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ABSTRACT

The grid-interactive heat pump (HP) system is designed to participate in demand response programs, thereby
contributing to grid stability. Considering this, thermal energy storage (TES) incorporated with the grid-interactive HP
has gained increasing attention due to its capacity for load shifting, energy cost reduction, and improved system
flexibility. Efficient management of the TES charge and discharge processes, which is crucial for minimizing total
energy costs, requires consideration of various factors such as electricity costs, weather data, and building cooling
loads. Therefore, an intelligent control becomes essential for optimizing TES utilization in grid-interactive buildings.
In this study, a dynamic model for controlling the TES integrated HP system was developed based on experimental
data. A model predictive control (MPC) based on the dynamic programming method was then developed to optimize
the performance of the HP-TES system, ensuring both reduced electrical costs and sustained human comfort. This
optimal control was evaluated by comparing with a rule-based control (RBC) through field tests in a real building.
The results demonstrate that the proposed optimal control strategy exhibits intelligent system operation management
by selecting different operation modes under various circumstances. Compared with RBC, it can achieve a 21%
decrease in energy consumption in the field test. This paper provides insights for smart control for the grid-interactive
HP system.
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1. INTRODUCTION

TES (Thermal Energy Storage) integrated systems have gained increasing attention over recent decades due to their
ability to efficiently utilize and store energy. These systems can store cooling or heating when energy costs are lower
and release it when energy costs are higher (Tarragona et al., 2020; Hirschey et al., 2023). This advantage is
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particularly useful for shifting load in response to Time-of-Use (ToU) rates and integrating unstable energy sources,
such as renewable energy (Stritih ez al., 2018; Shi et al., 2021). Additionally, TES systems can facilitate operations
that charge the storage unit when the energy source is readily available and discharge when the regular HVAC system
cannot operate normally, such as personal cooling systems (Dhumane et al., 2019; Qiao et al., 2019, 2020).

Existing literature distinguishes Rule-Based Control (RBC) and Model Predictive Control (MPC) as two key
approaches in building HVAC systems, enhancing energy efficiency and occupant comfort. RBC, straightforward and
easy to implement, may struggle with adapting to changes and optimizing performance (Tarragona ef al., 2020; Fu et
al., 2023). In contrast, MPC uses a simplified dynamic model to predict and optimize HVAC operations, handling
complex system interactions and adjusting to real-time changes effectively (Pangborn, Laird and Alleyne, 2020;
Tarragona et al., 2020; Jin et al., 2021; Cui et al., 2022). MPC can be used to optimize the cooling system operation
since it can not only optimize the system in the current circumstance but also the future circumstance taking the
forecast parameters into consideration. Wang et al. (2018) explored MPC in the hybrid free cooling system with TES
unit and achieved up to 18% energy saving without sacrificing temperature requirements. Kuboth et al. (2019)
investigated MPC applied in a complex residential energy system with electrical connectivity to the public grid. The
simulation shows that these approaches can achieve 11.6% cost reduction and increase thermal comfort. Despite these
advantages, practical field test investigations of MPC in TES-coupled cooling systems are still limited (Tarragona et
al.,2021). Contributing to this area, Kim et al. (2022) presented MPC demonstration and evaluation of a campus-level
district cooling system integrating a chiller plant, TES, and behind-meter photovoltaics, formulated as a mixed-integer
linear program for improved control properties.

To address this research gap, this paper applies MPC to a field test on a TES-coupled, grid-interactive heat pump (HP)
system, comparing its performance with RBC. The system features four distinct operation modes—HP mode, TES
charging, TES discharging, and standby—none of which can operate simultaneously. While both MPC and RBC
logically select operation modes based on thermostat settings and electricity costs, this study highlights the
performance enhancements achieved through the MPC strategy.

2. METHODOLOGY

This section focuses on the methodology of this study. Section 2.1 describes the TES integrated HP system for the
field test. Section 2.2 presents the PCM properties used in the field test and the MPC models. Section 2.3 focuses on
the detailed MPC algorithm and the MPC implementation to the TES-HP field test as well as the baseline RBC control
logic. Section 2.4 describes the approach to evaluate MPC in the field tests.

