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Abstract

This paper presents the application of a model predictive control strategy on an integrated thermal-energy system of a solar
house with an air-source heat pump water heater (ASHPWH) connected to floor heating system, to minimize energy
consumption while maintaining thermally acceptable indoor conditions in a cold climate. To prevent overheating and
enhance overall energy efficiency, the integrated system utilizes preheated air from solarium as an air source for the ASHP
and stores the heat for later use through a radiant floor heating system (RFHS). The cooled air from the ASHP evaporator
is recirculated to another room for cooling, instead of exhausting it outdoors. A nonlinear model predictive control (NMPC)
algorithm was developed for the nonlinear multi-objective optimization problem based on weather forecasts and predefined
constraints during a limited prediction time horizon. A case study was conducted in two identical Test Cells at the Future
Buildings Laboratory at Concordia University in Montreal, Canada, where one test cell simulated the solarium, where the
indoor air temperature was permitted to exceed 28°C, and the other test cell was the climate-controlled zone. A low-order
thermal network model was developed and calibrated using experimental data collected from March to May 2025. The
energy performance of the NMPC was compared with two control strategies: rule-based control and a daytime charging
control strategy. By coordinating the operation of the integrated energy system properly, NMPC reduced total daily energy
consumption by 87.9% compared to the rule-based control strategy. Moreover, it maintained thermally comfortable
conditions for 83.1% of the day on March 23", whereas rule-based control achieved 71.7% over the same period.
Consequently, this research demonstrates that NMPC provides an effective control approach for the solar-driven
ASHPWH-RFHS system, maintaining thermally acceptable indoor conditions and significantly enhancing energy
efficiency in solar buildings.
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1. Introduction

In 2024, global electricity consumption increased by 1,100TWh, which is more than double the annual
average growth over the past decade. Approximately 60% of this increase occurred in the building sector,
fueled by rising demand for cooling, electrification, digitalization, and the rapid expansion of data centers.
Fortunately, renewable energy and nuclear sources together provided 40% of global electricity generation.
Although total energy-related carbon dioxide (CO>) emissions still reached a record high of 37.8 Gt CO,, it
slowed down to 0.8% growth because of the expansion of solar and wind power, electric vehicles, and heat
pumps. They reduced the annual fossil fuel energy demand by over 6% (30 EJ) and mitigated 2.6 billion tons
of CO, emissions [1]. For the decarbonization of the building sector, the optimal integration of sustainable
technologies in buildings has been increasingly investigated, with growing attention given to solar energy
technologies and heat pumps.

A heat pump is an electrical device that extracts heat from a low-temperature source and transfers it to a
higher-temperature sink. It offers stable heating and cooling performance and reduces primary energy
consumption and carbon emissions compared to conventional gas boilers and electrical baseboard heaters. It
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may also facilitate demand-side flexibility if properly controlled [2]. Among them, air-source heat pump
(ASHP) is the most widely adopted in buildings due to its affordability, operational stability, and ease of
installation [3]. It utilizes air as the working source fluid to evaporate or condense the refrigerant passing
through the heat exchanger coils. The performance of the ASHP is generally measured by using the coefficient
of performance (COP), defined as the ratio of heat transfer rate released at the condenser to the work input to
the compressor in heating mode. It can be expressed using the ideal Carnot efficiency for a heat pump operating
between two temperature levels [4]. Its performance is highly dependent on the thermophysical properties of
the refrigerant, heat exchanger design, and air-source temperature. Since ASHPs are often installed outdoors,
efficiency diminishes sharply in the cold regions, increasing reliance on secondary heating systems [5].

By recognizing that the passive solar design spaces remain warmer than outdoors throughout the day,
several studies have proposed ASHP configurations that draw preheated air from passive solar spaces. The
elevated indoor temperatures result from the equator-facing large glazing units, which capture significant solar
radiation, and from the thermal mass that gradually stores and releases the heat into the interior. However, in
the absence of effective solar heat gain control, passive solar design spaces often experience daytime
overheating, even in the heating season. Overheating causes occupant thermal discomfort but also increases
energy consumption by encouraging uncontrolled window operation or auxiliary cooling system operation [6].
Coupling ASHPs with passive solar spaces mitigates these drawbacks on both sides: the ASHP gains efficiency
from using a warmer and more stable air source, and its regulated heat extraction prevents the excessive heat
buildup within the sunspaces, enhancing overall building energy performance. Touchie et al. [7] evaluated the
energy performance of the retrofitted balcony sunspace with an ASHP in multi-unit residential buildings in
Toronto, Canada, and determined that it can achieve 39% reduction in annual energy intensity and a 45%
reduction in associated greenhouse gas emissions, compared to the baseline with baseboard heating. Sun et al.
[3] utilized a dual-source heat pump to effectively extract the heated air from six Chinese-style greenhouses
and transfer it to multi-span greenhouses. Their system achieved a COP between 4.3 and 4.8, while the COP
of the ASHP using ambient air was between 3.4 and 3.5. Gaucher-Loksts et al. [8] compared the ASHP
performance using three air sources: 1. Ambient air, 2. Preheated air from a building-integrated
photovoltaic/thermal (BIPV/T) system, and 3. Preheated air from the solarium, under three different demand
response strategies. The results presented that using preheated air from a solarium significantly improved the
COP of the ASHP and achieved up to 80% energy saving in heating. Previous research applied conventional
rule-based and demand response strategies to control the auxiliary system individually. But these methods
cannot handle systems’ complex nonlinear dynamics nor account for slow-response thermal inertia and fast-
reacting auxiliary systems, resulting in suboptimal control and setpoint overshoot [9].

