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ABSTRACT
Small-to-moderate sized commercial buildings commonly use rooftop units (RTUs) to provide indoor comfort. These applications are often characterized by significant spatial variations in comfort due to poor thermostat
placement and poor coordination of RTUs leading to high
energy and demand costs and marginal comfort. Tools are
needed that can assess both energy and comfort performance for these types of applications so that the benefits
of improved RTU coordination and control can be evaluated in terms of energy and comfort and so that appropriate real-time strategies can be developed. In the following
we discuss a method for generating and coupling tractable
reduced order models for the building envelope and for the
indoor air dynamics. Overall assessments of the coupled
model are being performed for a typical sit-down restaurant that employs four rooftop units. Measurements from
the site are used to validate the models.

INTRODUCTION
There are no tools for evaluating the benefits of advanced
controls for small commercial buildings that utilize
rooftop units (RTUs) in open spaces, such as for retail
stores , restaurants and factories. Modeling difficulties for
such type of buildings arise since a well-mixed assumption is not appropriate due to non-uniformly distributed
diffusers, local cooling/heating actions corresponding to
each RTU, and non-uniform heat gains. Unknown but
significant inter-zonal air couplings make development of
a model very difficult. Tools are needed that can assess
both energy and comfort performance for these types
of applications so that the benefits of RTU coordination
and control can be evaluated in terms of energy and
comfort and so that appropriate real-time strategies can
be developed. We are developing a reduced order coupled
CFD/envelope modeling method that is computationally
tractable and targeted to capture important dynamics
of the spatial distributions of comfort and the heat
interaction between two distinct time scales (indoor air
and envelope).

Building Energy Simulation (BES) tools, such as ENERGYPLUS (Crawley et al. 2000), and TRNSYS (Klein
et al. 2004), are useful in estimating peak cooling and
heating demands and annual energy consumption. These
tools predict heating/cooling loads and corresponding
annual energy consumption required to maintain thermal
comfort under a well-mixed assumption for the indoor
air. On the other hand, Computational Fluid Dynamics
(CFD) tools capture spatial and temporal variations of
flow and thermal properties for specified boundary conditions but generally require significant computation time.
An integrated BES-CFD model is beneficial when there
are significant spatial variations in thermal comfort and
air quality inside a building and there is an interest in
studying the impact of design and/or control choices on
both comfort conditions and energy. Modeling the spatial
variation in the indoor environment requires predictions
of flow and thermal distributions such as air temperature,
relative humidity, mean radiant temperature, air velocity
and contaminants, which are difficult to measure in a
real application (Srebric, Chen, and Glicksman 2000).
In a coupled model, the CFD predicts three-dimensional
distributions of indoor conditions given boundary conditions, while the BES provides the necessary thermal and
flow boundary conditions. Srebric, Yuan, and Novoselac
(2008) experimentally validated a coupled model for
the study of a multi-zone indoor environment. Zhai and
Chen (2005) and Bartak et al. (2002) also demonstrated
the validity of the integrated modeling approach using
experiments.
A coupled modeling approach can be particularly useful
for developing and evaluating advanced control algorithms. However it is not appropriate to use external
or internal coupling (Djunaedy, Hensen, and Loomans
2005) approaches that directly utilize commercial CFD
tools, due to the high computational demand of CFD.
For control applications, where many iterations of
daily/weekly simulation may be required, a coupled
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model that provides an approximate solution with reduced computational requirements is needed. There
have been some previous studies involving the use of
a reduced-order CFD model for control applications
However, they are not generally applicable for building
control purposes because they do not include an envelope
model.
The current paper presents a computationally efficient
coupled indoor air and envelope modeling approach that
is suitable for assessment of advanced control algorithms.
The conceptual strategy of the proposed methodology is
developed and comparisons between the coupled model
and measured data for a field site are provided.

