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ABSTRACT
We present computationally tractable tools for modeling indoor airflow that are amenable to control design. The model reduction technique used, called balanced truncation, requires data from CFD simulations but
results in models that are of much smaller dimension, typically 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 problem of disturbance rejection. The disturbances include
heat gains from solar radiation, occupants or lights, and
changes in ambient temperature. The modeling techniques 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 second 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 airflow in buildings equipped with low-energy HVAC systems. The air in rooms or spaces equipped with terminal
units such as displacement or under-floor vents and radiant 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 represent the actual physics, and this paper demonstrates techniques 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 models; the control objective considered is to reject disturbances (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.
disturbance
(occupants,
solar, etc.)

CFD
dim ∼ 104−8

control
(supply vel.,
radiant flux)

comfort
(zone temp.,
humidity, etc.)
sensor
(thermostat)

ROM-based control
dim ∼ 101−3

Figure 1: Schematic of model-based feedback-control, for
rejecting disturbances.
Current Practices in Modeling Building Indoor Environment
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 resolving spatial inhomogeneity and associated temporal dynamics. Other approaches include nodal models, which
represent indoor air using multiple nodes to capture stratification, or zonal models which divide the control volume into smaller parts, and derive models based on energy 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, computational 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 lowenergy HVAC systems. The models are of the inputoutput dynamics, built-in with control inputs, enabling
control design.
Model Reduction
Model reduction involves finding low-dimensional
models that approximate the full high-dimensional dynamics (here, the Boussinesq partial differential equations). These methods have been developed by the fluid
mechanics community through extensive research aimed
at understanding complex flow physics and flow control. Many of these methods involve post-processing
data obtained from carefully designed experiments or simulations, to result in low-order representations. Some
of the techniques that are now standard include proper
orthogonal decomposition (POD) and Galerkin projection (Lumley 1967), approximate balanced truncation (Rowley 2005), and eigensystem realization algorithm or ERA (Juang and Pappa 1985). These methods have recently become mature for control design of
canonical fluid flows such as turbulent boundary layers, wakes and jets. In the context of building airflows,
POD/Galerkin has been attempted for accelerating simulations and for real-time estimation of airflows in buildings; 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 extend that study to more realistic case-studies.
Organization
In the rest of this paper, we demonstrate the application of model reduction to represent airflow in a building served by displacement ventilation. Using this example, 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 effective 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 consumption.

PROBLEM FORMULATION
For airflows in building applications, the coupled
Navier-Stokes and energy equations can be approximated
by the Boussinesq equations:
1
∂v
= −v · ∇v − ∇p − βT g + ν∇2 v,
∂t
ρ0
κ
∂T
= −v · ∇T +
∇2 T,
∂t
ρ0C p
∇ · v = 0.

(1)
(2)
(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 viscosity, C p is thermal capacitance and κ is the thermal conductivity. The boundary conditions for airflows in buildings 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 corresponding 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 system 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 discretetime, stable, linear time-invariant systems of the form
xk+1 = Axk + Buk + Ddk ,
yk = Cxk ,

(4)
(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 = Ar ak + Br uk + Dr dk
ỹk = Cr ak ,

(6)
(7)

where ar ∈ Rr is the reduced state, and (Ar , Br , Dr ,Cr ) defined the reduced model such that the input-output behavior 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 temperature field of the system.
2. Compute a step response of the system to all the inputs, 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 Hankel matrix, compute its singular valued decomposition (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 dynamics of the Boussinesq equations (1-3), linearized
about a steady or baseline state. Practically, this velocity/temperature field is steady only in a statisticallyaveraged sense and not an exact fixed point of the governing equations. The reduced-order model is also valid only
in a neighborhood of this steady state and nonlinear effects 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 occupants, lights and plug loads. For that purpose, we also explore two different control designs: first, we assume that
future disturbances are known and design an optimal controller 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 follows: given a disturbance d(t), determine a control input u(t) (that depends on the choice of HVAC component), that maintains the average temperature in the occupied region of the room at a certain desired value of Tavg ,
while minimizing a quadratic cost function:
J[T, u] =

Z Tf Z
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 number of grid points. For instance, the number of equations 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 designing controllers for fluid flows. Finally, to test the controller 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 overhead unit serving conditioned air to the zones. The purpose 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 treatment of the latent loads is illustrated in the next example, where it is modeled as a vapor source uniformly distributed 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.

