + CC + HE Heating + VAV + K + L1 + W 16 $2,950,388 
38 ST Baseline + CC + HE Heating + VAV + K + L2 + W 13 $2,997,727 
39 ST Baseline + R  + TR 13 $2,585,122 
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40 ST Baseline + I + TR 21 $2,812,011 
41 ST Baseline + R + VAV + HE Cooling + HE Heating + K + L1 + W 16 $2,866,692 
42 ST Baseline + R + H + VAV + K + L1 + W 11 $2,735,386 
43 ST Baseline + R + H + VAV + K + L2 + W 8 $2,929,357 
44 ST Baseline + R + CC + HE Heating + VAV + K + L1 + W 15 $2,964,302 
45 ST Baseline + R + CC + HE Heating + VAV + K + L2 + W 12 $3,158,273 
46 ST Baseline + IW + VAV + HE Cooling + HE Heating + K + L1 + W 12 $3,059,921 
47 ST Baseline + IW + I + H + VAV + K + L1 + W 11 $3,142,666 
48 ST Baseline + IW + I + H + VAV + K + L2 + W 8 $3,336,637 
49 ST Baseline + IW + I + CC + HE Heating + VAV + K + L1 + W 14 $3,314,971 
50 ST Baseline + IW + I + CC + HE Heating + VAV + K + L2 + W 11 $3,508,942 
51 ST Baseline + R + G + VAV + L1 13 $2,798,018 
52 ST Baseline + R + G + VAV + K + L1 + W 13 $2,814,591 
53 ST Baseline + R + G + VAV + K + L2 + W 10 $3,008,561 
54 ST Baseline + R + G + VAV + K + L2 + W + IW 9 $3,276,342 
55 ST Baseline + I + G + VAV + K + L2 + W + IW 9 $3,416,266 
56 ST Baseline + TS + R + CC + HE Heating + VAV + K + L1 + W 15 $2,964,302 
57 ST Baseline + TS + R + CC + HE Heating + VAV + K + L2 + W 12 $3,158,273 
58 ST Baseline + D + R + CC + HE Heating + K + L1 + W 13 $4,144,430 
59 ST Baseline + D + R + H + K + L1 + W 12 $3,824,885 
60 ST Baseline + D + IW + I + CC + HE Heating + K + L2 + W 10 $4,749,147 
61 ST Baseline + D + R + G + K + L1 + W 12 $3,921,816 
62 ST Baseline + D + IW + I + G + K + L2 + W 9 $4,526,533 
63 ST Baseline + D  + TS + IW + I + G + K + L2 + W 9 $4,526,533 
64 ST Baseline + S + VAV + HE Cooling + HE Heating + L1 17 $2,919,179 
65 ST Baseline + S + VAV + HE Cooling + HE Heating + K + L2 + W 13 $3,127,714 
66 ST Baseline + S + H + VAV + K + L1 + W 11 $2,888,577 
67 ST Baseline + S + R + CC + HE Heating + VAV + K + L2 + W 15 $3,298,854 
68 ST Baseline + S + IW + I + H + VAV + K + L2 + W 11 $3,477,217 
69 ST Baseline + S + R + G + VAV + K + L2 + W 10 $3,149,142 
70 ST Baseline + S + IW + I + G + VAV + K + L2 + W 9 $3,556,916 
71 ST Baseline + S + TS + R + CC + HE Heating + VAV + K + L1 + W 15 $3,120,280 
72 ST Baseline + S + D + R + CC + HE Heating + K + L1 + W 13 $4,300,408 
73 ST Baseline + S + D + R + H + K + L1 + W 12 $3,980,863 
74 ST Baseline + S + D + IW + I + CC + HE Heating + K + L2 + W 10 $4,889,727 
75 ST Baseline + S + D + R + G + K + L1 + W 13 $4,175,912 
76 ST Baseline + S + D + IW + I + G + K + L2 + W 9 $4,667,113 
77 ST Baseline + S + D  + TS + IW + I + G + K + L2 + W 9 $4,667,113 
78 ST Baseline + CCHP + S + R + AC + HE Heating + VAV + K + L1 + W 27 $3,257,263 
79 ST Baseline + CCHP + S + IW + I + AC + VAV + K + L1 + W 28 $3,861,156 
80 ST Baseline + CCHP + S + R + AC + VAV + K + L2 + W 24 $3,628,984 
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81 ST Baseline + CCHP + S + R + AC + VAV + K + L1 + W 26 $3,450,411 
82 ST Baseline + CCHP + S + TS + R + AC + HE Heating + VAV + K + L1 + W 27 $3,257,263 
83 ST Baseline + CCHP + S + D + R + AC + HE Heating + K + L1 + W 26 $4,324,763 
84 ST Baseline + CHP + S + R + HE Cooling + VAV + K + L1 + W 27 $3,222,624 
85 ST Baseline + CCHP + S + D + IW + I + AC + K + L1 + W 26 $4,928,656 
86 ST Baseline + CHP + S + R + AC + VAV + K + L2 + W 26 $3,864,571 
87 ST Baseline + CHP + S + R + CC + VAV + K + L1 + W 30 $3,389,808 
88 ST Baseline + CHP + S + IW + I + CC + VAV + K + L1 + W 29 $3,744,328 
89 ST Baseline + PV + S + R + CC + HE Heating + VAV + K + L1 + W 13 $3,792,280 
90 ST Baseline + PV + S + IW + I + CC + HE Heating + VAV + K + L1 + W 13 $4,142,949 
91 ST Baseline + PV + S + R + CC + HE Heating + VAV + K + L2 + W 10 $3,970,854 
92 ST Baseline + PV + S + R + CC + HE Heating + VAV + K + L1 + W 11 $3,634,434 
93 ST Baseline + PV + S + TS + R + CC + HE Heating + VAV + K + L1 + W 13 $3,792,280 
94 ST Baseline + PV + S + D + R + CC + HE Heating + K + L1 + W 12 $4,972,408 
95 ST Baseline + PV + S + D + IW + I + CC + HE Heating + K + L1 + W 12 $5,383,154 
96 ST Baseline + PV + S + R + G + VAV + K + L1 + W 9 $3,641,043 
97 ST Baseline + PV + S + D + R + G + K + L1 + W 8 $4,708,543 
98 ST Baseline + PV + S + D + IW + I + G + K + L1 + W 9 $5,135,534 
99 ST Baseline + PV + S + D + IW + I + G + K + L2 + W 5 $5,314,107 
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ABSTRACT 
A simple cost optimization method was applied to 
determine the appropriate investment in energy 
efficiency for houses to be built as part of a large scale 
solar community planned for construction near 
Calgary, Alberta.  The cost effectiveness of individual 
house envelope energy efficiency upgrades was 
determined using energy simulation results and 
builder contributed costing information.  These results 
then guided the combination of house energy 
efficiency upgrades.  Finally, the incremental costs of 
these combined upgrades were compared to the 
estimated incremental cost of providing space heating 
using the planned solar district heating system to 
determine the appropriate house energy efficiency 
upgrades. 

INTRODUCTION 
Of the myriad uses of energy simulation, cost 
optimization is one of the most common.  The solution 
described herein was developed to determine how 
much effort should be invested in energy efficiency 
upgrades for houses which will be part of a large solar 
community planned to be built near Calgary, Alberta. 

The new solar community in question was planned to 
comprise close to 1000 dwellings of varied type for 
which about 90% of the space heating energy and 
potentially up to  50% of the domestic hot water 
(DHW) heating energy would be provided using a 
solar district energy system connected to a borehole 
seasonal storage system (McClenahan 2011).  The cost 
of providing space heating to the community using the 
solar seasonal storage system added to an existing 
district energy system was estimated to be about 
$720/GJ (Wong 2012).  It is hoped that this cost will 
decrease as the parameters of the system undergo 
further optimization.  Of these parameters, the 
optimization described here focused solely on the cost-
effectiveness of house efficiency upgrades.  The 
question to answer was: is it cheaper to increase 

supply of renewable energy or reduce demand with 
energy efficiency measures? 

TOOLS 
There is a wide array of residential and commercial 
building energy simulation engines available today.  
Some, such as NREL’s BEopt, combine energy 
simulation and cost optimization routines into one tool 
(NREL 2011).  For this study HOT2000 v10.51 was 
used (NRCan 2010).  This venerable modified-bin 
method tool includes the AIM-2 infiltration model 
(Walker 1990) and the BASESIMP ground conduction 
model (Beausoleil-Morrison et al. 1997) making 
HOT2000 better suited to estimating the energy use of 
Canadian homes than other, more generalized, tools 
which simulate energy consumption in large 
commercial buildings in addition to smaller residential 
homes.  HOT2000 is widely used in Canada for both 
research purposes and program delivery (NRCan 
2010) and has been validated using HERS BESTEST 
(Haltrecht et al. 1997).  More than 1 million homes in 
Canada have been evaluated using the HOT2000 
energy analysis tool in the last fifteen years.  Although 
there are many more sophisticated tools available, 
such as ESP-r (ESRU 2011), or those based on 
EnergyPlus (DOE 2011), HOT2000 was chosen for its 
ease of use, speed, integration of the EnerGuide rating 
system and the models it uses to simulate houses 
typically found in Canada.  The upgrades considered 
in this study were all well-suited to, and within the 
modeling capabilities of, HOT2000. 

As with energy simulation tools, there are many 
powerful optimization tools available for use with 
building energy simulation, such as GenOpt (LBNL 
2011) and BEopt (NREL 2011).  Unfortunately, many 
require a continuous cost function.  Others require that 
a specific energy simulation tool be used.  GenOpt 
provides a text based interface with the simulation 
engine allowing it to be used with a variety of tools.  
Unfortunately, using a text interface with HOT2000 
proved difficult.  Some of these limitations could have 
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been overcome, but time constraints prevented pursuit 
of their solutions for this study.  Given the scope of 
constructible and practical energy upgrades considered 
in this investigation and the use of HOT2000, the 
simple optimization technique described herein was 
used despite its limitations. 

OPTIMIZATION METHOD 
The optimization method used followed a two step 
approach.  First, the cost effectiveness of a set of 
individual upgrades was determined.  Then these 
upgrades were combined in order of decreasing cost 
effectiveness and the cost effectiveness of the 
combined set of upgrades established.  The 
incremental cost of one upgrade, when added to a 
combination of others, was subsequently estimated.  
This method is similar to a simplified version of the 
sequential search method used by BEopt (Horowitz 
2008). 