In recent years, improvements in building energy system operations have been proven to achieve as much
as 30% of energy savings [10]. Model predictive control (MPC) is one of the promising advanced control
strategies for optimizing building auxiliary systems. MPC determines the optimal control solutions by
minimizing the multi-objective functions based on the weather forecast and constraints during a limited
prediction time horizon, typically one day ahead [2]. MPC generates a sequence of future control actions during
the control horizon, but only the first control action is applied at each timestep. The predicted system output is
compared with the past measured data, and the optimization is repeated with the updated information[11].
MPC has been demonstrated to be effective in building energy management systems, achieving 26 to 40%
energy savings by controlling the thermal mass energy storage capacity effectively [12]. Rastegarpour et al.
[13] evaluated three MPC strategies to control an air-to-water heat pump coupled with a radiant floor heating
system (RFHS). Their results presented that nonlinear MPC (NMPC) achieved 6% energy saving and improved
thermal comfort by 4%. In contrast, linear time-varying MPC offered similar performance if a reference
trajectory was provided, and the linear MPC was determined to be insufficient to address the nonlinear
optimization problem effectively.

The optimization study of controlling solar-assisted air source heat pump water heater and RFHS system is
underexplored, because of its unique energy configuration and complex nonlinearity. To improve their
operation performance, this study evaluates the performance of an MPC-controlled ASHPWH-RFHS system
in a research solar building, located in Montreal, Canada. The integrated energy system is designed to offset
the limitations of individual components and enhance overall building energy efficiency, while maintaining
thermally comfortable conditions. The ASHPWH is configured to use preheated air from the solarium and
recirculate the cooled air from the ASHP evaporator outlet for cooling the heated room. The stored heat is later
used for RFHS heating. NMPC is employed to optimize the control actions by simulating the building’s indoor
response to predicted weather forecasts within a prediction horizon and constraints. This study introduces a
building energy model and a discretized water heater model to capture the temperature dynamics. System
performance is compared across three control strategies: rule-based control, daytime charging control strategy,
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and NMPC. Results provide experimental data, identify the effectiveness and barriers of each control strategy,
and offer a foundation for future research on the control of coupled solar driven energy systems.

2. Methods/Approach

By building upon the research by Gaucher-Loksts et al. [8], a case study was conducted at the Future
Building Laboratory (FBL) at Concordia University in Montreal, Canada. The facility consists of five identical
south-facing test cells, featuring an airtight envelope design and semi-transparent photovoltaic windows. Each
cell measures 3.4m (W) x 3.05m (L) x 2.86m (H). For the experiment, Test Cells 3 functioned as a solarium
where air temperature was permitted to exceed 28°C and ranged from 18.9°C to 36.3°C. Test Cell 4 served as
the climate-controlled zone to which heat was delivered through the RFHS. Test Cell 3 is equipped with a fan
coil unit, double-glazed low-e argon windows, and a 7.62 cm thick RFHS, while Test Cell 4 has venetian blind
systems and a 10.16 cm thick RFHS. Test Cell 4 also includes double-glazed units in the middle section of the
window, and triple- and quadruple- glazing units on the left and right sections of the windows, respectively.
Their walls and ceiling are constructed with wood frames, gypsum boards, and insulation [14]. To balance the
air pressure between two rooms, both test cells passively exchanged air through a small grille near the window,
as shown in Fig.1. In the building energy model for rule-based control strategies, this was estimated at constant
0.5 ACH. For ease of computation in MPC, the thermal resistances and capacitances values are fixed constant;
this inter-cell heat transfer rate was represented using a calibrated thermal resistance of 0.0145 °C/W.
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Figure 1. schematic of air, water, refrigerant cycles in ASHPWH-RFHS system in Test Cell 3 (solarium) and 4 (controlled zone).