DEVELOPMENT OF REDUCED ORDER
CFD COUPLED MODEL
From a nonlinear model, one can generate the following
affine model at the operating point (x1,o , x2,o , uo ).
δx˙ 1 ≈ f1 (x1,o , x2,o , uo ) + A1,1 δx1 + A1,2 δx2 + B1 δu(1)
δx˙ 2 ≈ f2 (x1,o , x2,o , uo ) + A2,1 δx1 + A2,2 δx2 + B2 δu(2)
δz ≈ C1 δx1 + C2 δx2 + Dδu
where δz(t) = z(t) − g(x1,o , x2,o , uo ),
Ai, j =
fi, j (x1,o , x2,o , uo ),
Bi = fi,u (x1,o , x2,o , uo ),
Cj =
g, j (x1,o , x2,o , uo ),
D = g,u (x1,o , x2,o , uo )
and
( fi, j , fi,u , g, j , g,u ) are the Jacobian matrices of ( fi , fi , g, g)
with respect to (x j , u, x j , u) evaluated at the operating
point, (x1,o , x2,o , uo ). The time dependency of each
variable is omitted in the expression.
Equations 1 and 2 represent linearized models for
the dynamics of a building envelope and indoor air
environment, respectively. Our target is to construct
{ fi (x1,o , x2,o , uo ), g(x1,o , x2,o , uo ), Ai, j , Bi , C j , D}i, j∈1,2
such that Eqn. 1 describes the conduction through
walls/ windows, radiative interaction between inside
walls, radiative interaction between external walls and
sky/ground, convective heat exchange between external
walls and outdoor air, while Eqn. 2 describes mass, momentum and energy balances for the indoor air domain.
Furthermore, we want the state dimensions, n1 , n2 as
small as possible while preserving input-output responses.
Our strategy for model construction has the following
main steps.
1. Defining inputs, outputs (I/O) and coupled variables
between CFD and building envelope models
2. Development of a linear time invariant (LTI) state
space model for the building envelope
3. Calculation of a nominal boundary condition where
the CFD model will be linearized

Figure 1: External View
4. Data generation by perturbing the CFD model at the
nominal condition and generation of a LTI reducedorder model (ROM)
5. Aggregation of the two models

CASE STUDY: A REDUCED-ORDER CFD
COUPLED MODEL FOR SMALL
COMMERCIAL BUILDINGS
Case Study Building Description
A restaurant in suburban Philadelphia (see Fig. 1), is a
demonstration site for the DOE supported Consortium for
Building Energy Innovation (CBEI).. Some important
points are:
• Building interior dimensions: 70 ft width, 15 ft depth
and 11 ft height.
• Four roof top units (RTUs) serve the dining and wine
bar area in Fig. 2.
• North and West surfaces are windows while East surface is a wall. Kitchen is located at the South.
• All supply air ducts pass through the attic labeled in
Fig. 1.
Developement of a Reduced-Order CFD Coupled
Model
Definition of I/O and coupling variables
Input/output lists for this case study building are shown in
Table. 1. The variables in the 2nd row and the 3rd row
belong to the ROM-CFD and envelop model respectively.
Both models share convective heat fluxes and internal wall
building surface temperatures as coupling variables. In
this study, each unique wall and window orientation was
assumed to be at a uniform temperature. The return air
temperatures are included in the output list of the CFD
model and are compared with measured values.
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Table 1: Definition of Inputs/Outputs and Coupled Variables for Construction of Reduced-Order CFD Coupled Model
(T /Temp, φ and ṁ represent temperature(s), humidity ratio and mass flow rate respectively.)
Exogenous Inputs
Coupling Inputs
Exogenous Outputs
Coupling Outputs
ROMInternal gain (con- Internal temp.
of Local zone air condi- Convective heat flux
CFD
vective part, latent)
each surface
tion (T, φ)
on each surface
Model
Supply air condition
Return air condition
(T, φ, ṁ)
(T , φ, ṁ)
Envelope
Model

Internal gain (radiative part)
Temp. outdoor air
Temp. ground/sky
Solar radiation on
surfaces