To start, three baseline models were generated to 
represent the housing segment considered for the solar 
community.  This provided a common reference to 
compare the effect of an upgrade on a house’s energy 
consumption.  For the sake of clarity, only one 
baseline is considered in the present discussion.  Next, 
one individual efficiency upgrade was added to the 
baseline model and the energy consumption of that 
model was determined.  If several upgrades are 
typically applied simultaneously (e.g. thorough air 
sealing and the installation of a heat recovery 
ventilator - HRV), then these upgrades would be 
considered as one for the purposes of the optimization.  
The cost effectiveness of the individual upgrade would 
then be calculated by dividing the capital cost of the 
upgrade by the difference in energy consumption for 
one year between the baseline and individual upgrade 
models.  This step would be repeated to determine the 
cost effectiveness of each individual upgrade. 

For the cost optimization analysis, only the energy 
efficiency upgrade initial capital costs were used.  The 
analysis did not consider the utility costs associated 
with the renewable energy system or any other costs 
beyond the initial capital costs.  More importantly, the 
goal was to determine if the capital cost of the 
renewable energy system could be reduced by reducing 
demand.  Thus, the capital cost of the home efficiency 
upgrades was appropriate for comparison. 

An example of this step in the optimization would be a 
house with a baseline construction BASE and 
efficiency upgrades A, B, C and D.  In this step, the 
cost effectiveness (CEX for upgrade X) of the upgrades 

would be determined as follows (fictitious results 
included): 

GJ
EE

C
CE

ABASEBASE

A
A /100$






 (1) 

GJ
EE

C
CE

BBASEBASE

B
B /500$






 (2) 

GJ
EE

C
CE

CBASEBASE

C
C /400$






 (3) 

GJ
EE

C
CE

DBASEBASE

D
D /350$






 (4) 

Where CX is the capital cost of upgrade X, EBASE is the 
energy consumption of the baseline model and EBASE+X 
is the energy consumption of the baseline model with 
upgrade X applied. 

To determine the cost effectiveness of the combined 
upgrades, the individual upgrades were sorted in order 
of decreasing cost effectiveness and then applied 
cumulatively in that order.  That is, the model with the 
most cost effective individual upgrade was first 
chosen.  The next most cost effective upgrade was then 
applied to this model to create one cumulative model.  
The difference in energy consumption between this 
new cumulative model (baseline plus two most cost 
effective upgrades) and the baseline was then 
calculated, as was the combined capital costs of the 
two upgrades.  Using this information, the cost 
effectiveness of this set of combined upgrades was 
determined in the same manner as the individual 
upgrades.  These steps were repeated as each 
remaining individual upgrade was added, in order of 
decreasing cost-effectiveness, to the last cumulative 
upgrade model to create a new cumulative upgrade 
model.  From this information, a cost curve was 
developed and incremental costs were determined 
from the slope of that cost curve. 

This determination of the cost effectiveness of the 
cumulative models can be illustrated by extending the 
previous example.  Given the cost effectiveness from 
equations 1 through 4, the order in which the 
individual upgrades would be applied is A, D, C, and 
B.  The cost effectiveness of the cumulative upgrades 
would be calculated as follows: 

DABASEBASE

DA
DA EE

C
CE




 

   (5) 

Table 3 Upgrade Construction Characteristics 
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CDABASEBASE

CDA
CDA EE

C
CE




 

   (6) 

BCDABASEBASE

BCDA
BCDA EE

C
CE




 

  (7) 

Occasionally, individual upgrades in a given category 
(ex. different amounts of exterior wall insulation) 
which saved more energy were more cost effective 
than other upgrades in the same category which saved 
less energy.  In these cases, the less aggressive, less 
cost effective, upgrade would be skipped when the 
cumulative upgrades were being generated.   An 
example would be investigating the addition of 3.8cm 
of external wall insulation and 5.1cm of external wall 
insulation.  If adding 5.1cm was found to save more 
energy and be more cost effective than adding 3.8cm, 
then the cumulative models would not include the 
3.8cm case and only the 5.1cm case would be 
considered. 

As many of the steps in this optimization were 
performed manually, the simplicity and lack of 
required iterations were highly valued.  For this 
optimization method the maximum number of 
simulations required is 2N, where N is the number of 
individual upgrades.  If some individual upgrades are 
not included in the cumulative upgrade set then the 
number of simulations will be less than 2N.  In 
contrast, the total number of simulations required by 
the basic sequential search enhanced in BEopt 
(Horowitz 2008) is N(N+1)/2.  In the case of this study 
22 individual upgrades were considered.  This led to a 
total of 44 simulations as opposed to 231 simulations 
for the basic sequential search. 

However, this optimization has a number of 
limitations.  Chief among these is that the 
optimization assumes that the relative cost 
effectiveness of the individual upgrades will be 
maintained when they are combined.  Since houses are 
complex, non-linear systems, a given upgrade’s energy 
savings and cost effectiveness will change with the 
characteristics of the house and the nature of the 
upgrade.  Thus, the cost-effectiveness of the upgrades 
will change as more upgrades are added. 

SIMULATION 
With the optimization method devised, the task was 
then to apply it to the housing expected to be found in 
the large scale solar community being investigated.  
Larger multi-unit residential buildings were expected 
to be part of the community; however, this study 
focused on smaller single family homes.  To represent 

these homes, three existing home designs that have 
been built in large numbers by the builder partaking in 
this study were chosen.  The three existing designs 
were the Nebula, the Pinnacle 4 and the Rialta.  The 
Nebula and the Pinnacle 4 are, respectively, small and 
mid-sized single detached homes.  The Rialta is a 
middle unit of a row house.  As existing designs were 
being investigated, no large modifications to 
architecture were explored.  Furthermore, the 
orientation used when modeling these houses was 
chosen so as to yield the highest energy consumption 
from the houses.  This was done to avoid 
underestimating the energy requirements of the houses 
which may be built in a variety of orientations.  Table 
1 summarizes the general characteristics of the three 
modeled homes.  
 

Table 1 House Characteristics 
 

Rialta Nebula Pinnacle 4 

Middle unit, 
row house 

Small detached with 
full basement 

Mid-sized detached with 
full basement 

2 storey 2 storey 2storey 

110 m2 141 m2 203 m2 

East facing East facing Southeast facing 
 

The baseline construction of the houses considered 
was that typically used by the builder participating in 
this study (Paget 2011).  This construction was found 
to use on average 11% less energy than the 
construction dictated in the 2006 Alberta Building 
Code (NRC 2006).  The house construction 
characteristics pertinent to energy efficiency for 
houses built to the 2006 Alberta Building Code and 
those currently typically built in Alberta are shown in 
table 2.  All houses were modeled using the 
EnergGuide rating system assumptions (NRCan 
2011).  

There are a wide variety of technologies and 
constructions now available that reduce a house’s 
energy demand.  However, not all of these 
technologies and constructions were applicable, or 
practical, for this study.  Some limitations were 
imposed by the nature of the solar community.  Since 
most of the space heating and much of the DHW 
would be provided using the district heating system, 
no mechanical systems were considered.  Ventilation 
was the only exception to this.  All houses were 
modeled to use a 92% AFUE condensing gas furnace 
with a furnace fan powered by an efficient DC motor.  
In addition, all houses were modeled to use a natural 
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gas, direct vent, 151.4L tank DHW heater with an 
energy factor of 0.58.  Other limitations were imposed 
by the circumstances in which the houses would be 
built.  Upgrades had to be amenable to application on 
a large housing development.  Thus, a fairly 
traditional set of upgrades were considered. 
 

Table 2 Baseline House Construction Characteristics 
 

 Typical Alberta 
Build 

2006 Alberta 
Building Code 

Ceiling 38x89mm engineered truss, 0.61m o/c, RSI 6.0 
blown cellulose 

Walls 38x140mm, 0.61m o/c, 
RSI 3.5 Batt 

38x89mm, 0.61m 
o/c, RSI 2.1 Batt 

Exposed Floors RSI 4.9 Batt + 38x89mm 
strapping w/ RSI 2.1 

RSI 4.9 Batt 

Joist Header RSI 3.5 RSI 2.1 

Foundation Interior full height stud 
wall: 38x89mm, 0.61m 
o/c, RSI 2.1 

RSI 1.4 to 0.61m 
below grade 

Windows Double glazed, air filled, no coating, vinyl 

Doors Steel with polyurethane core 

Infiltration 5.5 air changes/hour at 50 Pa 
 

The upgrades considered are shown in table 3.  A code 
has been added to each upgrade to facilitate 
referencing. Table 3 lists three window types; 
however, they only represent one window upgrade.  
Since the architecture of the houses was not modified 
the same style of window called for in the building 
plans was used in the upgrade (eg. a casement window 
in the baseline would remain a casement window in 
the upgrade).  The air tightness upgrades were 
performed as a package of upgrades as listed in table 
3.  All of the upgrades described in the 1.5 air change 
per hour at 50Pa (ACH@50) infiltration upgrade were 
applied to the 1.0 ACH@50 upgrade.  The exterior 
dimensions of the houses were held constant.  Thus, 
interior house dimensions were modified to 
accommodate oversized upgrades (e.g. double walls).  
All insulation values are nominal.  All cost 
information was provided by the builder (Paget 2011). 

With the upgrades defined, their effect on home 
energy consumption was modeled and their individual 
cost effectiveness was calculated.  The cost 
effectiveness results and initial capital costs of the 
upgrades described in table 3, averaged from the three 
house types, are shown in figure 1.  As per the 

optimization method, the results have been ordered 
according to cost effectiveness.  One measure, D3E2 is 
the combination of measure D3 and E2.  Generally, 
the cost effectiveness rises fairly steadily; however, 
changes are more severe at the ends.  Most notable is 
the decrease in cost effectiveness of the F6, A4, S1, S2 
and S3 upgrades. 

The relative cost effectiveness of the individual 
upgrades varied somewhat for the three houses.  
However, one cost effectiveness for each individual 
upgrade, averaged over the three houses, was used to 
determine the order the individual upgrades would be 
applied to generate the cumulative upgrades.  This was 
done because, in practice, the builder would offer the 
same upgrade packages for every style of house.  The 
builder did this for practical purposes and to avoid 
potential customer confusion. 