When the ASPH operates, the warm air from Test Cell 3 is extracted through a ceiling inlet, using a fan
attached to the ASHPWH. The air passes through the evaporator coil, transferring the heat to the refrigerant
(R134a), and exits as cooled air at approximately 10°C to 14.4°C. Instead of exhausting outdoors, this cooled
air is supplied into Test Cell 4 via a ceiling outlet. The air mass flow rate was 0.04 kg/s, measured using an
ALNor balometer. Notably, the actual fan speed may be slightly higher due to friction losses. The air inlet and
outlet temperatures are measured at the center of Test Cell 3 and at the outlet of the ASHP evaporator,
respectively. A closed-loop experiment without occupancy was conducted by closing the outlet of the main air
handling unit and exhaust ventilation grilles on the ceiling to reduce uncertainties associated with air exchange
with the other parts of the FBL. Thermostats were installed in each test cell and the mechanical room to
measure the temperatures of the air, interior envelope surfaces, and concrete slab inside at 6 different heights
and locations [14]. The energy meter in Test Cell 3 recorded the supply and return water temperatures and
water mass flow rate at the RFHS. Meteorological data, including ambient temperature and global horizontal
solar radiation were collected using a Lufft WS800-UMB weather station, installed on the roof of the FBL.

2.1. Mechanical systems

ProTerra hybrid electric ASHPWH was installed in the FBL mechanical room for easier duct integration
between the rooms. The unit consists of a compressor, evaporator, fan, expansion valve, and a condenser coil
wrapped around the exterior surface of the water tank, along with two electric resistance heating elements. The
water heater has a rated water capacity of 170L. The allowed temperature range of the air source is from 2.8°C
and 62.7°C. The ASHPWH controller allows users to define water temperature setpoints and operation mode
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four times per day [15]. The unit operates in five modes: Heat Pump, Electric, Energy Saver, High Demand,
and Vacation. For this experiment, only the Heat Pump and Electric modes were used. The ASHP has a rated
input power of 1.2 kW at the compressor and a Uniform Energy Factor (UEF) of 3.75 [15]. UEF is the ratio of
useful energy delivered to the water to energy used [16], which is often used as the energy performance metric
for heat pump water heaters. In contrast, COP quantified HP performance by expressing the ratio of the heat
output to the work input required to achieve that heat-transfer effect [4]. Due to the lack of detailed refrigerant-
cycle and operational data for the ASHP, system performance was represented using an empirical correlation
between COP and air-source temperature (7,r3) based on ASHPWH measurements (Eq. (1)) [17],
incorporating the time interval, p. The heat transfer rate at the evaporator, Qgyqp, Was calculated using the
measured air temperature in Test Cell 3 (inlet) and the outlet of ASHP (Eq. (2)). On the other hand, the Electric
mode relies solely on the resistance heating elements, rated at 4.5 kW (upper) and 2.25 kW (lower). The COP
of resistance elements was assumed to be 1.0.

COP, = 0.00162 * TZ,5,, + 0.045 x Ty, + 1.038 (1)
Qevap,p = mascp,as (TairS,p - Toutlet,p) (2)

RFHS system was constructed using lightweight concrete with a thermal conductivity of 0.872 W/m°C and
equipped with 107m of 1.59 cm-diameter PEX hydronic pipes. Pipes were arranged in a serpentine pattern on
top of the floor insulation. The pipe spacing was 15.24 cm for the first three rows near the window and 22.86
cm for the remaining rows. The 8.9 cm of insulation has a thermal resistance of 1.77 m?°C/W. The RFHS was
controlled by a Tekmar zone valve controller, a microprocessor-based control module. The setpoint
temperature of indoor air was set at 24°C between 7 AM and 7 PM and 20°C during the rest of the hours in
all simulated control strategies. When a thermostat calls for heating, the zone valve opens, allowing the system
to pump stored water at a constant rate of 0.0798 kg/s from the ASHPWH [14]. The heat transfer rate of the
RFHS was estimated using the analytical equations proposed by Rastegarpour et al [13] (Eq. (3-4)).

Treturn,p = (1 - exp(_a))Tslab,p + exp(_a) Tw,top,p (3)
_ _Upipe
a= (4)

2.2. Building energy modeling

To track the dynamics of indoor temperatures and calculate the daily energy consumption, a resistance and
capacitance (RC) modeling method was generated. In the RC model, temperature nodes, representing lumped
control volumes of the building zone or envelopes, are interconnected through thermal resistances. The thermal
resistance, R, represents the rate of conduction, convection, and radiation heat transfer, while the thermal
capacitance, C, represents the amount of heat that needs to be absorbed or released to produce a unit
temperature change at a node. For Test Cell 4, a 2 capacitance and 8 resistance (2C8R) model were generated
by discretizing the zone into four temperature nodes, as shown in Fig. 2. The energy balance equations are
discretized in time, p, and solved using an explicit finite difference method, as shown in Eq. (5), and rearranged
to Eq. (6), corresponding to node, i [18]. The explicit finite difference method has the benefit of not needing
to solve equations in every time step because the current time step temperature state is only influenced by the
temperatures and heat sources at the previous time step [18]. The timestep was set to 3 minutes due to the
comparably small size of the water heater compared to the zone thermal capacitances, calculated using Eq. (7).
j represents all nodes connected to node i, and Q denotes a heat source such as radiant floor heating (7fhs),
solar heat gains (solargain), or cooling.