Convective heat flux
on each surface

Internal temp.
each surface

of

provided validation of the approach through comparisons
with existing BES tools (Modelica Building’s Library
(Wetter 2009), TRNSYS (Klein et al. 2004)) for several
buildings.
Development of LTI Reduced-Order Indoor CFD
Model
The Standard Model
Energy exchange between a bounding surface and the
indoor-air is typically modeled in terms of a convective
film coefficient as
q j (t) = h j (T j (t) − Tzone (t)) ,

(3)

Figure 2: Locations of return air vent (RA) and sensors

Development of LTI Building Envelope Model
Based on building geometry information and
wall/window properties, a LTI envelope model for
the site was developed. In the development, the approach
from Kim and Braun (2012) was utilized to construct the
LTI model. The approach begins with a detailed finitevolume formulation that describes the heat conduction
through walls. On the external walls an energy balance is
applied considering convective heat, solar radiation and
long wavelength interactions. The radiosity method is
utilized to express the net flux under the assumption that
the walls are grey, diffuse and opaque. The long-wave
interaction terms are linearized and a nominal outside
convective heat transfer coefficient is assumed. This
approach leads to a linear time invariant model (LTI)
for the thermal network that represents the building
energy flows. Kim and Braun (2012) or Kim et al. (2013)

where q j (t), T j (t) are the instantaneous flux (w/m2 ), the
temperature of the jth wall surface respectively, and h j is
a film coefficient. The latter may be based on experimental results and depends on surface finish and orientation.
Evolution of the zone temperature (Tz ) is commonly modeled as

Cz

dTz (t)
=
dt

m

∑ q j (t) + Sz (t) ,

(4)

j=1

where Cz is the thermal capacity of the well-mixed air
(J/o K), there are m internal wall surfaces, and Sz (t)
represents source terms in the zone.
If we identify system inputs (u) with the segment temperatures (Tı ), and the outputs (y) with the segment heat fluxes
(q j ), then the standard system (Eqn. 3, 4) is a linear timeinvariant (LTI) system and in the usual first-order system
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form (A, B,C, D) we can identify
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Note that Eqn. 5 does not account for the (m + 1)st input
(Sz ).
The Standard Model transfer function from the inputs (the
internal surface temperatures (T )) to the outputs (the segment loads (Q)) is given by
H std (s) =

−CCT
(Cz s + ∑ h j )

+D ,

solution in hand, we then subjected the CFD model to
a step-like change in each of the surface temperatures
(+10oC). In addition to the surface temperatures, we subjected the CFD model to perturbations in the supply air
mass-rate and temperature, and to a change in occupancy
load(s). In addition to the required surface fluxes, we
recorded response in return air temperature, water-vapor
and air quality metrics in various occupied zones. In all,
43 quantities were recorded.

(6)

where the arrays C, D depend on the wall-segment convective parameters h j as given in display Eqn. 5. Note that
the transfer function H std is not strictly proper (D 6= 0).
CFD-based model

ANSYS FLUENT 14.5 was used for the CFD calculations. The CFD mesh consisted of 311K nodes and
1.68M tetrahedral cells. A single case with one level of
mesh refinement was run with little observed change in
the output quantities of interest.
FLUENT’s implementation of the Spaulding-Patankar
SIMPLE scheme was used for spatial discretization
including: least-squares cell-based gradients, pressure
via PRESTO, all flux calculations are 2nd-order upwind.
The standard κ − ε turbulence model with standard wall
functions was used, with an observed average y+ of about
38. Time discretization was first order implicit with a
limit of 100 iterations per time step. Time steps were
mostly 4 seconds and convergence was achieved within
one or two iterations for all runs with recorded data.
On the inside of the exterior walls, ceiling, floor specified
temperatures were applied,. We computed average heat
fluxes for the bounding surfaces and generated data for a
time-varying Dirichlet-to-Neumann map. Interior walls
were zero-heat flux, and all solid surfaces are no-slip.
Supply vents were modeled as ’velocity-inlets’ with the
velocity distribution a flattend parabola. Outflow (return
vents) were ’pressure outlet’ with specified hydrostatic
pressure below the (floor-based) reference. No internal
radiation was included in the CFD calculations. This is
because radiative interactions are treated in the envelope
side (see previous section) and is based on the fact that air
is a radiatively non-participating media.