With the individual upgrade results determined, the 
cumulative models were generated.  Figure 2 shows 
the cost effectiveness of the cumulative measures, 
averaged for all three houses.  The upgrades are listed 
in the same order that they were applied to the houses.  
The upgrade code listed under each column describes 
the last upgrade added to generate that cumulative 
model.  The preceding upgrades would also be part of 
that model.  The cumulative upgrades were applied in 
a rational manner.  For example, if the upgrade being 
added was RSI 16.7 attic insulation, and one of the 
preceding upgrades included RSI 11.4 attic insulation, 
the attic insulation was replaced, not added.  Not all of 
the upgrades listed in figure 1 are listed in figure 2.  
As mentioned, upgrades in a given category that saved 
less energy than more cost-effective measures were not 
included in the cumulative upgrade models.  From 
figure 1, upgrades I1, F4, E2, E1 and A4 were all 
found to be less cost effective and save less energy 
than other measures in their respective categories; 
consequently, they were not considered further. 

DISCUSSION AND RESULTS ANALYSIS 
From figure 2, it is apparent that, generally, the 
cumulative upgrades became less cost effective as less 
cost effective measures were added.  The only 
exception to this trend was D3, which is the double 
wall with RSI 3.9 between the walls.  D3 was more 
cost effective than D2, which differs by including only 
RSI 2.1 batt between the two wall sections.  The 
increase in cost effectiveness in D3 was likely caused 
by interactions occurring between measures that were 
not taken into account when the order of upgrade 
application was determined.  The trend observed from 
figure 2 provides evidence that the technique described 
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yields a reasonable first approximation for 
optimization. 

To establish the most appropriate set of upgrades to 
apply to the houses in the solar community, the 
change in cost with the change in energy saved 
between measures, called the incremental cost, is 
required.  To determine this, the total cost of the 
cumulative upgrades was plotted against the total 
energy saved by those cumulative upgrades.  This is 
shown in figure 3.  The three separate curves 
correspond to the three house types investigated. 

One striking feature of the curves in figure 3 is that 
they increase fairly steadily up to a point after which 
their slope increases drastically.  This transition point 
appears to precede a jump in cost to the next upgrade, 
after which energy savings become difficult to realize.  
The transition point was the same for all three house 
types and corresponds to the application of upgrade 
D3, which is a double wall with RSI 3.9 batt 
insulation placed between the walls.  Table 4 provides 

the full set of upgrades applied up to, and including, 
D3. 

Two lines, labeled by adding 1 or 2 to the end of the 
house name, were fit to each curve in figure 3.  One 
line (Rialta 1, Nebula 1, Pin 1) was fit to the points 
from upgrade I2 (the third point) to the transition 
point.  The next line (Rialta 2, Nebula 2, Pin 2) was fit 
to the points after the transition point.  Table 5 lists 
the slopes and regression fitness (the R2 value) for 
both lines for each house type.  Line segments were 
used to fit the curves because they produced the closest 
fit to the data. 

The slope of these lines was used to estimate the 
incremental cost of the measures they covered.  This 
was done to avoid the large fluctuations in incremental 
cost that occurred when it was calculated by dividing 
the difference in cost and energy savings between two 
neighboring points.  The fluctuations were due to 
small differences in the simulation results between 
neighboring points being magnified in the incremental 

Table 3 Upgrade Construction Characteristics 
 

Attic Insulation 

 A1, A2, A3 - RSI 8.8, RSI 11.4 and RSI 16.7 fiberglass batt 
insulation with heal height increase from 18 cm to 25 cm 

 A4 - RSI 11.4 sprayfoam insulation with heal height increase 
from 18 cm to 25 cm 

Foundation Upgrades 

 F1 - Full height interior basement stud wall offset 19cm from 
foundation wall using RSI 3.5 in stud wall cavity 

 F2, F3 - RSI 1.3 and RSI 1.8 full height exterior foundation 
insulation (3.8cm and 5.1cm of extruded polystyrene-XTPS) 

 F4, F5, F6 - RSI 1.8, RSI 3.5 and RSI 5.3 below grade exterior 
foundation insulation (5.1cm, 10.1cm and 15.2cm XTPS) 

 S1, S2, S3 - RSI 1.8, RSI 3.5 and RSI 5.3 below slab 
foundation insulation without thermal break between slab and 
wall (5.1 cm, 10.1 cm and 15.2 cm XTPS) 

Windows 

 W1 - Triple Glazed, argon filled, low emmisivity coating 

o Slider:  U 1.15 W/m2K, SHGC 0.21 

o Casement:  U 1.02 W/m2K, SHGC 0.19 

o Picture:  U 0.85 W/m2K, SHGC 0.24 

Air tightness 

 I1 - 1.5 ACH@50 achieved by: 

o Slab caulking 

o Upgrade to sealed air barrier from building paper 

o Upgrade window framing spray foam caulking 

o Air tight electrical boxes 

o Structural insulated joist header 

o Sealed ductwork 

 I2 - 1 ACH@50 achieved by: 

o Spray foam joist header 

o Spray foam in exposed floors 

 Air sealing measures included HRV 

o 71% efficient at 0C 

o 62% efficient at -25C 

Walls 

 E1, E2 - RSI 1.3 and RSI 1.8 exterior wall insulation (3.8 cm 
and 5.1 cm XTPS) 

 D1 - Double wall basic construction 

o Exterior wall: 38x140mm, 0.61m o/c, RSI 3.9 in 
cavity 

o Staggered stud inner 2nd exterior wall: 38x89mm, 
0.61 m o/c, RSI 2.1 in cavity 

 D2 - D1 with RSI 2.1 batt between walls 

 D3 - D1 with RSI 3.9 batt between walls 

 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

711



costs because the energy results were used in the 
denominator of this calculation. 

Upon attempting to fit lines to the curves in figure 3, 
finer detail in the cost curve trends became apparent.  
The first three points of the cost curves (baseline to 
upgrade W1) were not very linear.  Also, the slopes of 
the cost curves were lower in that region than 
anywhere else on the curves.  When the Rialta 1, 
Nebula 1 and Pin 1 lines included those first three 
points, their slopes and fitness were reduced.  Thus, 
the Rialta 1, Nebula 1 and Pin 1 lines are fit from the 
I2 upgrade point to the transition point. 

Using one slope to determine incremental cost for 
several upgrades at once rests on the assumption that 
the curves are linear.  This implies that the 
incremental cost of the measures covered is constant.  
From the R2 values given in table 5 it appears that this 
assumption holds true for the Rialta 1, Nebula 1 and 
Pin 1 curve fits.  The Rialta 2, Nebula 2 and Pin 2 fits 
are clearly non-linear.  However, the slope of these 
lines can still be used to give a rough estimate of the 
incremental costs for these measures. 
 

Table 4 Transition Point Upgrade Construction 

  

Table 5 demonstrates that the incremental costs of the 
upgrades applied after the transition point, which 
averaged $3005/GJ, were much higher than those 

before.  The incremental costs for the single detached 
homes, the Nebula and Pinnacle 4, are fairly close 
together at $389/GJ and $408/GJ, respectively, 
averaging $399/GJ.  The Rialta, a middle unit of a row 
house, has a higher incremental cost of $532/GJ.  In 
both cases, the jump in incremental cost after the 
transition point, and the diminishing energy savings, 
are strong disincentives to implement the additional 
upgrades.  Given that the incremental cost of space 
heating provided by the solar seasonal storage system 
when added to an existing district heating system has 
been estimated to be $720/GJ (Wong 2012), it would 
be appropriate to pursue the transition point upgrades 
as described in table 4. 

Table 6 lists the energy savings and initial customer 
capital cost information (including builder markup) 
for the transition point upgrades.  These energy 
savings are based on total energy use which includes 
space heating, DHW and electrical loads, including 
plug loads.  
 

Table 5 Slope and R2 Value of Lines fit to Cost Curves 
 

 

Table 6 Energy Savings and Consumer Cost for 
Transition Point Upgrade 

 

 

From table 6, the total energy savings yielded by the 
transition point upgrades are 42% and 31% for the 
single detached and middle unit row houses, 
respectively. For these energy savings, the relative 

 Transition Point Upgrades Applied to 
Typical Alberta Build 

Ceiling 38x89mm engineered truss, 0.61m o/c, RSI 11.4 
fiberglass batt insulation, 25cm heal height 

Walls Double wall with insulated middle area between: 

 Exterior wall: 38x140mm, 0.61m o/c, RSI 
3.9 in cavity 

 RSI 3.9 batt between walls 

 Interior wall: 38x89mm, 0.61m o/c, RSI 2.1 
in cavity 

Exposed Floors RSI 8.1 sprayfoam 

Joist Header RSI 3.5 sprayfoam 

Foundation Interior full height stud wall: 38x89mm, 0.61m 
o/c, RSI 2.1 

RSI 25.4 full height exterior foundation insulation 
(5.1cm XTPS) 

Windows Triple Glazed, argon filled, low emissivity coating 

Doors Steel with polyurethane core 

Infiltration 1.0 ACH@50 Pa with HRV 

 Incremental Cost 
from slope ($/GJ) 

R2 

Rialta 1 532 0.99 

Nebula 1 408 0.99 

Pin 1 389 0.99 

Rialta 2 3842 0.64 

Nebula 2 2775 0.71 

Pin 2 2397 0.76 

Transition Point 
Upgrades Costs and 

Energy Savings 

Rialta Nebula Pinnacle 4 

Total Energy Savings 30 GJ 55 GJ 72 GJ 

Total Energy Savings 31% 42% 43% 

Upgrade Customer Cost $10123 $20121 $26130 

Upgrade Customer Cost 
Relative to Standard 
Construction House Cost 

3.6% 5.6% 5.4% 
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consumer cost increases of roughly 5.5% for the single 
detached homes and 3.6% for the middle unit row 
house, are fairly small.  However, consumers may be 
sensitive to the upfront costs of these upgrades. 

CONCLUSIONS 
House simulation combined with a simple and fast 
energy efficiency cost optimization method was 
applied to three houses to be included in a planned 
large solar community.  The analysis found that total 
energy savings of 42% and 31% could be achieved for 
the single detached homes and the row house middle 
unit, respectively.  These energy savings could be 
realized for incremental costs of $399/GJ averaged for 
the single detached homes and $532/GJ for the row 
house middle unit.  Since the incremental cost of 
adding the solar seasonal storage heating system to an 
existing district heating system is estimated at 
$720/GJ, it would be appropriate to pursue these 
energy savings.  However, upgrades beyond this had 
an average incremental cost of $3005/GJ and produced 
few energy savings. 

