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Abstract

This paper presents the development and validation of a
high-fidelity simulator for an ultra-efficient office
building, which functions as a living laboratory that
integrates natural ventilation with automated windows,
and geothermal heat pump assissted thermally active
building systems. Specifically, The simulator is
developed with coupled EnergyPlus-Modelica models, in
which the building envelop, equipment and occupant
profile are modeled in EnergyPlus, and the radiant floor,
HVAC system and controls are modeled in Modelica. The
natural ventilation under different wind conditions is
simulated with Computational Fluid Dynamics, which is
integrated into the Modelica model for ventilation rate
prediction through interpolation from a lookup table. The
developed models are calibrated and validated with the
measured building operational data from the extensive
senor network in the building. The normalized Mean Bias
Error (MBE%) and the Coefficient of Variation of the root
mean square error (CV (RMSE)) for heating/cooling
loads simulated by the EnergyPlus model are 2%/1% and
11%/16%, respectively. The RMSEs of the simulated
hourly water loop temperature and slab temperature range
from 0.48 K to 1.06 K. The RMSE of the simulated daily
heat pump power is 236.4 W. The use of the simulator is
then demonstrated to improve the control of the room and
slab temperature. To conclude, the developed simulator
shows effectiveness to serve as a digital twin to support
optimal operation of the studied building as well as a
virtual testbed for advanced controls development,
evaluation and benchmarking for ultra-efficient buildings.

Highlights

o Developed a high-fidelity simulator for an office
building with coupled EnergyPlus and Modelica
models.

¢ Consisting of natural ventilation and geothermal heat
pump assissted thermally active building systems.

o Validated with measured building operational data.

e Demonstrated for control improvement of the room
and slab temperature.

Introduction

Buildings consume about 40% of the total global energy
consumption, which indicates a great potential for energy
savings and greenhouse gas reduction from improving the
building energy efficiency ((UNEP)). The thermally
active building system (TABS) and natural ventilation

(NV) are two important technologies to be used in passive
and ultra-efficient buildings (Yan, Han et al. 2022, Chen,
Han et al. 2023). The TABS embeds hot/cold water pipes
in the building’s structure and uses the thermal mass to
regualte its temperature, which can be directly connected
to a geothermal well for free cooling in the summer or
connected to a geothermal heat pump for heating with a
high-efficient low-temperature heat source (Romani, de
Gracia et al. 2016). The NV provides free cooling through
opening the windows when the outdoor air is favorable,
which improves the indoor air quality and reduces the
need for mechanical systems (Allard 1998). However,
these passive or low-energy technologies often pose
challenges in their controls, such as the control of a
mechanical and natural mixed mode ventilation (Peng,
Lei et al. 2022), and the coordinated control of a coupled
TABS and NV system (Yan, Han et al. 2022).

Modeling and simulation of such systems plays an
important role in control algrithm development and
evaluation. The TABS can be modelled with a transient
finite difference method (Holopainen, Tuomaala et al.
2007), analytical model (Sarbu and Sebarchievici 2015),
transient lumped model (Resistor Capacitor) (Tian, Duan
etal. 2014) or data driven identification models (Ferkl and
Siroky 2010). The NV can be modelled with analytical
and empirical models (Zhai, EI Mankibi et al. 2015),
network airflow model (Johnson, Zhai et al. 2012) or
Computational Fluid Dynamics (CFD) (Rodrigues
Marques Sakiyama, Frick et al. 2021). However, to our
best knowledge, no study developed a high fidelity
simulation model for a coupled TABS and NV system,
which is often integated in passive and ultra-efficient
buildings.

The coupled EnergyPlus-Modelica model has been
proposed to provide high-fidelity physics-based modeling
and simulation for buildings with the capability of
modeling detailed system configuration and control
logics. It has been demonstrated for modeling the single-
family house (Wetter, Zuo et al. 2014) and office
buildings (Huang, Chen et al. 2018). However, the
modeling of a zero energy building that may integrate
multiple low-energy technologies, e.g., TABS and NV,
and complex controls as well as the validation of the
EnergyPlus-Modelica model with real-world detailed
building operational data were rarely reported. Thus, this
study aims to develop a high fidelity validated
EnergyPlus-Modelica model for a real-world ultra
efficient building that integrates TABS and NV as well as
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their detailed controls. To balance the accuracy and speed
for NV prediction, a parametric study is firstly conducted
with CFD simulations, and then the simulation results are
packed into a lookup table and integrated in the Modelica
model for NV prediciton in the control-oriented
simulation.

the geothermal well to cooling the building, the high
humidity mode is activated to prevent moisture
condensation on the floor surface when the humidity is
high.