Figure 3: CFD grid for a demonstration site

Fitting the Data

Our indoor-air model is realized as a linear-time-invariant
(LTI) system that approximates specified input-output
behavior observed in computational fluid dynamics
(CFD) simulations. A grid for our CFD simulation is
shown in Fig. 3.

For each input (u j ) we hypothesize an LTI model of the
form
1
(7)
ẋ j (t) = − x j (t) + u j (t)
τj

The building envelope model was coupled to a Standard
Model for the indoor-air and subjected to fixed loads.
The resulting steady surface temperatures were enforced
as Dirichlet boundary conditions and the CFD simulation
was run to a nominal steady-state. With a steady flow

where x j is a scalar state, and the column matrices
C j , D j ∈ IR43 . Based on the Standard Model (3) we have
j
j
Dk = 0, k 6= j and D j = h j , the film coefficient for the jth
surface. This value is extracted from the nominal steady
CFD solution.

y j (t) = C j x j (t) + D j u j (t) ,
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The building envelope model exhibits more than ten
eigenvalues (time constants) that are slower than 300 seconds, whereas the indoor air time constants for perturbations in the supply air or the occupant loads are of the
order of 300 seconds. For this reason we insist that the
asymptotic response of the model exactly match the data.
For a unit-step input this implies that
j

Cj =

yss − D j
.
τj

Thus, under the constraint that the steady-state output of
the model exactly match the data, we have a single freeparameter (viz, τ j ). This single parameter is found as a
solution of a least-squares minimization problem;
4

min J(τ) = ∑ kymodel (tk ; τ) − ydata (tk )k2 .
τ

k

This minimization was done using
MATLAB’s
fminsearch procedure. For the case of bounding
surface temperature inputs the cost function also depends
on the h parameter that is, we minimize J(τ, h).

CASE STUDY RESULTS AND DISCUSSIONS
Numerical Performance
Table 2: Computation time for a reduced-order coupled
CFD model under a feedback control [sec]
Simulation duration Computation Time
1 day
0.572
10 days
9.026
30 days
30.345

For the numerical performance of the reduced-order coupled CFD model, simulation time was determined for the
model implemented within the Simulink environment and
running on a 3.1 GHz desktop computer. Table 2 shows
computation time of the closed-loop system consisting of
the model and conventional thermostats: if measured temperature is higher than set-points, then turn on the RTU
and vice versa. The computational times are based on
ode15s, which is a stiffness ODE solver of MATLAB Version 7.10 (R2010a). The results demonstrate that the coupling approach makes it feasible to use a CFD model for
control analysis purposes.

(e.g. low sampling rate and resolution of thermostat
sensors), the return air temperatures to the RTUs were
selected as outputs instead of thermostat temperatures.
The locations of return air vents for the RTUs are shown
Fig. 2 and corresponding return air temperature sensors
are located at the upstream inlet of the RTUs (dashed
circles). Supply air temperature sensors are located
downstream of the units and are shown with filled circles
in the same figure. (The outdoor air sensor is not shown.)
In order to eliminate uncertain disturbances due to
occupants, cooking and solar loads, an experiment was
performed from 12:00am to 12:00pm. During this
experiment, each RTU compressor was set to ON or OFF
for different time intervals. A sample input data set for
model validation is shown in Fig. 4. The points of sudden
supply air temperature drops, e.g. 02:00 AM, indicate the
time when RTU compressors start to work. We divided
the data into two parts: before and after 6:00 AM. For part
1, before 6:00 AM, outdoor air temperature was almost
constant at around 18oC and the corresponding responses
to RTU operation were dominated by the dynamics of the
indoor air. This data was considered suitable for checking
the response of coupled model air dynamics. Meanwhile,
after 6:00 AM to noon, outdoor air temperature increased
rapidly with a rate of about 3oC/hr. Thus, the part 2
was considered useful for checking the responses of the
envelope portion in the coupled model.
The output comparisons for the part 1 data are shown
in Fig. 5. The blue line represents the output response
of the coupled model, whereas the black line is the
measured output. The standard deviation of output errors
w.r.t. measured output are less than 0.5oC,which is very
satisfactory. In addition, the model properly captures
the dynamics due to RTU cycling. However, there is
a bias in the predictions especially for RTU3. Some
possible explanations include: 1) The CFD model was
linearzied at a typical daytime operating condition but
the experiment was performed during the night time
in order to eliminate disturbance uncertainties; 2) The
initial conditions may not be well matched. Although the
fast air dynamics attenuate the effect of the mismatched
condition for the air states within 10-30 min as shown in
Fig. 5, the slow dynamics of the building structure could
act as as pseudo heat sources/sinks for the coupled model
if the initial conditions different significantly.