Given the faults of the cost optimization method and 
the scope of upgrades investigated, future work would 
be to use a more sophisticated optimization method 
along with a wider set of upgrades to pursue higher 
energy savings with reduced cost. 
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Figure 1 Cost effectiveness of individual measures 

Figure 3 Cumulative capital costs of upgrade measures versus cumulative energy savings 

Figure 2 Cost effectiveness of cumulative measures 
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ABSTRACT 
This study develops knowledge of the methodological 
analysis of indoor air distribution in high density 
rooms, allowing evaluation of the expected comfort 
level of the occupants. A typical classroom is presented 
as a case study, focusing on the influence of dedicated 
ventilation. The methodology established the boundary 
conditions using discretization and determination of 
values over time which defined the dynamic energy 
behaviour of the room, by means of a nodal model. 
The study incorporates sectional isothermal curves and 
air velocity analysis, the use of indicators to evaluate 
the thermal comfort of the occupants according to 
ASHRAE standards, and comparisons of alternative 
HVAC systems.  
A case study application shows poor efficiency of 
traditional radiator heating systems versus those which 
incorporate a neutral ventilation air supply. 

INTRODUCTION 
HVAC systems are always designed to solve the 
equation of balance between energy demand and the 
power supplied to the space. Usually, this solution is 
carried out by assuming the transfer is between two 
discrete points, one internal and one external. 
However, the spaces to be dealt with are volumes 
where the occupants usually have freedom of 
movement or location, with multiple points where this 
energy load-contribution ratio does not behave as in 
the originally foreseen model. This problem is critical 
in evaluating two linked concepts: the efficiency of 
delivering energy of the system to the volume 
occupied, and the real comfort of the different 
occupants according to their spatial distribution in the 
volume. 
Although there are many methods for calculating the 
transfer equations of a thermal system, these are 
achieved with a nodal model, where it is not possible to 
know what the energy distribution will be within the 
space, without establishing a spatial model based on 
CFD (Zhai, Z.J. et al). The generation of these models 
allows the energy efficiency of the building to be 

evaluated, and its energy distribution to be analysed, 
by considering the venues as three-dimensional spaces 
where occupants, furniture, equipment and other heat 
sources are active in the system. 
This work is presented with this focus, and has sought 
to develop a methodology for connecting the nodal 
analysis results, representing the temporal evolution of 
the energy states of the building-HVAC-exterior 
system, and its impact on different states of the interior 
space.  
A school building was chosen as the application model, 
because a classroom represents a space with problems 
that are typical of those to be analysed, due to its high 
internal load, high ventilation (ISO 13779:2008 on 
Ventilation for non-residential buildings) and high 
comfort needs and prolonged use over time. The 
evolution of its behaviour over a typical day is a 
particularly important factor, given the influence of the 
positive loads associated with the use of the space 
(Karimipanah, T. et al).  
This study is presented as the next step in the working 
methodology begun in "Analysis of thermal emissions 
from radiators in classrooms in Mediterranean 
climates" and it incorporates new analytical tools and 
broadens the field of study to include the influence of 
mechanical ventilation. The work uses a series of 
indicators, among which the Fanger method is 
highlighted, and is supplemented with a series of linear 
graphs of thermal variations.  
The final objective of this work is the development of a 
methodology to undertake comparative studies 
between HVAC systems, enabling decision making 
based on the results of energy distribution and the 
desired comfort of the occupants. 

SIMULATION METHODOLOGY 
Definition of the model under study 
The characteristics of the base model for the study are 
as follows: a typical classroom of 50m2 corresponding 
to the non-university teaching centre type, 
accommodating 25 students with their teacher. 
Dimensions are 7.25 x 6.40 metres and 3.00 metres 
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high, with the window to the left of the seats for easier 
reading with natural lighting. The space is defined, in 
addition to its north side (worst case orientation for the 
study of heating systems), by horizontal and vertical 
partitions in contact with other classrooms of similar 
size and use, and the common access corridor (Fig. 1).  
 

 
Figure 1 Floor plan of the classroom under study 

 

A point to highlight is the incorporation of a laptop for 
each student.  
The building was assumed to be located in a C3 zone 
(according to Spanish climatic zoning), which has 
moderately cold winters and hot summers, as can be 
seen on Table 1.  
 

Table 1 Location data 
 

Location Granada (Spain) 
Time zone GTM +1:00 
Longitude/Latitude 3.78º (W) / 37.18º (N) 
Elevation above sea level 559.0 m 
Exterior calculation template 1.9 ºC 
Relative humidity for calculation 90% 
Wind speed 10.1 m/s 
Calculation date 21st of January 
Climatic date template ESP_Granada.swec 
 

The building data on the thermal envelope comply with 
the current national standard for limiting energy 
demand, and are shown in Table 2. 

Table 2 Envelope 
 

ELEMENT TRANSMITTANCE 
(W/m2·K) 

Façade 0.45 
Vertical partitions 2.09 

Slab 1.98 
Insulated door 0.84 

Fenestration Double glazed window (4/6/4) with 
thermal break 

 

Description of the systems studied 
The study focuses on the modification of the behaviour 
of the classroom over a typical usage period, by adding 
a mechanical ventilation system to a radiator heating 
installation, which traditionally relied on uncontrolled 
venting through the envelope (model A). This original 
model is the most common in Southern Europe.  
The radiator heat exchange system, common to both 
models, consists of three steel panels beneath the 
windows for model A and two steel panels for model 
B, marked red in Figure 2a and b, with an average 
emission temperature of 70 ºC and a a thermal 
difference of 20 ºC in the water I/O. The water flow 
varies according to the thermal requirements of the 
venue. 
 

 

 
Figure 2 Positioning of HVAC elements in the models 

 

The infiltration rate of model 1 is represented by a 
constant value of 1 air change per hour introduced into 
the venue through windows perimeter, adopted as a 
usual value as we have been able to appreciate in 
different field tests. The remaining air gets out of the 
venue throught the doorjambs. 
The mechanical ventilation system introduced in the 
second model under consideration (model B) as a 
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complement to resolve the indoor air quality, according 
to EN 13779 on ventilation for non-residential 
buildings, consists of a neutral primary air conditioner 
(dedicated outdoor air handler) which filters and heat 
treats 1170 m3/h of outdoor air to level IDA2 at 21 °C, 
the interior temperature set-point. In addition, water 
vapour is introduced by a steam lance to reach 40% 
relative humidity at the quoted 21 °C.  
The air is introduced in a typical fashion via the 
interior upper part of the classroom and collected in a 
perpendicular plane below that of the supply.  
The ratio between the impulse and extraction flows is 
80%, in order to achieve an overpressure state to stop 
the influence of natural infiltrations. This remaining air 
escapes from the venue thought doorjambs and the 
perimeter of the windows depending on their outlet 
surfaces. 

Conditions for use and operation 
The elements used in both study models are shown in 
Table 3.  
 

Table 3 Elements included in the calculations 
 

Thermal control 21 ºC set temperature 
Tables and chairs 26 (table and chair per occupant) 

Lighting 6 overhead lights, individual emission 
of 58 W (convective component only) 

Netbooks 
One per occupant, with an individual 
flow emission of 30 W (Lim, E. et al 
and Lee, J.M. et al). 

Occupants 

Teacher, standing, and 25 students, 
sitting, with an individual flow 
emission of 45 W (convective 
component only) and clothing 1.2 clo. 
0.52 people/m2. 

Openings 

Model A: Infiltration rate of 1.0 air 
change per hour through the windows 
perimeter. 
Model B: Infiltration rate of 0.0 air 
changes per hour. 

Radiators Model A: Three steel radiator panels. 
Model B: Two steel radiator panels. 

Mechanical 
Ventilation 

Model A: None 
Model B: Neutral ventilation air 
supply of 1170 m3/h (IDA 2). 

Area occupied According to EN 13779 on ventilation 
for non-residential buildings (fig 3). 

 

Tool for energy simulation 
The software chosen both for nodal calculations and 
for the CFD was Design Builder 2.36.007. This 
program was designed as the nodal simulation engine 
EnergyPlus by the U.S. Department of Energy, and 
also incorporates a steady-state type CFD module, 
validated by the University of Northumbria 

(Newcastle), which calculates snap-shot of the studied 
model using nodal simulation data as boundary 
conditions.  
For this study, a simulation tool with low 
computational needs but reliable results was adopted, 
to allow for an easier methodology development, 
although the process applied is usable under all types 
of CFD calculation engines. 
 

  
Figure 3 Occupied zone in horizontal (a) and vertical 

(b) section of the classroom (EN 13779) 
 

Properties of calculation and derived geometrical 
considerations 
When building the study model in the program to make 
the nodal calculation, it is necessary to create the 
boundary conditions (Figure 4), i.e., the spaces with 
which the classroom makes contact, they are:  
• The classroom on its left (P1) 
• The classroom on its left (P1) 
• The classroom immediately above (P2) 
• The classroom immediately below (PB) 
• Access corridor (P1) 
The characteristics of these spaces will be the same as 
the study location, except the hall, which represents an 
area without air conditioning and zero occupation and 
activity.  
 

 
Figure 4 Model under study and adjacent venues 
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The boundaries of these adjacent areas, which are the 
exterior and the other classrooms. The latter 
connection is represented by adiabatic partitions, since 
the energy exchange with these other rooms is not of 
great relevance, given the predominance of energy 
flows to the exterior via the envelope compared to 
those that occur between the partitions. 
To study the temporal evolution of both models, it was 
chosen to perform an hourly simulation hypothesis 
after the start at 8:00 until 11:00, when the daily break 
time occurs, thus breaking the thermal cycle (Table 4), 
obtaining the characterization of each of these instants 
for later evaluation. 
 