2.1 Field test setup

The field test was conducted at a room of Flexible Research Platform (FPR2) in Oak Ridge National Laboratory as
shown in Figure 1. The heat pump system used in this study is a dual-source HP system, while in this study only the
air source condenser was applied. A direct expansion (DX) coil worked as evaporator and can cool to the room space.
Besides the regular HP components, the TES-integrated HP (TES-HP) system in this study has an additional hydronic
loop with following specified components:
o  Arefrigerant-to-water plate heat exchanger, installed as a parallel evaporator of HP system in order to transfer
cooling to the hydronic loop and charge a thermal energy storage (TES) unit.
e A TES unit, which is a packed-bed configured PCM-to-water heat exchanger and consisted of 48 PCM-
packed vertical tubes and a 50-gallon water tank, as shown in Figure 1.
e A water-to-air fan coil to provide cooling to the room space as discharging the TES unit.
e Other components, such as two pumps and two three-ways to conduct water circulation for the cooling charge
and discharge process, respectively.

This TES-HP system can achieve four operation modes as follows:
(1) HP cooling mode: HP is ON providing cooling to the room space via DX coil; TES unit is standby.

(2) TES charge mode: HP is ON providing cooling to TES unit; TES is charged, and the pump for charging
TES is ON.
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(3) TES discharge mode: HP is OFF; TES is discharged providing cooling to the room space via the water-to-
air fan coil; the pump for discharging TES is ON.
(4) Standby mode: HP is OFF; Pumps in TES hydronic loops are OFF.

The designed cooling capacity of the HP system is around 2.5 kW, with a fixed compressor speed in the refrigerant
loop and fixed pump speeds in the hydronic loop. Therefore, in this study, the primary method for maintaining the
thermal state of a building involves the activating or deactivating operation of the cooling system, rather than
controlling the flow rate or the instantaneous cooling capacity. The antifreeze solution was used to protect the hydronic
loop from freezing, since charging TES required lower evaporator temperature. In the TES unit, the packed-PCM is
tube-shaped with the length of 0.9 m and diameter of 0.05 m.

ORNL’s Flexible Research Platform DSHP-TES

Air source

Fan coil for
discharging
stored energy )

48 PCM tubes
installed inside
the tank

g

.............

Design of TES ta.to'nzk
Figure 1: TES-HP Field test system and environment

2.2 PCM properties

The packed PCM in the TES water tank conducts melting process during the discharge mode and get solidified during
the cooling charge mode. PCM used in this study is an organic material, i.e., methyl laurate, named Croda Therm 5
from Croda Inc. Its phase-change temperature is around 4 °C, according to the thermal analysis from DSC (Differential
Scanning Calorimetry). Other thermal properties are listed in Table 1.

As shown in Figure 2, the specific enthalpy of PCM can be regarded as a function of its temperature. When the
temperature is 0 °C, the reference specific enthalpy is set to be 0 kJ/kg. The red line and the blue line described the
PCM enthalpy variation during the melting and solidification process, respectively, based on the DSC analysis. To
simplify the control-oriented PCM model, the difference of the enthalpy profile between the solidification and the
melting process is eliminated, and the enthalpy curve used in this study is shown by the black line, represented by a
piecewise-defined function.
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Figure 2:. PCM specific enthalpy profile changed with its temperature
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Table 1: Thermal properties of PCM in TES unit

Thermal Latent heat Freezing Melting coflgizlg?/li : Specific heat Density
property J/g) temperature (°C)  temperature (°C) (W/m K) y (klJ/kgK)  (g/cm3)
175.88(Melting) 0.15 (Liquid)
Parameter o6 1) Freezing) 3 > 0.23 (Solid) 17 0.87

2.3 Control strategies

Electric Time-of-Use (TOU) rates are a critical consideration in implementing control strategies. The electric rate
during the on-peak period from 2 to 4 pm is $0.226/kWh, while the rate for the off-peak period is $0.042/kWh. Two
control strategies were evaluated in the field test: Rule-Based Control (RBC) and MPC. In this study, RBC serves as
the baseline, with its control logic detailed in Table 2. The primary goal of RBC is to maintain the thermostat at 22°C
and minimize compressor power usage during peak hours. Therefore, the HP cooling mode is activated only if the
room temperature exceeds 22°C and the TES temperature is above 12°C, indicating insufficient cooling storage.
Conversely, during off-peak periods, RBC prioritizes charging the TES, as long as it remains within specified
temperature constraints. As employed in the TES-HP system field test, this RBC transmits control mode selections to
the system actuators at 10-minute intervals.