dT; Ti—T;
Cid_tl =0+ Xy ;i‘j] 5)
At T" —T"
Tipt1 = (C_z) (Qsotargainp + Qrfrsp + Qcootingp T+ Zj(”lep)) +Tip (6)
Ateriticaqr = min (Z 1) for all nodes (7)
iR;;


https://doi.org/10.23697/m7mz-kx59

15th IEA Heat Pump Conference 2026 - THN4.3 - https://doi.org/10.23697/m7mz-kx59

Rflr_walls
2 1 (o] 3
Rconcrete/3 Rconcrete2/3 Rair_fir Rair_walls Rwalls_host Thost
C_slab C_air
Tg N T
Ce) Qcooling
Qrfhs Qsolar_flr Qsolar_air Qsolar_wall
1k

0 — Indoor air Rinfiltration
1— Floor surface infiltra Tout It
2 — Concrete slab at 5 cm below the surface

3 — Walls and ceiling surfaces

Revpoutlet_air3 Tair3

Figure 2. 2C8R thermal network of Test Cell 4.

In the 2C8R thermal network model, the state variables include the temperatures of indoor air, floor surface,
concrete slab at Scm below the surface (representing the midpoint of the concrete control volume), and the
interior walls and ceiling surfaces, as shown in Fig. 2. In this study, thermal capacitances are assigned to the
concrete floor (node 2) and indoor air (node 0). On the other hand, because the interior walls and ceiling have
low thermal capacitance and have no direct interaction with the auxiliary system, their thermal capacitance is
neglected. The heat sources interacting with these state variables comprise the outdoor air temperature, the
main building temperature (adjacent zones that are not part of the experiment), the ground surface temperature,
and the temperature of Test Cell 3. The ground surface temperature was set to constant 6°C. The main building
temperature was measured in the mechanical room, as the door was always kept open, maintaining an air
temperature comparable to the rest of the building (except the two test cells). Test Cell 3 air temperature was
measured at the center of the room. The solar radiation incident on the interior surfaces was calculated by using
Hottel’s model [18] and assumed to be distributed on the floor surface (node 1) for 70%, on the walls and
ceiling surface (node 4) for 30%, and on interior furniture attached to the air node (node 0) for 1%. The
convective cooling heat transfer rate was computed using the constant air flow rate and air temperature
difference at the inlet and outlet of the evaporator (Eq. (8)) and applied to air node 0. Air leakage and pressure
drop effects in the duct systems were excluded due to the proximity between the mechanical room and Test
Cell 4. Lastly, the radiative heating heat transfer rate was calculated using the return water temperature from
RFHS and supply water temperature, as shown in Eq. (9), and applied at node 2.

Qcooling,p = macp,a (Toutlet,p - TO,p) (8)

Qrfhs,p = mwcp,w(Tw,top,p - Treturn,p) (9)

The water heater was modeled in a vertically discretized three-node model based on Rastegarpour et al.[13],
as shown in Fig. 3. The three nodes of the model are indexed using i in the Eq. (10-12). The condenser heat
transfer rate, Qona;» Was applied to the middle node, and the heat transfer from the tank wall to the room air,
Qnost,i» occurred at all nodes. The top node had the outlet of water for the RFHS, and the return inlet was
located at the bottom node. Additionally, the heat exchange between each node was presented in terms of Q.
and Q;_, The tank was assumed to be always full and had an equal mass flow rate at the outlet and inlet of
the tank. In reference and daytime charging control strategies, the water mass flow rate was set at a constant
of 0.0789 kg/s when RFHS was activated, which corresponds to the lowest speed setting of the three-speed
wet-rotor circulator. In addition, the constant 0.02 kg/s mass flow rate was set inside the tank to represent the
inversion mixing of the water and reduce the stratification based on Gaucher-Loksts et al. [8].

ar

micp d_tl = Qcond,i + Qelec,i - Qhost,i + Qi+1 - Qi—l + Qconv,i (10)
Qi1 = (Typ1 = TD)/Ryjyr and Qiy = (T; = Ty—1)/Ryi—1 (11)
Qconv,i = mwcp,w (Ti+1 -T; ) (12)
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Figure 3. Schematic of heat transfers within the discretized water heater.
2.3. Validation and calibration