The switch conditions between different modes are shown
in Figure 2. Ty and T, are weighted forecasted outdoor

Bypass water loop for free cooling in summer
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well
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Figure 1: Schematic diagram of the HVAC systems.

System description

The building (also called HouseZero) is a three-floor
small office building with a basement with a total floor
area of about 356 m? It is located in Cambridge,
Massachusetts, which is cool and humid as ASHRAE
Climate Zone classification (5A). The building functions
as a living laboratory and prototype for ultra-efficiency,
which integrates multiple low-energy technologies, e.g.,
NV with automated windows and geothermal heat pump
assisted TABS (Malkawi, Ervin et al. 2023). The space
functions are mostly office space and meeting rooms.
Refer to (Yan, Han et al. 2022, Han, Lim et al. 2023) for
detailed description of the building systems.

HVAC systems

The heating and cooling of the indoor space are provided
by TABS (radiant floor). An 8.3-12.7 cm of concrete layer
with embedded water pipes is added to the floor forming
a TABS, which is connected hydronically to a geothermal
heat pump. As shown in Figure 1, in the heating season, a
geothermal heat pump is used to supply hot water to the
TABS. In the cooling season, the heat pump is turned off
and a bypass water loop is utilized to circulate cool water
directly from the geothermal well for free cooling.

The building features 100% NV to provide fresh air to the
space and perferm free cooling and night cooling when
the outdoor air is favorable, which eliminates the required
space for mechanical ventilation duct. The NV is operated
with automatic windows. The thermal environment and
indoor air quality are controlled with the integrated TABS
and NV system.

Control system
System-level control

There are four operation modes in the system-level
control: heating, passive, normal cooling and high
humidity cooling. The heating mode uses the heat pump
to heat the building, the passive mode disables the
mechanical system and only relies on natural ventilation,
the normal cooling mode directly utilizes cool water from

air dry-bulb temperature and dew point temperature,
respectively. They are calculated based on the average of
hourly forecast data in the next 24 hours. T;, T, and T; are
the thresholds to switch between different modes. AT is
the dead band to prevent frequent cycle. The settings of
these parameter can be found in (Yan, Han et al. 2022).

Heating

Ty <T, — AT Tg > Ty + AT
Passive

Ty <T, — AT Tg > T, + AT
Normal
Cooling

Tppp < Tz — AT Tppg > Tz + AT
High Humidity

Cooling

Figure 2: State graph of the operation mode controller.
Local controls
The subsystems include geothermal assisted heat pump

system, TABS, and NV system. Their local control might
be different under different operation modes.

In the heating mode, the load of the heat pump compressor
is manipulated to meet a desired supply water temperature
Tsyp, Which is determined by a function of outdoor air dry-
bulb temperature Tj:

Toup =30 —0.36- (Tg +11) 1)
The valve at each zone is controlled to reach the slab
temperature setpoint T,,:

T,, = 24.5 — 0.14 - (T + 15) )
The windows are operated with pulse ventilation, which
opens the window for a certain period of time every hour

or every two hours when the CO, concentration is higher
than the setpoint.

In the passive mode, all the mechincal systems are off and
windows are controlled for two purposes. One is for a
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target room temperature and CO; concentration through
an on/off control. The other is for night cooling with a
target night room temperature.

In the cooling mode, the heat pump is off and only a pump
is on for circulating cool water from the geothermal well
to the TABS. The valves are 100% open all the time. The
windows are operated in a similar manner as the passive
mode.

In the high humidity cooling mode, the mixing valve in
the bypass water loop is manupoliated to raise the supply
water Ty, to prevent condensation on the floor:

Tsup = 20.5 + 0.5 : (TDPE - 18) (3)

The CO; concentration setpoint is raised from 850 ppm in
normal cooling mode to 1050 ppm to reduce the window
openings that may introduce additional moisture into the
room. The control logics that are not described in detail in
the design drawings or product manual are estimated
based on engineering knowledge. Refer to (Yan, Han et
al. 2022) for detailed description of the local controls of
subsystems.