Comparisons with Experimental Results
For the validation, measured input data was selected and
provided to the model. Corresponding model outputs
were recorded to compare to measured outputs. As inputs,
the supply air temperature for each RTU and the outdoor
air temperature were selected. Due to technical issues

The red lines labeled Shifted in Fig. 5 shows the dynamic
responses with constant mean errors added to the model
outputs. Overall, the ROM CFD approach captures the
important dynamics of the indoor air.
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Figure 4: Input data for a reduced-order coupled CFD/envelope model
The output comparisons for the part 2 data, where the
main driving force is outdoor air temperature, are shown
in Fig. 6. Again, the responses of the model match well
with the measured outputs with less than 0.5oC standard
deviations.
Further Discussions
This paper only considered coupling between the building
envelope and indoor air. A complete simulation tool
would require coupling with multiple RTUs and their
controllers. However, the connection between RTU
models and the coupled model can be easily achieved,
since the supply and return air conditions for the RTUs
are defined as inputs/outputs of the coupled model ( see
Table 1).
The coupled model can capture spatial variations of thermal conditions, such as those shown for the return temperatures of RTU4 and RTU1 in Fig. 6. Although their trends
are similar, there is about a 4oC temperature difference.
These differences lead to significant comfort variations
that are not predicted with a fully-mixed model. In addition, the inability of typical modeling approaches to capture thermal condition variations results in the following
restrictions and problems for control studies: 1) all RTUs
will be simultaneously activated or be deactivated since
their measured temperatures are equal for a fully-mixed
model; 2) simultaneous on/off actuation of all RTUs will
lead to very unrealistic responses of thermostat temperatures to feedback control signals compared to reality; 3)
the assumption that all RTUs operate with the same on/off
cycling may lead to significant errors in prediction of part-

load performance and peak electrical demand. In many
cases, these issues may be less important for estimation
of monthly or annual energy consumption assuming that
time-average zone air temperatures track set-points, but
are critical for testing a RTU control algorithm in terms of
comfort and peak demand.

CONCLUSION
This paper presented a unique approach for simulating the
dynamics of indoor environments and building envelopes
using a reduced-order coupled CFD model. The model
is particularly appropriate for studying building control
performance in small commercial buildings that utilize
rooftop units (RTUs) in open spaces. The approach enables investigation of spatial variations of thermal comfort, e.g. temperature and humidity, in response to feedback control with significant spatial diversity in energy
gains (e.g., solar, internal gains, envelope). The enhanced
model was shown to accurately predict RTU return air
temperature reponses to RTU controls in comparison to
measurements for a typical sitdown restaurant that employs four rooftop units. Although this approach requires
detailed models to generate reduced order models, it is
envisioned that a library of models could be created for
typical small commercial buildings that have similar floor
plans (e.g. big box retail, small sit-down restaurants).
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Figure 5: Output comparisons for a reduced-order coupled CFD/envelope model over part 1

Figure 6: Output comparisons for a reduced-order coupled CFD/envelope model over part 2
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