Initial calibration was performed using the conventional calibration and nonlinear least-squares fitting
methods with measured indoor air temperature at Test Cells 3 and 4. These identified R and C parameter
combinations that yield locally minimized errors were used as the initial estimates for the Bayesian calibration,
which was carried out using the LMFIT [19]. Bayesian calibration is an iterative process of updating
uncertainty distributions on the input parameters in a way that is consistent with the measured data. This
method does not determine the one optimal value for each parameter but determines if this value for each
parameter can provide a distribution of predicted outputs that are well aligned with the distribution of the
observed data [20]. Since the objective of this research was to utilize surplus solar heat gain for nighttime
heating via the ASHPWH, a calibration was conducted using cold and clear days’ measurements. It is important
to note that this solar-driven ASHP-TES mechanism is not intended for cloudy day conditions. Although
several continuous clear days were available during the experiment, the selected four-days period (April 6™ to
April 9™) exhibited both strong solar gains and a wide ambient temperature fluctuation between -10°C to 5°C.
The normalized mean bias error (NMBE) and Coefficient of variation of root mean squared error (CV(RMSE))
are presented in Table 1. They were both within the ASHRAE Guideline 14 requirement of CV(RMSE) <30%
and NMBE < +/-10% [21]. Additionally, the water heater model was not calibrated due to insufficient
manufacturer data and the inability to measure internal water temperature.

Table 1. Calibration result of RC thermal network using 4 days experimental data.

Calibration Method NMBE CV(RMSE)
Nonlinear least squares fitting -0.33 % 5.98 %
Bayesian -0.19% 4.19%

2.4. Control strategies

This paper compares the energy consumption and indoor thermal dynamics in Test Cell 4 on cold, clear
days from March 21 to 23rd, 2025, under three control strategies: 1. Rule-based control (reference), 2. Daytime
charging control, and 3. MPC. In reference, the water temperature setpoint is maintained at a constant 55°C,
whereas daytime charging control strategy has charging and discharging periods. The water temperature
setpoint increases to 55°C during the charging period (12 PM-7 PM) and reduces to 43°C during discharging
period (7 PM-12 PM). Both control strategies originally operated the ASHP in Heat Pump mode throughout
the day. However, simultaneous operations of the ASHP and RHFS occurred in the morning as both indoor air
and water temperature dropped below their setpoints. Although the RFHS was often activated around 7 AM,
the indoor air temperature did not increase quickly enough, and the stored warm water was depleted. Therefore,
the ASHP was triggered to reheat the water while simultaneously supplying chilled outlet air to Test Cell 4.
This undesirable condition continued because the convective cooling from ASHP reduced the indoor air
temperature faster than the RFHS could raise it. To avoid this conflicting operation, both control strategies
used Electric mode from 7 Am to 12 PM and Heat Pump mode for the remaining hours. Notably, the electric
elements were operated when the mean water temperature drops below the minimum water temperature, 40°C.
When the mean water temperature falls below 35°C, both elements are activated. When it is between 35°C and
50°C, only the lower element operates, and when it is between 50°C and 65°C, only the upper element works.
It should be noted that this control approach was not based on the manufacturer’s specification, as it was not
provided. Fig. 4 presents the measured weather conditions from March 21st to March 23rd, 2025. In the real
experiment, the daytime charging control was implemented on clear days from March 19 to May 2", 2025.
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The water temperature setpoint was set to 57°C during charging periods (12 PM-7 PM) and 43°C during the
discharging periods (7 PM—12 PM). On cloudy days, the ASHPWH was remotely adjusted to Electric mode
to prevent the occurrence of the simultaneous operation of ASHPWH and RFHS.

12

4

Temperature (°C)

10

March 21 March 22 March 23

Figure 4. Outdoor air temperature and global horizontal solar radiation variations measured in Montreal from 2025/3/21 —2025/3/23
2.5. Model predictive control (MPC)

The NMPC algorithm was developed based on the do_mpc [22] to account for the variable water mass flow
rates and the system’s complex nonlinear behavior. Eq.(13-21) presents the MPC algorithm, where
x®,u¥, tvp*, and s* represent the variables of state, input, time-varying, and slack at the kth time step of the
prediction horizon with a sampling time of &t. The state variables follow those of the RC thermal networks,
with three additional nodes representing the water heater’s top, middle, and low temperature nodes (Eq. (13)).
The input variables are the heat pump on/off operation mode and the water mass flow rate for the RFHS, as
shown in Eq. (14). The predicted environmental variables are ambient temperature and solar radiation (Eq.
(15)). Pre-defined time-varying parameters are the Test Cell 3 measured air temperature, Test Cell 4 indoor air
temperature setpoint, the electricity input for the compressor operation, the heat transfer rate of the condenser,
the temperature of the air outlet of ASHPWH, the penalty for deviating from the acceptable temperature range,
and the temperature of host building (Eq. (16)). The heat transfer rate of the condenser and work input,
calculated based on experimental data, were used as time-varying parameters to reduce computational load.
The soft constraints are applied to the state variables, as identified in Eq. (17). The prediction horizon was set
to 12 hours and the control horizon to 3 hours, based on the iterative tuning. Extending the prediction horizon
beyond 12 hours produced negligible performance improvements while substantially increasing computational
time, largely due to the small 3-minutes simulation time step and complexity of the energy system.