Model development

The top-level model is implemented in Modelica while
some components are modelled with different platforms,
e.g., EnergyPlus or CFD, and integrated into the Modelica
model.

Building thermal modelling

The building envelope and thermal dynamics is modelled
in EnergyPlus. The geometry is modelled in a detailed
manner as shown in Figure 3. The power density and
schedule of the equipment and lighting as well as the
occupancy schedule are defined in the EnergyPlus model.

Figure 3: Geometry of the building in the EnergyPlus
model.

The EnergyPlus model of the building is exported as an
FMU and is connected to the Modelica HVAC system and
control models through the Buildings. ThermalZones.

EnergyPlus_9 6 0 module in Modelica Building library
(Wetter, Zuo et al. 2014). The Modelica simulation
exchanges data, e.g., heat flux through building envelops,
with EnergyPlus simulation every data synchronization
time. Refer to (Wetter, Benne et al. 2021) for more
description of the coupling mechanism and data flow.

Figure 4 shows the Modelica-side thermal model. The
building is divided into six zones. The boundary
conditions, e.g., outdoor or supply air flow rate and
temperature, are sent from Modelica to EnergyPlus.
EnergyPlus returns the heat and mass balance calculation
results, e.g., sensible and latent heat to be added to the
indoor air.

The slab with embedded pipes are modelled with the
Buildings.Fluid.HeatExchangers.RadiantSlabs.ParallelCi
rcuitsSlab module in Modelica Buildings library (Wetter,
Zuo et al. 2014). The geometry and layers of materials are
defined in detail. It is connected to the EnergyPlus model
through the Buildings. ThermalZones.EnergyPlus 9 6 0.

OpaqueConstruction module in Modelica Buildings
library (Wetter, Zuo et al. 2014).

FreshAir_Flow[]
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Figure 4: Implementation of the thermal model in
Modelica.

Natural ventilation modelling

CFD provides a high fidelity simulation of the NV, which
takes the geometry of the building as well the
microclimate affected by the surrounding buildings into
condition. However, CFD is computationally expensive,
and it is challenging to use CFD for control-oriented
simulation or annual energy simulation (Tian, Han et al.
2018, Han, Tian et al. 2021). Thus, this study firstly runs
CFD simulations for NV with different wind conditions.
Then, the ventilation rate for each zone under each wind
condition is summarized and integrated into the Modelica
model as a lookup table, based on which the NV flowrate
for any zone under any wind condition can be predicted
through interpolation. It is assumed that the natural
ventilation modeled in this study is wind-driven-dominant
cross ventilation, and the natural convection is negligible
for simplicity. Future research is suggested to include the
effect of natural convection.
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Table 1: CFD simulations of NV with different wind
conditions.

Boundary

Conditions Unit Values in Parametric study

North, Northeast, East,
Southeast, South, Southwest,
West, Northwest

1.0,3.0,5.0,7.0,9.0

Wind direction -

Wind speed m/s

As shown in Table 1, eight wind directions and five wind
speeds are slected for the parametric study. Part of the
simulation results are displayed in Figures 5-6.

0.30

—8— Basement —— 3rd floor

—&— 1st floor

—— 2nd floor

Ventilation flow rate [m3/s]
o o © o o
o = = [\ [\
o ) o S o

0.00 — T \ T T
N NE E SE S

Wind direction

SW W NwW

Figure 5: Mass flow rates of outdoor air for different
zones simulated by CFD with 1 m/s wind speed and
different wind conditions

Taking 1 m/s wind speed as an example, Figure 5 shows
the ventilation flow rates simulated by CFD with different
wind conditions. The curves for some floors follow a sine
pattern while the patterns for different floor differ
significantly. The ventialte rate may be affected by the
microclimate, geometry of the building, layout of the each
floor and size/locations of the windows.

o L
(a) Velocity magnitude contour in and around the
building on the height of the first floor

-------

(b) Velocity field in the building on the height of the first
floor

Figure 6: Natural ventilation simulated by CFD with the
southwest wind direction and 3 m/s wind speed.