Table 2: RBC control logic

Current room temperature On-peak period (2-4 pm) Off-peak period

if Ty avg > 12 °C: HP cooling
if Ty avg <12 °C: TES discharge

If Troom > 22 °C HP cooling

if Ty avg< 0 °C: Standby

If Troom <22 °C Standby if T, 4py >0 °C: TES charge

The objective function is defined in Equation (1a), where k represents the time step variable; N denotes the total
number of time steps in the prediction horizon; u represents the control output; P is the total power consumption of
the TES-HP system at each time step; At is the sample time; and c is the electricity price at each time step. Equation
(1b) describes the time-discretized system model, in which x denotes the system states, including room space
temperature Tyoom, Wall temperature Ty, antifreeze tank temperature, T, _4y4, and energy accumulated in TES unit
Qpcm > u comprises of four-mode selection, including HP cooling mode, TES charging mode, TES discharging mode
and Standby mode; d denotes the disturbance including outdoor ambient temperature T,,,;,, solar radiation heat q,;,
solid temperature T,;, and the electric rate price c. x;;, and x,,;, are the lower boundary and upper boundary of the
state variables. Specifically, the room temperature is constrained to a range of 16~18 °C.

N-1
min Z P, - At - ¢, (1a)
Uq,U2,.-,UN-1
k=1
Subject to
Xper1 = (o Ui, di) (1b)
Xipre = Xk = Xupk (1c)
X = [T‘room Twall Ta_avg Qpcm] (1d)
u: Control mode. Selected from (1) HP cooling mode, (2) TES charge mode, (3) TES discharge mode, (10)
e
(4) standby mode
d = [Tamp Gso1 Tsor €] (1)
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The control-oriented model as described in Equation (1b) consists of building RC model as given in Equation (2)-(3),
and the TES-HP system model as given in Equation (4)-(5). For the building RC model, room temperature and the
wall temperature are selected as the primary RC-network nodes. The thermal resistance including Ry,q1115 Rwauz> Rwins
and R,y,_195 are obtained based on experimental data; q,. is the cooling capacity provided to the room space; qg,;
and q;y; are the solar radiation heat and the internal heat gain, respectively; € is the coefficient for the each heat
transfer and obtained from experimental data. As for the TES unit model, Ty, is a function of @, which can be
obtained by the function proposed in Section 2.1. qrgs is the heat transfer rate from hydronic loop to the antifreeze-
PCM tank, which is calculated based on the tank inlet and the outlet temperature and flow rate. The lumped UA for
the TES unit is calculated based on the experimental data and is a function of the TES temperature.

C; dTRoom _ Twall~TRoom + Tamb—TRoom Tin102~Troom + Tin,103~Troom + 2)

tT & Qact & QL+ &3 Gsor T

dt Rwaiti1 Rwin R102 R1o03
Tin,lOS_Troom
R1o0s
dTwau _ Tsol—Twall TRoom—Twall 3)

Co . — + (

wall dt Rwallz Rwailn
dr, 4
% = Man,a [qTES - (UA)aZp(Ta,avg - Tpcm )] ( )
de. 5

;’tcm = (UA)aZp(Ta,avg - Tpcm ) ®)

The overall configuration and data flow of MPC are illustrated in Figure 3. The receding control horizon is set to 24
hours with a sampling interval of 10 minutes. At each sampling instant, Kalman filter is employed to estimate the wall
temperature and the accumulated heat stored in the TES unit, according to the measured room temperature and the
averaged antifreeze temperature. Dynamic programming (DP) is then applied to calculate an N-step sequence of
control modes. However, only the control mode in the first step is executed by actuators. A new sequence u is
calculated at the subsequent sampling time, incorporating both measured and estimated system states. This iterative
process is repeated at each sampling instant to ensure that the most recent system states and forecast data inform each
decision. Furthermore, at each sampling time, to increasing the accuracy of the system model as detailed in Equation
(1b) and Equation (2)-(5), an internal calculation loop for the time-discretized model is executed with sample time (dt)
of 60 seconds.