Numerical grids were generated in Airpak and refined until convergence was achieved with 564,855 nodes. The
time-step used for numerical integration was 2 seconds.

x

14m

138m
26m

Figure 2: Model of an existing DoD building drill-deck
space, served by overhead diffusers.
diffusers
controlled
together

2. Disturbance inputs:

volumes to
evaluate comfort

Figure 3: Model of the drill-deck retrofitted with displacement vents. The slices of temperature contours at a steady
state along two vertical planes illustrate significant temperature stratification along the height.
(a) Ambient air temperature
(b) Heat gains from solar radiation
(c) Sensible loads due to occupants

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 conditions described above are kept fixed and the model is integrated in time until a steady state is reached. The inputs
of the resulting model are perturbations of the above baseline 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 stratification. Thus, conventional lumped models are not sufficient 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

exhaust

supply diffusers

y

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 Figure 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 uniform heat-flux of 160W /m2 .

lamps

z

The displacement vents are divided into two groups together for control, each supplying the north and south
zones, as shown in Figure 4; thus, six vents in the region 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 temperatures, averaged over the volumes in the occupied region, 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 responses.
The step responses to the control input are shown in
Figure 5; both, the outputs of the full and the reduced systems are plotted in the figures. The control input, that is,
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u1
y1 = T 1

u2
T2

North

disturbance, floor heat flux

Figure 4: (Top) Floor-plan of the building, illustrating
two occupied zones (grey rectangles) used to define a comfort 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 radiation 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 building 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 simplicity, 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, corresponding 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 inputs 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 building.
Model performance
The next steps involve stacking up the resulting outputs
in a Hankel matrix, computing its singular valued decomposition (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 approximate the Hankel singular values (HSVs), which represent 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 supply 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, starting at t=0.

HSVs decay rapidly and provide a basis of truncating the
resulting model. If the original system is stable, the resulting 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 averaged temperature and humidity, N and S). As shown in
Figure 7, the step responses of a 50-mode model accurately 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 resulting from these disturbances is shown in Figure 6.
The model is used to develop an optimal controller, assuming known future disturbances, and an observer is developed 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 controller is implemented in Fluent using user-defined functions (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 response, even for disturbances larger in magnitude as compared to those used to develop the model.

solar + occupants

solar

Figure 6: Realistic disturbances from solar radiation and
occupants.

volume-averaged
temperature

no control
with control:
CFD, ROM

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 temperature and solar radiation is obtained from TMY3 weather
data set, while occupants schedules are obtained from an
EnergyPlus model calibrated against metered data. Further, the controllers in the two models are tuned to maintain the same zone temperatures, indicating similar comfort levels.
Table 1: Estimated load reduction and hence energy savings in different HVAC components, over a baseline system 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 maintaining 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 ceiling exhaust, two ceiling lamps, two windows, and a central 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.

time, minutes

Figure 7: System responses, with and without control, assuming disturbances shown in Figure 6.
Estimate energy savings
The main advantage of displacement ventilation (DV)
is the reduction of energy consumption by meeting cooling 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 several 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

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
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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 occupancy by about six people. The supply air contains water 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 temperature/flow field at t = 2400s is shown in Figure 8. The flow
is not truly steady; regions of cooler/warmer air are entrained alternately in the outflow producing residual oscillations. 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;

An H 2 control design requires the analyst to select various weights, including weights on the control components. 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 appropriate choice for this functional would characterize the
power usage by the controls. Here we selected several different 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 control. As noted above, the choice of these control weights
should be informed by the energy cost of control use.

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 88order 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 H 2 -framework, without an assuming 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 using 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 additional 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 increase 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 increase 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.

Figure 9: Control inputs, for two different choices of gain,
chosen such that the weights on the temperature and humidity 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 developing control-oriented low-order models of airflow in indoor 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 distributed 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 accurately 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 comfort, by tuning controller gains, thus avoiding potentially expensive on-site experiments.
3. Models could be easily integrated into whole building 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, nonlinear effects could be important, and several modes of operation could be present. The resulting models are fairly
robust to small disturbances, but effects of larger disturbances (changes in furniture or usage pattern) that could
significantly alter the airflow pattern remain to be understood.
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