Table 4 Description of the adopted assumptions 
 

HEATING 
SYSTEM 

VENTILATION 
SYSTEM 

DIALY 
EVOLUTION 

3 radiators under 
the windows 

Infiltrations through 
the envelope 

8:00; 9:00; 
10:00; 11:00 

2 radiators under 
the windows 

Mechanical 
ventilation system 

8:00; 9:00; 
10:00; 11:00 

 

For CFD simulation considerations, the boundary 
conditions of each scenario were given by the previous 
nodal calculation, also made by the Design Builder 
program.  
A two-equation (Standard k-ε) turbulence model was 
chosen because it is the most complete model included 
in this software, despite of it assumes fully turbulent 
flow. A Renormalisation Group (RNG) k-ε model 
could solve laminar flow with more accuracy, but the 
relative deviation between both models results is 
acceptable for this type of indoor environment 
(Srebric, J. et al).  Also, "Upwind" was chosen as a 
discretization method because of its greater simplicity 
of calculation for a hypothesis with air as the sole 
working fluid, under non-extreme conditions, without 
significant losses in the expected results.  
When designing the mesh a hexahedral structure with 
straight, uniform sides was chosen, with a maximum 
spacing of 5 cm, being progressively reduced near 
surfaces and objects and uses a junction tolerance of 1 
cm and a maximum ratio between the edges of the 
resulting cells of 1 to 10. 
This maximum spacing was reduced to 2.5 cm in a test 
model in order to evaluate divergences, and was 
concluded that this spacing decrease did not affect 
significantly to the overall results but high increased 
computational time, as expected for those grid 
densities (Srebric, J. et al). 
The maximum number of iterations of each simulation 
was established at 10,000. 

Method of comparison of results 
Two different methods were used, one based on 
numerical indicators and the other on graphs.  
The recommendations of Standards EN ISO 7730 and 
EN ISO 11079 on Ergonomics of the thermal 
environment, were followed by using a number of 
indicators of thermal sensation and clothing associated 
with an array of evaluation points of 3x3 with three 
heights, corresponding to the legs (0.1 m), torso (0.6 
m) and head (1.1 m) of a seated occupant, (Fig. 5), 
with which the results of the calculation were analysed 
from the perspective of a typical user. Of these points, 
nine of them (corresponding to the series C, F and I) 
were close to radiators, thus simulating the possibility 
of an occupant permanently seated near them, which is 
quite common in teaching classrooms and not 
recommended by the Standard EN ISO-13779.  
 

 
Figure 5 Array of evaluation points of 3x3x3 in the 

classroom under study 
 

These indicators are: 
• Fanger method 

• Predicted Mean Vote (PMV) 
• Predicted Percentage of Dissatisfied 

(PPD) 
• Level of local thermal discomfort due to 

Draught Rate (DR). 
• Level of local thermal discomfort due to 

vertical air temperature difference (PD).  
• Required clothing insulation (IREQ). 

• To maintain thermal equilibrium with high 
physiological response (IREQminimum) 

• To maintain thermal equilibrium with no 
physiological response (IREQneutral) 

All these indicators were applied at a height of 0.6 
meter, corresponding to the chest of a seated occupant. 
Parallel to these indicators, a series of linear graphs of 
thermal variations were created in support, and in 
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which were generated a set of slices of the isothermal 
curves contained in the vertical section to be studied 
(Fig. 6), and chosen for being highly representative. 
Through the superimposition of the graphs of the 
instants studied for each model of thermal system, it 
was possible to perform the analysis of their evolution, 
as well as the comparative study between the two 
systems. 
 

 
Figure 6 Lineal graphs of thermal variations on 

vertical section on 3.57 m 
 

DISCUSSION AND RESULT ANALYSIS 
Node calculations 
The results of the structural thermal demand of the 
classroom (without mechanical ventilation loads) as a 
function of time for 21 January for both models, are 
shown in Table 5, whereby the radiators deliver a 
proportional amount of thermal energy if it is required. 
In model B, due to the pressurization created by the 
neutral temperature ventilation air supply, from 10:00 
internal loads (occupation, lighting and computers) are 
enough on their own to compensate thermal losses 
through the envelope whitout a heating system support. 

Similarly, the average temperatures of the air and 
radiant faces were measured for each of the instants of 
calculation, and are listed in Table 6. 
All these data were used as boundary conditions in the 
CFD calculation of each of the hypotheses of the 
models. 
 

Table 5 Nodal results of local time structural heating 
demand (January) 

 

TIME 
STRUCTURAL HEATING DEMAND 

MODEL A 
W 

MODEL B 
W 

8:00 2291 1414 
9:00 1158 331 

10:00 696 0 
11:00 321 0 

 

Table 6 Air and surface average temperatures for both 
models (January) 

 

ELEMENT m2 
AVERAGE TEMPERATURE 

ºC 
  8:00   9:00 10:00 11:00 

Outdoor air - 1.7 2.8 4.4 7.2 
External wall 23.8 14.0 15.9 16.6 17.2 
Windows 7.3 8.5 12.3 13.2 14.2 
Partition 1 18.1 13.6 12.8 13.1 16.5 
Partition 2 5.7 13.9 19.3 20.0 20.4 

Door 1 1.3 11.6 11.6 11.6 13.8 
Door 2 1.3 11.6 11.6 11.6 13.8 

Partition 3 21.5 13.5 16.0 16.9 17.4 
Partition 4 21.5 13.5 16.0 16.9 17.4 

Floor 45.1 14.6 15.9 16.9 17.8 
Ceiling 45.1 15.4 16.6 17.5 17.8 
TOTAL 190.8 14.1 15.6 16.5 17.4 

 

CFD calculations 

 
Figure 7 3D view of the classroom with mesh of isotherm curves. Model B. 
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Figure 8 Transversal vertical section (X = 3,57 m) and horizontal section (Z = 1 m) of model A and B at 8:00 

 

The results of CFD calculation can be shown as a 3D 
matrix of isothermal lines (fig. 7) which can be cut 
with horizontal and vertical sections for being easier 
analyzed (fig. 8).  
To analyse the behaviour of the two systems studied, 
the central transverse vertical section was taken, after 
checking by means of a horizontal section at 1 meter 
and the array of evaluation points that the other two 
transverse vertical sections which cover the remaining 
points behave similarly to the study object. 
To calculate the various indicators, air temperature, 
velocity and relative humidity data were taken over 
time in the evaluation points D1+2 +3, E1+2 +3  and 
F1 +2 +3 of both models. 

Applying the Ergonomics of the Thermal 
Environment regulations 
With the data above, each of the indicators described 
(Table 7) were calculated, and evaluated according to 
EN ISO 7730 in three categories, from best to worst 
comfort: A (green), B (orange) and C (red). Where out 
of the range, the value is in black.  
The final classification of the thermal environment was 
equal to the least favourable of the four indicators. 
From this table we can see that although both systems 
evolve in a similar way, the thermal perception of the 
occupants in the radiators only model (model A) is 
slightly better. 
 

Table 7 Expected comfort indicators for model A and 
model B (0.6 meters high) 

 

POINT PMV 
 

-3 to 3 

PPD 
 

% 

DR 
 

% 

PD 
 

% 

IREQ  
min  
clo 

neu  
clo 

D 2 
8:00 

A 
B 

-0.63 
 -0.70 

13.2 
15.3 

4.24 
6.05 

8.5 
2.4 

0.92 
0.93 

1.28 
1.29 

E 2 
8:00 

A 
B 

-0.67 
-0.68  

14.5 
14.6 

0.00 
5.09 

12.5 
6.3 

0.95 
0.92 

1.31 
1.28 

F 2 
8:00 

A 
B 

-0.70 
-0.41 

15.3 
8.5 

1.64 
3.13 

19.1 
1.4 

0.96 
0.77 

1.32 
1.13 

D 2 
9:00 

A 
B 

-0.51 
-0.67 

10.4 
14.3 

1.18 
5.23 

4.5 
2.4 

0.86 
0.92 

1.23 
1.28 

E 2 
9:00 

A 
B 

-0.55 
-0.67 

11.2 
14.4 

0.00 
5.42 

5.5 
4.7 

0.88 
0.92 

1.24 
1.28 

F 2 
9:00 

A 
B 

-0.57 
-0.42 

11.7 
8.6 

2.94 
4.76 

17.9 
1.1 

0.88 
0.77 

1.24 
1.13 

D 2 
10:00 

A 
B 

-0.42 
-0.60 

8.7 
12.6 

0.00 
5.00 

3.2 
2.0 

0.85 
0.89 

1.18 
1.25 

E 2 
10:00 

A 
B 

-0.45 
-0.61 

9.2 
12.7 

0.00 
4.38 

4.2 
3.6 

0.86 
0.89 

1.22 
1.25 

F 2 
10:00 

A 
B 

-0.5 
-0.35 

10.3 
7.6 

3.72 
4.43 

4.2 
1.0 

0.86 
0.74 

1.22 
1.11 

D 2 
11:00 

A 
B 

-0.34 
-0.54 

7.4 
11.2 

0.00 
4.92 

2.6 
2.0 

0.79 
0.85 

1.15 
1.22 

E 2 
11:00 

A 
B 

-0.37 
-0.55 

7.8 
11.3 

0.00 
5.48 

3.9 
3.4 

0.82 
0.85 

1.18 
1.22 

F 2 
11:00 

A 
B 

-0.40 
-0.53 

8.4 
11.1 

0.00 
4.77 

12.1 
0.9 

0.83 
0.85 

1.19 
1.08 
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This is mainly due to the divergence in the relative 
humidity of the air, which increased over time in 
model A and was more stable in the model B due to its 
hygrothermic treatment. This humidity variation is also 
more sharply perceived in the increasing divergence 
between the two systems when assessing the level of 
insulation of the clothing, it becoming somewhat 
excessive at 11:00 in the first case, because of the high 
humidity. Draught rate values are higher in model B 

than model A, due to the ventilation system working, 
but despite this both models obtain category A in this 
indicator. Finally, the PD indicator demonstrates 
greater stratification in the occupied area of the first 
series of the model. 

Lineal graph analysis of thermal variations 
according to section 
The resulting graphs are shown in figure 9, according 
to the previously selected cuts included in figure 5.  

 

 

 
Figure 9 Lineal graphs of thermal variations on vertical section of model A and model B 

 

In the graphs it can be seen again that there is strong 
thermal homogeneity in the horizontal plane, broken 
only by approach to the radiating elements. On the 
other hand, a more pronounced stratification 
phenomenon reappears in the model A, a fact which 
favours a better energy distribution and a greater 
tendency to approach the 21ºC air temperature being 
seen in the ventilation hypothesis (model B). 