The optimization function accommodates 1) minimizing the energy consumption of the ASHP, 2)
maintaining optimal indoor thermal conditions, 3) encouraging binary decisions for ASHP operation, 4)
regulating actuators to avoid large or sudden movement, and 5) penalizing the soft constraints, as shown in Eq.
(18). It was solved using CasADi’s NLPSOL interface. The same air setpoint profile from the rule-based
control strategy was applied, with the minimum and maximum boundaries of 18°C and 28°C. This boundary
was applied to all indoor temperature nodes. The water temperature was constrained between 40°C and 56°C.
Overheating conditions (Ty;-, > 28°C) were assigned with the highest penalty, proportional to the magnitude
of the temperature difference between setpoint and indoor air temperature, as shown in Eq. (20). It is important
to note that the HP operation input variable (uo) was defined as a continuous variable between 0 and 1, rather
than as a mixed-integer variable, to avoid the complexity and computational burden associated with using a
full mixed integer nonlinear MPC formulation. To encourage binary behavior, a penalty term (Eq. (21)) was
introduced, which penalizes the choice of fractional values with a higher penalty, and assigns zero penalty
when ug= 0 or 1. However, because Eq. (21) does not strictly enforce the binary operation, an additional post-
processing step was applied: value of upabove 0.5 were set to 1 and values below 0.5 were set to 0, as illustrated
in Fig. 5. The input variable (u;) for the water mass flow rate was bounded between 0.00001 and 0.14 kg/s,
which is the maximum flow rate of the three-speed wet-rotor circulator. The lower bound was set above zero
to ensure convergence and continuous computation while keeping the MPC computationally efficient. In the
simulation function, where the selected control actions were applied, any computed water mass flow rate below
0.0001 kg/s is set to zero, as this value is effectively negligible. Furthermore, all input variables were penalized
to avoid having a large control input magnitude. Fig. 5 presents a detailed flow chart of the NMPC algorithm.

k
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lbinary = xhp(l - xhp) (21)

0<u; <1 and 0.00001 <u, <0.14, 18<T; <28 i=0—-7 and 40<T; <56 i=8-11]

Thy = 6, = 1,1, = 20 (7 AM to 7 PM) and 1 (7 PM to 7 AM), ;0 = 1e®

Set up the RC model:
Define the state variables (T), control variables (u),
and time-varying parameters (TVP)

Setup MPC function Define PH, CH, time step, & control type

Setup simulation function
Set state and control variables boundaries

Import weather & measured data
Set the control penalties (7 )
Set the simulation time, Prediction Horizon (PH), & Control Horizon (CH)

Set the objective function
Initial assumption of state variables

> cost at each step)

Lagrange term (st Mayer term (at the end of
fene T0 the PH):

Log the TVPs over the PH for simulation function sp *(TO — Tsp_a)"2 "
msp*( Sp_a) 7 sp *(TO — Tsp_a)*2
Solves the optimization functions & Determine the optimal control action l _hp* (u0*Win + u0 *(1-u0)) ‘
Redefine the control action Yes Soft Constraints
u0 > 0.5,ul <0.0001 Tmin - Ti <= slack &
No Ti - Tmax <= slack

u0 =0 & ul =ul
Log TVPs over the PH.

Implement the redefined control actions in RC model Setup the MPC

Update the initial states with the simulated values

Figure 5. Flow chart of NMPC algorithm.
3. Results and Discussion

The results are presented in terms of indoor thermal conditions and energy consumption from March 22™
to 23", The simulated results on March 21% are excluded from the discussion, as they were influenced by the
assumed initial state variables.

3.1. Case 1: Rule-based control (Reference)

Fig. 6 presents that the indoor air temperature fluctuated between 20°C and 32.5°C in the reference case,
with overheating occurring for 10% of the time on March 22" and 28.3% of the time on March 23, The
activation of RFHS at 7 AM made the indoor air temperature rise gradually and reach the setpoint temperature
around 10 — 10:30 AM. As the stored hot water was depleted in the morning with the activation of RFHS, the
electric resistance elements operated between 7 AM and 12 PM to maintain the water heater setpoint of 55°C.
During midday, solar gains increased indoor temperatures, allowing the building to remain warm until the next
day early morning. ASHP operated intermittently when the water temperature fell slightly below 55°C, as
shown in Fig. 6.B. This intermittent operation of the ASHP at night and recirculation of cooled air into Test
Cell 4 produced only negligible reductions in indoor air temperature. The corresponding COP were 2.47 to
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3.74, by using the Test Cell 3 air temperature ranged between 18.9°C and 29.2°C. As a result, the reference
strategy made limited use of solar heat gains available in Test Cell 3 for ASHP operation during the daytime
and relied primarily on the electric resistance elements to charge the water heater. Consequently, the total daily
energy consumption was 1.40 kWh and 2.26 kWh on March 22" and March 23", respectively.