Taking 3 m/s wind speed and southwest wind direction as
an example, Figure 6 shows the detailed velocity field in
and around the building on the height of the first floor
simulated by CFD. The doors are open to allow cross
ventilation. The ventialtion flow rate of this floor is
calculated by summing up the total flow rate coming to
the zone through openings.

HVAC systems modelling

The heating and cooling system is implemented in
Modelica as shown in Figure 7. In consists of a heat pump,
load side water loop, geo side water loop, bypass water
loop and their controls. The geothermal well is modelled
with a prescirbed year-round well water temperature
profile, which is extracted from the operational data. The
fluid ports on the top are connected to the TABS.
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Figure 7: Diagram of the Modelica model for the
heating and cooling system.

The NV system is modelled in Modelica as shown in
Figure 8. It consists of automatic windows at the six
zones, datetime module, CO; setpoint calculation model,
and other inputs and one output vector (outdoor air flow
rate of each zone). The implementation of the control
logics will be described in the next section.
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u_TRooAi]

Figure 8: Diagram of the Modelica model for the
natural ventilation system.

Control system modelling

Figure 9 shows the Modelica model of the supervisory
controller that switch between the four different operation
modes. It takes weighted forecasted outdoor air dry-bulb
temperature and dew point temperature as inputs, and
outputs the operation mode. The switch conditions
defined in this model strictly follow the state graph
described in Figure 2.

TOryBulave

=< 3nyPalaL TDBuAve < Tset -

Zesl

TDewPoiAve

TDewPaiAve < Tsetd

HumCooling

Figure 9: Diagram of the Modelica model for the
heating and cooling mode control.

Figure 10 shows the implementation of the heat pump
control. It takes the outdoor air temperature, supply water
temperature, and the current operation mode as inputs and
outputs the manipulating signal of the compressor
frequency (0 represents off and 1 represents full load).

The supply water temperature setpoint is calculated based
on Equation (1). If it is on heating mode, a PID controller
is used to determine the signal based on measured supply
water temperature and the setpoint. If it is not on heating
mode, turn off the heat pump.

TDryBul axspe
ealExpression

s p—pm b
[ w
A

Tsup swich?

K=Integer(Virtu

Figure 10: Diagram of the Modelica model for the heat
pump control.

Figure 11 shows the implementation of the NV control.
The inputs include wind direction and speed, CO, and
CO; setpoint, Room air temperature and outdoor air
temperature, the current month and hour of the day. The
output is a vector of outdoor air flow rate for each zone.

In winter months (October to April), the window is
controlled to fulfil the indoor air quality requirements.
Instead of the pulse ventilation, in this controller, the
window is opened when the CO; concentration exceeds
the setpoint and the room air temperature is higher than a
threshold.

In the rest of the months, the window is controlled not
only for indoor air quality but also for free cooling (when
outside is favourable) and night cooling (10pm to 6am).
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Figure 11: Diagram of the Modelica model for the
natural ventilation control.

Model validation

The developed model is validated with measured
operational data from different angles.

Firstly, the thermal model is validated with the monthly
thermal loads. Figure 12 compares the measured monthly
heating and cooling loads with the simulation results by
the EnergyPlus model. They are generally in good
agreement.
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The normalized Mean Bias Errors (MBE%) for heating
and cooling loads are 2% and 1%, respectively. The root
mean square errors (CV (RMSE)) for heating and cooling
loads are 11% and 16%, respectively.

10001 @ Measured heating g
—— Simulated heating
B Measured cooling
< 800 —— Simulated cooling
S
X
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©
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¥ FFS & ?9\;3;\
Month

Figure 12: Simulated and measured monthly heating and
cooling loads.

Secondly, the short-term thermal response of the slab
model is validated by feeding the model with the supply
water mass flow rate and temperature as inputs, and
comparing the simulated and measured slab temperature.
The comparison of the hourly data are shown in Figure
13. The simulation generally captures the pattern of the
slab temperature changes with the given boundary
condition profiles. The RMSE is 0.48 K.

® Measured
Simulated ®

7-slab [ ° C]

0 5 10 15 20 25 30
Time [day]
Figure 13: Simulated and measured slab temperature of
the radiant systems.