CONCLUSION 
About the methodology 
The process of creating the working model described, 
despite having been performed with a software with 
low computational requirements but enough accurate 
results, is fully exportable to other programs with 
greater requirements and features because it was 
focused on establishing the initial and boundary 
conditions, and it is presented as a methodological 
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guide for the generation of any kind of model for 
studying air-conditioned locations.  
Moreover, the dual analysis of these calculation data 
by using combined indicators of proven reliability as 
the Fanger method, the indicators of local thermal 
discomfort and the IREQ index, as well as the series of 
linear graphs of thermal variations, allow objective and 
detailed characterization of the thermal behaviour 
simulated with CFD of the HVAC systems in the given 
locations, in order to compare them with alternative 
systems in these locations.   

About the results 
The radiators only system, despite allowing somewhat 
higher average air temperatures to be reached than in 
the system incorporating mechanical ventilation, it 
suffers from a higher degree of stratification and 
thermal heterogeneity, while suffering from excessive 
build-up of humidity derived from occupation. On the 
other hand, it helps to slightly increase thermal 
perception and gradually decrease the amount of 
insulation by clothing. 
In any case, these differences are not marked, because 
the effect of the introduction of mechanical ventilation 
on the selected temperature of the occupied area does 
not significantly influence the overall thermal variation 
of the enclosure, although it is evident that there is a 
need for humidification to improve the level of 
occupant comfort. 

ACKNOWLEDGMENTS 
We would like to thank the research group PAIDI 
TEP-130 (Architecture, Heritage and Sustainability: 
acoustics, lighting and energy) of University of Seville 
all help and support provided. 

REFERENCES 
2003. ORDER which approves the design and 
construction standards for educational buildings of 
Regional Ministry of Education and Science of the 
Junta de Andalucía, 23rd January.  Official Gazette of 
Junta de Andalucía. 43:4669. 
Campano, M. A. et al. 2011. “Analysis of thermal 
emissions from radiators in classrooms in 
Mediterranean climates”. Procedia Engineering 21: 
106-113. 
Fanger, P.O. 1972. Thermal Comfort Analysis and 
applications in environmental engineering. Mc Graw 
Hill, New York. 
ISO 11079:2007. Ergonomics of the thermal 
environment. Determination and interpretation of cold 
stress when using required clothing insulation (IREQ) 
and local cooling effects. CEN.  

ISO 13779:2008. Ventilation for non-residential 
buildings. Performance requirements for ventilation 
and room-conditioning systems. CEN. 
ISO 7730:2005. Ergonomics of the thermal 
environment. Analytical determination and 
interpretation of thermal comfort using calculation of 
the PMV and PPD indices and local thermal comfort 
criteria. CEN.  
Karimipanah, T. et al. 2007. “Investigation of air 
quality, comfort parameters and effectiveness for two 
floor-level air supply systems in classrooms”. Building 
and Environment 42 (2): 647-655. 
Lim, E. et al. 2008. “CFD analysis of Airflow 
Characteristics inside Office Room with Hybrid Air-
conditioning System”. Proceedings of the 29th AIVC 
conference, Air Infiltration and Ventilation Centre, 
Kyoto, Japan. 1: 89-94 
Lee, j. M. 2009. “Thermal Design for NOTEBOOK PC 
by using thermal analysis”. Building and Environment 
47 (4): 2754-2759. 
Meiss, A. et al. 2011. “Effect of openings location on 
the ventilation efficiency in dwellings”. Informes de la 
Construcción 63 (522): 53-60. 
School of Built and Natural Environment of 
Northumbria University. 2011. “An Inter-program 
Analysis of Computational Dynamics Based on 
PHOENICS and Design Builder Software”. Available 
at: 
http://www.designbuilder.co.uk/component/option,com
_docman/task,doc_download/gid,39/Itemid,30/ 
Srebric, J. et al. 2008. “CFD boundary conditions for 
contaminant dispersion, heat transfer and airflow 
simulations around human occupants in indoor 
environments”. Building and Environment 43: 294-
303. 
Stamou, A. Katsiris, I. 2006. “Verification of a CFD 
model for indoor airflow and heat transfer”. Building 
and Environment 41 (9): 1171-1181. 
Zhai, Z. J. et al. 2004. “Sensitivity analysis and 
application guides for integrated building energy and 
CFD simulation”. Energy and Buildings 38 (9): 1060-
1068.  
 

SimBuild
2012

Fifth National Conference of IBPSA-USA
Madison, Wisconsin

August 1-3, 2012

722



SIMPLE DESIGN TOOLS FOR EARTH-AIR HEAT EXCHANGERS 

Ralph T. Muehleisen  

Decision and Information Sciences 

Argonne National Lab, Argonne, IL, USA 

rmuehleisen@anl.gov 

 

 

 

 

 

ABSTRACT 

In the early stages of the design of building systems, 

the use of simple design tools can help estimate the size 

and/or impact of system components in evaluating the 

viability of various technologies. However, such design 

tools are not readily available to evaluate earth-air heat 

exchangers (EAHEs), also known as earth-tubes. 

Furthermore, even though many researchers have 

developed sophisticated equations to analyze EAHEs, 

they cannot be easily recast into design equations and 

must be used by trial-and-error. This paper describes a 

set of simplified analysis and design equations to 

support early-stage EAHE design and which are 

suitable for implementation in a spreadsheet. The 

equations we have developed allow the designer to 

quickly determine the length of tubing required for a 

desired level of heat transfer effectiveness; estimate the 

pressure drop across the system and required fan 

power; and estimate the mean monthly temperature of 

air exiting the tube. 

INTRODUCTION 

As the need for energy-efficient building designs 

increases, the use of passive heating/cooling and 

renewable resources also increases. One way to reduce 

the use of energy in the heating and cooling of 

ventilation air is to preheat the air in the winter and 

precool the air in the summer using an earth-air heat 

exchanger (EAHE) also known as an earth-tube. In an 

EAHE, ventilation air is drawn into the building 

through a system of tubes located in the soil near or 

beneath the building. EAHEs are not a new technology; 

indeed, the concept dates back at least to the 1
st
 century 

BC in the Middle East (Oleson, 2008), where air was 

cooled in the qanats that were used to transport water 

and also used in Roman architecture. 

 The EAHE concept is quite simple: a tube is buried in 

the soil as shown in Figure 1. The soil will be at a 

temperature warmer than the outside air in winter and 

cooler than the outside air in summer. Ventilation air is 

drawn into the building through the buried tube, 

heating it in the winter and cooling it in the summer—

and passively reducing the overall cooling and heating 

load.   

 

L

d

 

Figure 1 Earth-air heat exchanger (EAHE) of length L 

buried at depth d in the soil 

 

In the past two decades, much research has been 

conducted to develop analytic and numerical methods 

for analyzing EAHEs (Hollmuller 2003; Florides and 

Kalogirou 2007; Tittelein et al. 2009; Lee and Strand 

2008; Ghosal et al. 2005; Cucumo et al. 2008). There 

are now earth-tube analysis modules available for 

TRNSYS (Hollmuller and Lachal 1998) and 

EnergyPlus (Lee and Strand 2006). To obtain a 

complete analysis of the performance of earth-tubes in 

buildings, the use of such software is recommended; 

however, to determine the suitability of the technology 

and for initial design phases, development of the 

required TRNSYS or EnergyPlus models is both time 

consuming and unnecessary. Rather, using a set of 

simplified design equations that help inform the 

technology potential and determine basic component 

sizing is more appropriate. 
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De Paepe and Janssens (2003) and, more recently, 

Badescu and Isvoranu (2011) have developed EAHE 

design equations and procedures. De Paepe and 

Janssens developed equations for estimating the 

number of heat transfer units per unit length (NTU/L) 

from which the required length of tube, as well as 

normalized pressure drops across the tube can be 

estimated, given the inside temperature of the earth-

tube wall. However, De Paepe and Janssens did not 

develop any equations for estimating the ground 

temperature and assumed that the inside of the tube 

wall would be at the same temperature as the 

surrounding soil. Badescu and Isvoranu’s more recent 

method is more advanced in terms of the basic airflow 

analysis because it deals with pressure balances in 

parallel branches of tubes; however, like De Paepe and 

Janssen, it is quite simplified in terms of the  heat 

transfer analysis. 

In this paper, we extend the methods of De Paepe and 

Janssens (2003) and Badescu and Isvoranu (2011) to 

include calculation of the soil temperature around the 

tube, as well as the effects of heat transfer through the 

tube wall, and to use more more recently developed 

correlations for friction factors and Nusselt numbers 

for increased accuracy in computation of heat transfer.  

In particular, we selected correlations which include 

the  effects of surface roughness, because the high 

surface roughness of concrete pipes will result in 

increased heat transfer compared to smooth PVC or 

steel pipes.  The basic performance measures of De 

Paepe and Janssens are then used to develop design 

equations for the required tube length and normalized 

pressure drop to achieve the desired level of heat 

transfer performance. 

ANALYSIS AND DESIGN EQUATIONS 

Development 

The development of design equations usually stems 

from simplified analysis equations. The typical 

procedure involves determining which variables of the 

system can be considered to be “known” (i.e., inputs to 

the system) and which variables are the desired design 

outputs. Once the design outputs are selected, the 

analysis equations are manipulated to solve for the 

design variables in terms of the input variables. 

Although sometimes a closed-form solution is not 

available, often the analysis equations can be cast into a 

form where the design variable solutions are the roots 

to some characteristic equation. In either case, the 

design problem is amenable to spreadsheet 

implementation either through direct calculation of the 

design outputs or through the use of root finding or 

minimization routines built into the spreadsheet. 

In the case of the EAHE system, we have decided that 

we will consider the location as known, which means 

the outside air temperatures throughout the year and the 

basic soil conditions are known. We assume the 

designer has selected an air volume flow rate through 

the EAHE. This choice would usually be dictated by 

the ventilation requirements of the building. We further 

assume that the designer has selected a basic tube size 

for use in the EAHE; this selection sets the inner and 

outer radius of the tube, as well as its thermal 

properties. Although tube diameter could have been 

allowed to be a design variable, in most cases, 

designers will be selecting from a fairly fixed set of 

tube sizes, so the tube size is considered a fixed input. 