Fest Cell 4 Air Tempera ariati arch 22 a Rule-bsed Contral Control Variables Variation on Mareh 22 and

o ey AN o e Mo 03 = L . ‘ 2
AN\
/ / w g
g »\ Vi AN i
O E A N A F)
St e 4 i )
B L g ____ ’

A) ey
Figure 6. A) Test Cell 4 air temperature variation and B) input variables variation on March 22" -23" in rule-based control strategy.
3.2. Case 2: Daytime charging control

Like the reference case, the indoor air temperature varied between 20°C and 32.5°C (Fig. 7.A). On March
23", the RFHS was activated in the morning; however, the electric resistance elements were not used because
the water setpoint was reduced to 43°C in this control approach. When the water setpoint was increased to
55°C for charging at noon, the ASHP operated for 2-3 hours using the preheated air from Test Cell 3.
Simultaneously, ASHP recirculated 10-14°C outlet air and reduced the indoor air temperature to 24°C - 27°C.
Once the charging period ended, the indoor air temperature rose back to around 23 - 24°C. However, on March
22" even before the charging period began, the air temperature increased up to 29.6°C, and then decreased to
24 - 27°C. These different temperature variations occurred because the daytime charging control used a fixed
charging window and lacked the flexibility to adapt its operation according to future weather forecasts.
Consequently, overheating occurred for 2.5% of the time one March 22" and 19.4 % of the time on March
23" — representing reductions of 75% and 31.4% compared to the reference case. Favourably, as the charging
period was during the daytime, the ASHP operated more efficiently at a COP of 3.5-4.8, by using the air source
at 27.4°C —36.3°C. This efficient operation and minimal operation of electric resistance reduced the total daily
energy consumption to 0.40 kWh and 0.68 kWh on March 22" and 23", respectively. However, despite this
70% reduction in energy use compared to rule-based control, both control strategies remained ineffective in
maintaining thermally satisfying indoor conditions. This limitation arises from the lack of system
communication and the inability to respond to the dynamic outdoor conditions, leading to uncoordinated and
conflicting heating and cooling operations.

Rule-bsed Control Variables Variation on March 22 and 23

S

Tass Flow Rate (ke

M

78

eat Pump On =1/ 0T =0

i

W,

0.0789
0

Figure 7. A) Test Cell 4 air temperature variation and B) input variables variation on March 22" 23" with daytime charging control
strategy.

3.3. Case 3: Model predictive control

Under the MPC approach, the indoor air temperature fluctuated between 18°C and 29°C, overheating for
4.2% of March 22" and 16.9 % of March 23", which is respectively 58% and 40.2% less overheating than the
reference case. The MPC strategy operated the RFHS earlier than other cases, and after 7 AM, stopped the
continuous operation, by anticipating substantial solar heat gains later in the day (Fig. 8). As the water
temperature fell below the setpoint temperature and the indoor air temperature exceeded 28°C, the ASHP was
activated intermittently to charge the water heater and simultaneously supply cooled air. The water heater did
not follow a specific charging-discharging setpoint profile in MPC, but it was maintained between 40°C and
56°C the whole time. However, the NMPC could not eliminate overheating completely because its ability to
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recharge on the following day was constrained by the limited TES capacity and the low usage of the stored
water for nighttime heating. To better understand its applicability, the performance of this solar-driven TES
mechanism should be further evaluated in colder climates, where heating loads are significantly greater, or in
diversified water usage conditions. In the current condition, to maintain ASHP operation even after the tank
reached its setpoint temperature, the MPC intentionally discharged a small amount of stored hot water (< 0.001
kg/s) to the RFHS in the afternoon. Therefore, highly oscillating ASHP operation occurred. At night, indoor
air temperatures gradually decreased to 20°C-22°C. Overall, by using the high-temperature air source and
implementing effective operation of ASHPWH-RFHS, the total energy consumption was 0.17 kWh and 0.57
kWh on March 22" and March 23", representing 88% and 75% reductions compared to the reference, and
58% and 15% reductions compared to the daytime charging control strategy. These results demonstrate that
stored water usage control and thermal energy storage capacity have significant roles in determining the
operational behavior of the ASHPWH-RFHS.

Test Cell 4 Air Temperature Variation on March 22 and 23 MPC Control Variables ub and ul variatic

0.012
——Taird ——Toverheating = =Tsp_air —ASHP o

==tz 0.008

0.006

| 0.004

| 0.002

o

ss Flow Rate (kg's)

|
}
|
|
Heat Pump On =1 /0= 0

Water Ma

400 AM

B)
Figure 8. A) Test Cell 4 air temperature variation and B) MPC input variables up and u; variation on March 22" -23™ with MPC.