Thirdly, the heat pump system and control models are
validated by feeding the model with flow rate and
temperature of the water entering the heat pump on both
the load side and source side, and comparing the
temperature of the water leaving the heat pump on both
sides as well as the heat pump power.

Figure 14 (a) and (b) compares the simulated and
measured hourly-averaged temperature of water leaving
the heat pump, which shows good agreement. The
RMSEs of the simulated load side supply water
temperature and geo side return water temperature against
the measurement are 1.06 K and 0.62 K, respectively.
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(b) Geo side return water temperature

Figure 14 (c) compares the simulated and measured daily
averaged heat pump power. The simulation result
generally captures the pattern of the measured data. The
RMSE of the simulation against the measurement is about
236 W.
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(c) Heat pump power
Figure 14: Simulated and measured supply water
temperature and power of the heat pump.
Case study

The developed simulator can be utilized as a digital twin
to support optimal operation of the studied building as
well as a virtual testbed for advanced controls
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development, evaluation and benchmarking for ultra-
efficient buildings (Han and Malkawi 2022). In this
section, the developed model is utilized to improve the
control of the room and slab temperature.

The room temperature is maintained from controlling the
slab temperature to a desired setpoint. In the baseline case,
the setpoint of the supply water is based on a function of
the current outdoor air temperature while the setpoint of
the slab temperature is based on a function of the weighted
forecasted outdoor air temperature. Refer to (Yan, Han et
al. 2022) for detailed description of the controls. As
shown in Figure 15, the room temperature of Zones 5 and
6 is much lower than that of other zones from Day 2 to
Day 5. It is observed that the slab temperature during that
period is not well controlled especially for Zones 5 and 6.
One reason lies in the mismatch of the setpoint of supply
water temperature and the setpoint of the slab
temperature, which leads to an insufficient supply water
temperature during that period.

—— Zonel —— Zone4 A
Zone2 —— Zoneb
o
S
8
~
Time [day]
(a) Room temperature
329 — Zonel —— Zone4 Tslab Setpoint
Zone2 —— Zone5 —=~ Supply water
304 —— Zone3 —— Zoneb6 -
A
I/ ‘\
o
=
o
2

~

Time [day]

(b) Slab temperature
Figure 15: Simulation results for baseline.

Another reason may be that less hot water flow rates are
supplied to the Zones 5 and 6 leading to a lower slab
temperature at those zones. Therefore, two measures are
proposed to improve the slab temperature control:

e The setpoint of the supply water is based on a
function of the weighted forecasted outdoor air
temperature instead of the current outdoor air
temperature.

e The supply water flow rate distribution is
manipulated to increase the flow rate supplied to
Zones 5 and 6.

The simulation results of the improved case is shown in
Figure 16. Both the room temperature and slab
temperature are better maintained. Assuming the comfort
range is 20-24 °C, the unmet hours has been reduced from
87 in baseline to 33 (reduced by 62%). The RMSEs of
slab temperature against the setpoint range from 0.58 K to
1.54 K (average: 0.92 K) for the six zones in baseline
while that have been reduced to 0.26-0.48 K (average:
0.32 K) in the improved case.

This example utilizes the developed model to improve the
building system operations. Further work can be done to
improve the current controls from the system level to the
equipment level and assess the corresponding
performance regarding indoor environment control and
energy savings.
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(b) Slab temperature
Figure 16: Simulation result for the improved case.

Conclusion

This paper described a high-fidelity simulator for an ultra-
efficient office building that integrates NV with
automated windows, and geothermal heat pump assissted
TABS. The development of the simulator integrates
multiple simulation tools including Modelica, EnergyPlus
and CFD.
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The developed model was then calibrated and validated
with the measured building operational data. The
simulation results were generally in good agreement with
the measured data for both long-term monthly thermal
loads and short-term thermal dynamics and heat pump
operations.

The developed model was demontrated to improve the
room and slab temperature control, which provided
quantified assessment of the proposed measures. It was
found that the unmet hours for the room temperature was
reduced from 87 to 33 (by 62%) and the averaged RMSE
of slab temperature against the setpoint range for the six
zones was reduced from 0.92 K to 0.32 K (by 65%).

Future work includes further improvement of the
simulator as well as more applications based on the
simulator.
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