In addition, the number of tubes used in the system is 

also a fixed input. Selecting the best combination of 

tube diameter and number of tubes may involve a little 

trial and error on the part of the designer; however, 

because the number of combinations is limited, we 

think the choice of inputs is still well suited to 

preliminary design. 

 

For determining the suitability of an EAHE, a user 

usually wants to know the length of tube required to 

provide a desired amount of possible preheating or 

precooling of the ventilation air. For that scenario, the 

designer simply wants to know how close the air can 

get to the tube wall temperature as it travels through. 

Our tool lets the designer input the desired heat-transfer 

effectiveness of the EAHE, and the required tube 

length is computed. At the same time, the normalized 

pressure drop of the main EAHE tube (pressure drop 

per unit length not including any bends) is computed. 

This initial computation does not require knowledge of 

any local weather conditions, except for an air 

temperature required to compute the thermodynamic 

properties of air. 

 

Once the length of the tube has been computed (and is 

known), the designer can add more complete weather 

information such that the spreadsheet can predict the 

following: the monthly average soil temperature, the 

monthly average temperature of the air leaving the 

tube, and the average expected passive heating and 

cooling energy provided to the ventilation air by the 

EAHE. Further, the tool allows users to add the effects 

of bends in the tubes to estimate the expected total 

pressure drop in the system so that users can estimate 

the required fan size. 

 

Assumptions 

In order to simplify the equations and make the 

problem more amenable to simple “spreadsheet 
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implementation,” several assumptions were made in 

equation development.   

First, we assume that the temperature of the outside of 

the tube (i.e., the tube wall in contact with the soil) is 

constant along its length. For a fairly short tube (10–

50 m), this assumption is probably fair, but for a longer 

tube, it will no longer be true. This assumption can be 

overcome by including an effective thermal resistance 

between the soil and the outside of the duct. 

Second, we assume that the soil ground temperature is 

uniform around the tube.  A sensitivity analysis showed 

that this assumption holds for tubes where the diameter 

was up to 15% of the depth for typical depths,  

although the deviation is both depth and seasonally 

dependent.  When this condition is not the case, the 

tool will overpredict EAHE performance, and so the 

designer should probably increase the length of the 

tube to compensate and should definitely perform an 

analysis with a more accurate program. 

Third, we only consider the yearly ground temperature 

oscillation. The short-timescale, daily variations are 

ignored. This, too, is a good assumption since most 

tubes that are buried more than 1 m deep where the 

variations become negligible. 

Fourth, we assume air turbulent flow throughout the 

EAHE. With small-diameter pipes, the entrance length 

is small enough that this approximation is fair. If the 

tube length is very short, then a full computational fluid 

dynamics (CFD) analysis may be required so that the 

designer can accurately compute the heat transfer from 

soil to air in the tube. 

Air Flow 

The EAHE designer must know the desired volume 

flow rate of air through the tube in order to begin 

choosing the size and number of ducts to be used. The 

number and size of ducts are not unique for a given 

EAHE performance, and so designers must weigh the 

tradeoffs of heat transfer performance and pumping 

power required to generate the flow. In our design 

equations, the designer must input a required total 

volume flow rate V, an inner tube radius ri, and the 

number of parallel tubes Nt. The mean velocity of the 

air in one of the heat exchange tubes, va, will then be:  

 
2a

t i

V
v

N r
  (1) 

and the mass flow rate in the one tube, ma, will be: 

 2

a a a im v r   (2) 

where a is the density of air in the tube. 

Soil Temperature 

For our simplified model, we chose to implement the 

soil temperature estimation method found in Annex A 

of BS EN 15241 (British Standards Institution, 2007). 

Cucumo et al. (2008) developed an advanced analytic 

equation that provides a more accurate estimate of the 

ground soil temperature but also requires the user to 

input the daily average temperature and daily 

temperature fluctuations. Although such information 

can be fairly easily estimated from typical 

meteorlogical year (TMY) data, such accuracy is rarely 

needed in the initial design stage of an EAHE system 

and makes use of the spreadsheet implementation more 

cumbersome.   

In a simplified method, the ground temperature can be 

assumed to oscillate about a mean ground temperature 

with a yearly cycle of the form  

  ( ) sinG GM GT t T T t     (3) 

where TGM is the mean ground temperature, TG is the 

annual temperature amplitude swing,  is the frequency 

of oscillation, and  is the phase shift of the thermal 

wave. According to EN 15241, the mean annual ground 

temperature, TGM,  can be written as follows: 

 
GM AMT gmT  (4) 

where gm is a ground material correction factor given 

in Table A.1 of EN 15241, and TAM  is the annual mean 

air temperature. EN 15241 then gives the temperature 

oscillation at a depth d as 

 sin( ) sin ( 24 25)G AT t gm T AH JH VS         (5) 

where TA is the amplitude of the annual outside air 

swing, AH is an amplitude depth correction factor, 

 = 2/8,760 is the hourly frequency of one year in 

rads/hr, JH is the hour of the year (i.e., the number of 

hours since midnight on January 1), and VS is a depth-

dependent phase shift (in hours) for the thermal wave 

into the ground. The annual temperature swing, TA, is 

half the difference between the maximum and 

minimum average monthly temperatures (occurring 

usually July and January in North America). The phase 

shift  in Eqn. (3) is then identified as  

    24 25 600VS VS       . (6) 

The amplitude depth correction factor AH, in hours, is 

given in EN 15241 as 

 2 31 0.1993 0.01381 0.000335AH d d d     (7) 

where d is the depth, in meters, at which the soil 

temperature calculation is desired. The phase shift VS, 

in hours, is given by 
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24 0.1786 10.298 1.0156 ...
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VS d d
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 (8) 

To compute the monthly average heat transfer to/from 

air in the tube, we will also need the monthly average 

ground temperature TGmon. TGmon can be obtained by 

integrating Eqn. (3) over a month. If the month is 2m 

hours long, and m is the hour of the year for the 

middle of the month, that integral will result in 
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 (9) 

Figure 2 shows a plot of TG sin(t−) for depths of 

d = 0 m (i.e., at the ground surface) to d = 4 m for a 

case where TA = 14C. The data show that the 

amplitude of the temperature swing drops and the 

phase delay increases with increasing depth d. The 

amplitude oscillation, TG, becomes negligible at 

depths greater than about 4 m, and then soil 

temperature is a constant value of TGTGM. 

 

 
Figure 2 Plot of the soil temperature swing, TG, about 

TGM for depths d = 0 m to d = 4 m and TA = 14C 

Heat Transfer and Pressure Drop in Tube 

Unless otherwise noted, the equations in this section 

can be referenced back to the ASHRAE Fundamentals 

Handbook (ASHRAE, 2009). 

The overall heat transfer coefficient per unit length 

from the soil to the air in the tube, Ut, is given by  

 

1

1 1
ln

2

o

t

c t i

r
U

h k r



 
  
 

 (10) 

where kt is the thermal conductivity of the tube, ro and 

ri are the outer and inner radii of the tube, and hc is the 

convective heat transfer coefficient from the inside of 

the tube to the air. This equation assumes that the 

thermal resistance between the soil at temperature TG 

and the duct is negligible; however, that resistance can 

be taken into account by adding the thermal resistance 

per-unit-length to the other two in Eqn. (10). 

To find hc, we use the standard form for forced 

convection heat transfer coefficient of  

 
Nu

2
c

a i

h
k r
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where Nu is the Nusselt number and ka is the thermal 

conductivity of the air. For this work, we compute Nu 

using the Gnielinski correlation (Gnielinski, 1976) so 
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where Re is the Reynolds number for the air flow in the 

tube, Pr is the Prandtl number of the air, and f is the 

friction factor. For this interior tube problem, the Re 

for air at a velocity va with dynamic viscosity a will be  

 
2
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 . (13) 

The friction factor we use here is the newly developed 

correlation of Ghanbari et. al. (Ghanbari et al., 2011), 

who give f as 
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 (14) 

where  is the tube roughness factor. The effect of 

surface roughness can be significant as f, Nu, and hc can 

change by a factor of two or more if a design changes 

from a smooth PVC tube with  =1.5 m to a rough 

concrete tube with  =1 mm. 

 

Once Ut has been computed, the temperature of the air 

at the end of the tube is given as  

   ,

2

, ,

t
i

a p a

U
r L

m C

a L G a in GT T T T e


    (15) 

where Cp,a is the specific heat of the air (usually 

evaluated at Ta,in or the average of TG and Ta,in). The 

monthly average, Ta,Lm, can be obtained by using 

monthly average temperatures in Eqn. (15).   

 

The instantaneous rate of heat transfer from the ground 

to the air in each tube, Qt, is then given as 

   1
, ,2

2t i G a in a LQ r L T T T   . (16) 
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The average monthly heat transfer, Qt,mon, can be 

obtained by using monthly average temperatures in 

Eqn. (16).   

 

From Eqn. (15), we can define the nondimensional heat 

transfer unit, NTU, as 
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  (17)  

and the EAHE efficiency, , as 
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Finally, the pressure drop, p, at the end of the tube 

will be 
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Because tubes will also have bends, the pressure drop 

from the bends should be included in estimates of the 

total pressure drop. The effect of bends can be 

significant if the required main tube length is small. 

The pressure drop across a bend can be estimated as 

 
2

2

a

b a loss

v
p C   (20) 

where Closs is the loss coefficient for the bend. Because 

the tube will most likely be circular in cross section and 

the bends will most likely be 90 right angles, an 

equation for Closs as a function of tube diameter can be 

obtained from fitting the measured data presented in 

the ASHRAE Handbook (ASHRAE  2009) to a 

quadratic equation. The results we obtained are 

 20.09057 0.001.439 0.001294lossC d d    (21) 

where d is the tube diameter in meters.  The air fan 

power, AFP, required to move the volume of air V 

across the total pressure drop p is then calculated as 

 AFP V p  . (22) 

Because both NTU and p are proportional to the 

length of the tube, we can use NTU/L and p/L as the 

main performance measures that will help us determine 

the required length of tube for design purposes.  

Design Equations 

From the analysis equations shown above, development 

of design equations is fairly straightforward. We 

assume the designer has selected a required volume 

flow rate, tube diameter, depth in soil, and number of 

parallel ducts. The designer must also input a 

temperature for calculation of the fluid properties (we 

find that TAM is a good value to use). Finally, the 

designer selects a heat exchanger efficiency goal, and 

the required duct length and pressure drop across the 

duct can then be computed. Use of heat exchanger 

efficiency as a design goal means that the ground 

temperature need not be computed until the designer 

wants to estimate the actual rate of heat transfer from 

the tube to the air.  