Table 2. Total energy consumption by ASHP and % of daily overheating conditions on March 22™ and 23"

Control Strategies Daily energy consumption for ASHP (kWh) % of day in overheating condition
3/22 3/23 3/22 3/23

Reference 1.40 225 10 28.3

Daytime Charging 0.40 0.68 2.5 19.4

MPC 0.17 0.57 42 16.9

The results indicate that even advanced control strategies are constrained in effectiveness when the physical
system lacks adequate storage capacity. This underscores the need to identify critical design parameters
through sensitivity analysis and to develop system design and control strategies in parallel from the early stages
to ensure the optimal building energy performance. Additionally, coordinated use of active shading and
ventilation could substantially improve system performance and prevent overheating by reducing reliance on
the heat pump as the sole cooling mechanism. Shading systems can instantaneously reduce solar heat gain,
while ventilation systems can introduce fresh outdoor air to support cooling. Therefore, future work should
focus on developing an integrated optimization framework that coordinates various active energy systems to
avoid unnecessary auxiliary operations and enhance overall system efficiency. Looking ahead, a
BIPV/T system will be installed on the roof of the FBL to convert solar energy into both electrical and thermal
energy. The preheated air from BIPV/T could serve as the air source for the ASHP, diversifying the air source
and enabling more effective heat transfer in the ASHPWH.

4. Conclusions

This research proposes an NMPC framework to optimize the operation of an integrated ASHPWH-RHFS
system that utilizes preheated air from a solarium and recirculates the exhausted air from ASHP for cooling.
A low-order RC thermal network model and a discretized water heater model were developed to represent the
indoor thermal dynamics and to compute the total energy consumption of the ASHPWH. The daytime charging
control strategy was conducted in FBL in Montreal, Canada, from March to May 2025. The calibrated RC
model was used to evaluate the system performance under three control strategies: rule-based control, daytime
charging control strategy, and NMPC. The NMPC algorithm was formulated to control the on/off operation of
ASHP and the water mass flow rate of RFHS with the goal of minimizing energy consumption and maintaining
thermally comfortable conditions. Results present that NMPC maintained the indoor thermal conditions within
the comfort range for 83.1% of the day on March 23", while limiting the peak indoor air temperature to 29°C.
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In contrast, the reference and daytime charging control strategies maintained acceptable indoor conditions for
71.7% and 80.6% of the day on March 23", respectively, while peak temperature reaching 32.5°C. Moreover,
the NMPC reduced daily energy consumption by 88% compared to the reference case, by improving ASHP’s
COP by 58% through effective use of warm air from the solarium. However, the limited thermal energy storage
capacity and the relatively low water usage constrained the controller’s ability to initiate consistent charging
cycles. To better understand its potential, future research should evaluate its performance under colder
conditions, where substantially higher heating loads are required, or diversify the water end-usage. Moreover,
the results emphasize the need to concurrently develop system design and control strategy to maximize overall
building energy performance. Future studies should focus on identifying the key design parameters of the
ASHPWH-RFHS system and optimizing the system design by using a predictive control-based approach.
Additionally, the operation of the integrated active energy system, including active shading, lighting, and
ventilation, should be further investigated to improve overall building energy performance. In conclusion, this
research demonstrates the effectiveness of NMPC in enhancing the energy efficiency of an integrated energy
system and maintaining more favorable indoor conditions in a solar house compared to both the reference and
daytime charging control methods.
5. Nomenclature T = Temperature (°C)

t = Time (s)

tvp = Time varying parameters
Ateriticar = Critical time step (s)

U = Thermal conductance (W/ m2°C)
u = Input variables

Wi, = Work input to compressor (W)
x = Binary input variables (-)

m = Penalty (-)

a = Absorption coefficient of the pipelines (-)
C = Thermal capacitance (J/°C)

¢, = Specific heat at constant pressure (J/kg/°C)
m= Mass flow rate (kg/s)

p = Time interval (s)

Q = Heat transfer rate (W)

R = Thermal resistance (m?°C/W)

6. Subscripts

a = air middle = middle control volume of water heater
air3/ air4 = air node in Tet Cell 3 or 4 n = temperature node

cond = condenser

conv = convection heat transfer in water
cooling = cooling heat transfer rate

elec = electric resistance element

evap = evaporator

outlet = evaporator outlet air

flr4 = floor node in Test Cell 4

host = host building

1= current node

j = adjacent node

P = power

pipe = RFHS pipe system

outdoor = outdoor air

return = return water from RFHS

slab = inside of the concrete slab

solar = solar radiation

solargain = solar heat gain

sp = setpoint temperature profile

top = top control volume of water heater
W = water

low = low control volume of a water heater walls4 = walls and ceiling node in Test Cell 4

7. Acronyms

MPC = Model predictive control

NMBE = Normalized mean bias error
NMPC = Nonlinear model predictive control
RC = Resistance-Capacitance

RFHS = Radiant floor heating system

ASHPWH = Air-source heat pump water heater
COP = Coefficient of performance

CV(RMSE) = Coefficient of variation of root
mean squared error

FBL = Future Buildings Laboratory
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