 

Eqn. (18) is easily inverted so that the required NTU is 

given by 

  ln 1NTU     (23) 

and the required length of tube Lt is obtained from 

Eqn. (17) as 
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2
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m C
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  (24) 

The pressure drop in the pipe is then computed from 

Eqns. (19) and (20), and the air fan power is computed 

from Eqn. (22), which can be used to help in fan 

selection. 

SPREADSHEET IMPLEMENTATION 

We have implemented our design and analysis 

equations in a Microsoft Excel spreadsheet. We have 

avoided using Visual Basic or Macros in the sheet for 

increased portability to other spreadsheet programs, 

and, as a result, the spreadsheet does not utilize Goal 

Seek or Solver for optimization. In our spreadsheet 

implementation, we have two main sheets: a heat 

exchanger (HX) design sheet and an HX analysis sheet.   

HX Design Sheet 

The HX design sheet limits the inputs to the desired 

HX effectiveness, the tube’s inner diameter (in inches), 

tube wall thickness (in inches), air flow volume (in 

cubic feet per minute [cfm]), the number of parallel 

tubes, the tube material (PVC, concrete, or steel), and 

the mean annual air temp in ºC. The spreadsheet uses 

mostly IP inputs reflecting the predominant use of IP 

units for design in the United States, although inputs 

are converted to SI and internal calculations are 

performed in SI. The mean temperature is input in 

Celsius because those SI data are easily found. The 

selection of PVC, concrete, or steel as the tube material 

sets the values of kt and roughness  from a table of 

values taken from the ASHRAE Handbook 

(ASHRAE 2009), which are as listed below in Table 1. 

Because it is a spreadsheet, users can easily add the 

properties of additional materials, as desired.  

Table 1: Tube material properties used in analysis 

Material kt [W/(mK)]  [m] 

Concrete 1.0 1.0E-3 

PVC 0.19 1.5E-6 

Carbon Steel 54 1.5E-6 
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The main outputs of the sheet are the required length of 

tubing; pressure drop across the tubing p (neglecting 

pressure drop of bends); the overall heat transfer 

coefficient from soil to air in the tube Ut; the NTU; and 

J = p/NTU, which is a figure of merit comparing the 

pressure drop (which is related to required fan power) 

and the heat transfer, with lower J resulting in a higher-

performing design. A screen capture of the HX design 

sheet inputs and outputs is shown in Figure 3. 

 

 

Figure 3 Screen capture of the HX design sheet 

HX Analysis Sheet 

The HX analysis sheet augments the inputs of the HX 

design sheet by adding the length of the tube input, the 

number of bends in the tube, monthly mean air 

temperatures, and a choice of soil type (moist soil, dry 

sand, moist sand, moist clay, and wet clay) as inputs. 

The choice of soil is used to set the soil correction 

factor, gm, to the appropriate value given in EN 15241.  

 

The HX analysis sheet augments the outputs of the HX 

design sheet with estimates of the pressure drop 

including bends, the air fan power required to move the 

air, the average monthly ground temperatures, the 

average monthly air temperatures out of the HX tube, 

and the monthly average rate of heat transfer to/from 

the air. A screen capture of part of the HX analysis 

sheet is shown in Figure 4.  

 

The HX analysis sheet also has another input for 

single-day analysis. This functionality would be 

applicable to finding the heating or cooling potential of 

the EAHE. For that use, a designer inputs a particular 

day of the year (which is used to compute the ground 

temperature) and an air tube inlet temperature (i.e., the 

ambient air temperature), and the spreadsheet computes 

the instantaneous air temperature at the tube output and 

the instantaneous rate of heat transfer to/from the air in 

the duct. A screen capture of that part of the 

spreadsheet is shown in Figure 5. 

 

Figure 4 Screen capture of part of the HX analysis 

sheet. Shown are tube information inputs, main HX 

results, monthly temperature inputs for January 

through April, and monthly average outputs 

 

 

Figure 5 Screen capture of the instantaneous 

performance calculator in the HX analysis sheet 

Example Calculation 

As an example of how to use the calculator, consider 

the sizing of an EAHE for a building located near 

Chicago, Illinois, with a required ventilation of 5,000 

L/s (10,600 cfm). Local tubing costs suggest that PVC 

tubing that is 30.5 cm in diameter (12 in.) is a good 

selection choice. That tubing normally has a wall 

thickness of about 9.5 mm (0.375 in.). The outdoor 

yearly average air temperature in Chicago is about 

10C. 
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Using the HX design calculator with a choice of one 

tube, the predicted required tube length of a single tube 

is 265 m (868 ft). If we instead use four tubes, the 

predicted required length is 84.4 m (277 ft) for each 

tube, as can be seen in Figure 3.  

Putting the 84.4 m (277 ft) length into the HX analysis 

calculator and assuming two bends per tube, the HX 

analyzer predicts a pressure drop of 753 Pa (3.03 in 

wg), which would require an air fan power of 3.77 kW 

(5.0 HP) as shown in Figure 4. The sheet also predicts 

the monthly average air temperatures and average heat 

transfers (also shown in Figure 4). 

Putting the information for a warm summer day into the 

instantaneous heat transfer calculator in Figure 5 shows 

that the tube can extract 44 kW of heat from the air, 

dropping the air temperature from 30C to 23C, which 

would greatly reduce the cooling load of the ventilation 

air.  

Comparison to Other Simplified Methods 

As stated earlier, both De Paepe and Janssens (2003) 

and Badescu and Isvoranu (2011) neglected the thermal 

resistance of the duct wall and used less accurate 

correlations for the friction factor and Nusselt number.   

To see the effects of our updated equations on design 

predictions, we can compare our predictions using our 

equations to predictions using others for the same PVC 

30.5 cm tube discussed earlier as well as for steel tube 

of the same dimensions and a 30.5 cm concrete tube 

with a 50 mm wall thickness.  The results listed in 

Table 2 show that for the PVC duct, the methods of 

Badescu and De Paepe, both of which neglect the 

thermal resistance of the tube wall, predict a much 

higher U and therefore a much shorter required L (a 

factor of 4 for Badescu and Isvoranu and 5 for De 

Paepe and Janssens) than the current method.   

Table 2: Comparison of predictions for PVC Pipe 

Quantity Current Badescu De Paepe 

f 0.0141 0.0139 0.0139 

Nu 520.5 516.4 812.4 

Ut (W/m
2
K) 13.4 42.0 66.1 

L (m) 84.4 27 17.2 

The concrete tube has a thicker wall but one with 

higher thermal conductivity and increased surface 

roughness, which results in a slightly higher overalls f, 

Nu, and U, resulting in a decreased L using the current 

method as seen in Table 3.  However, the required 

length is still much longer than Badescu and Isvoranu 

or De Paepe and Janssens which, because surface 

roughness and wall thermal resistance are not included, 

yield the same tubing length as when thinner walled 

PVC was used.   

Table 3: Comparison of predictions for Concrete Pipe 

Quantity Current Badescu De Paepe 

f 0.0274 0.0139 0.0139 

Nu 1056.8 516.4 812.4 

Ut (W/m
2
K) 17.6 42.0 66.1 

L (m) 64.5 27 17.2 

If the PVC tube was instead made of steel with such a 

high thermal conductivity that the thermal resistance of 

the tube wall is almost negligible, the only difference in 

length prediction results will be because of the 

differing correlations used in calculation of f and Nu.  

As shown in Table 4, the predicted required length 

drops to 27 meters, matching the Badescu prediction. 

Table 4: Comparison of predictions for Steel Pipe 

Quantity Current Badescu De Paepe 

f 0.0141 0.0139 0.0139 

Nu 520.5 516.4 812.4 

Ut (W/m
2
K) 42.1 42.0 66.1 

L (m) 27.0 27.0 17.2 

CONCLUSIONS 

A set of simplified design equations which are suitable 

for spreadsheet implementation have been developed 

for earth-air heat exchangers (EAHEs). The equations 

capture the effect of heat transfer through the sides of 

the tube and use recent correlations for the friction 

factor and Nusselt number. The equations were 

implemented in an Excel spreadsheet, and example 

screenshots of the implementation were shown. 

The design sheet predicts the required length of tube 

for desired heat exchange efficiency. The analysis sheet 

predicts the monthly average and instantaneous heat 

transfer performance, the system pressure drop, and the 

required air fan power once a tube length has been 

selected. The importance of including heat transfer 

through the sides of the tube and heat transfer 

correlations that include surface roughness was shown 

by comparison to simplified methods that neglect those 

factors. 
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NOMENCLATURE 

AFP = air fan power 

AH = ground temperature amplitude depth correction 

Cp,a = specific heat of air 

Closs = loss coefficient for bends in tube 

d = depth of tube 

f = fluid flow friction factor 

gm = ground material correction factor 

Hm = number of hours in the month 

hc = heat transfer coefficient from tube wall to air 

JH = hour of the year 

ka,kt = thermal conductivity of air and tube 

Lt = length of tube 

ma = mass flow rate of air in a single tube 

Nt = number of tubes used in system 

NTU = number of heat transfer units 

Nu = Nusselt number for air in tube 

p, pb = pressure drop in tube and bends 

Pr = Prandtl number for air in tube 

Qt, Qt,mon = instantaneous and monthly average heat 

transfer 

Re = Reynolds number for air in tube 

ri,ro = inner and outer tube radius 

TG = ground temperature at depth d 

TGM = mean annual ground temperature at depth d 

TAM = mean annual aboveground air temperature 

TA = annual aboveground air temperature amplitude 

swing 

Ta,in, Ta,L = temperature of air entering and leaving tube 

TGmon, Ta,Lmon = monthly averages of TG and Ta,L 

Ut = ground-to-air overall heat transfer coefficient 

V = total air volume flow rate 

va = velocity of air in tube 

VS = ground temperature phase shift 

m  = hour of the middle of the month 

m  = half the number of hours in the month 

 = efficiency of tube heat exchange 

 = total ground temperature phase shift 

a = density of air in tube 

a = dynamic viscosity of air in tube 

 = hourly frequency of one year 
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