g
1
1
RC Model Initial Input: Measured Data Input: TES Model Initial Measured Data Input: i
i Tamb, q1a6» 9sol» Tsol Trﬂﬂm Input: grgs Ta,avg i At =10 minutes
| | | =
Vo Ve 5
1
. . H
Estimated Tyq Estimated Qpcy Kalman Filter i
_______ : | . i N :
Forecast weather data & TOU price System state variables:
d = [Tanp Gsor Tsor PTicCE] X = [Troom Twau Ta,aug Qpcm]
—— —— e — .
4 !
Contiolloptions RC model & TES-HP Model: ] Datz '\\;{eaST{rE?ent
(HP Cooling / TES charge/ and Visuafization
dt=60s

=iy
Fan coil for 1
discharging ot
N
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i Objective Function: .
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variables and outputs

! MPC using Forward DP Algorithm

Figure 3: Overall MPC configuration and data flow
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2.4 Evaluation index

To evaluate MPC and compare it with RBC, three perspectives are considered:

*  Using accumulated performance index: Since MPC is designed to optimize system performance over a
period rather than at specific instants, a comparative evaluation should focus on cumulative system
performance. Therefore, accumulated Coefficient of Performance (COP) and Cooling Load per Cost (LpC)
were calculated from field tests. The term ‘accumulated’ refers to the averaged performance from the
beginning (t = 0) to the current time.

*  Eliminating HP system cooling mode and only comparing TES charge and discharge mode: During the
2-day field test, there were periods when space cooling was provided by the HP mode, which can be
considered as conventional HP operation without a TES unit. The COP or total electric cost in these cases
may be influenced by ambient temperature and cooling load. Therefore, the comparison between MPC and
RBC should primarily focus on the timing for charging and discharging the TES. The accumulated evaluation
index thus excludes periods when the system ran in conventional HP cooling mode.

*  Considering performance index from both building and the HP system aspects. The accumulated cooling
load of the building space may not equal the cooling generated from the HVAC system, as a portion of cooling
can be stored or released from the TES unit. Thus, the accumulated cooling capacity can be calculated from
two perspectives: (1) from the building side, accumulated cooling is the sum of the discharging capacity from
TES, i.e., X} Qaischarge (t); (2) from the HP system side, accumulated cooling is the sum of the charging

capacity to TES, Z(t) Qcharge ®).

Based on the aforementioned perspectives and considerations, the calculations for the index evaluation indices are
presented in Equation (6)-(9), in which }:5(.) represents the accumulated value from ¢ = 0 to the current time ¢
‘building’ indicates the building aspect, and ‘HP’ indicates the HP system aspect; only charge and discharge mode are
accounted.

COPpyitaing (t) = % .
COPyp(t) = gg’v%jh—% .
LpChuiaing (t) = %},ﬂig .
LpCyp(t) = % )

3. RESULT AND DISCUSSION
3.1 System operation

This section compares the system performance controlled by RBC and MPC strategies. The field test for both RBC
and MPC started at 11:00 AM and continued for 48 hours in October 2023. Figure 4 shows the outdoor ambient
temperature and the controlled building space temperature. It can be found that both control strategies can control the
room temperature efficiently: RBC can maintain the room temperature consistently at 22 °C whereas MPC can keep
the room temperature within a range of 16 ~ 18 °C.
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Figure 4: Building space temperature and the outdoor ambient temperature in the RBC and MPC field tests

The peak period, indicated by yellow lines in all figures, spans from 2 PM to 4 PM. Figure 5 depicts the TES charging
rate, discharging rate, and the State of Charge (SOC) of the TES, while Figure 6 illustrates the instantaneous COP of
the HP system during the TES charging process. It is observed that RBC charged the TES during the off-peak period
(shown by the blue line) and discharged it during the peak period (shown by the green line), as detailed in Figure 6.
On the second day, RBC began charging the TES unit from t = 29 hours, immediately following the off-peak hours.

The corresponding SOC variation demonstrates a rapid decline during the peak hours and a gradual increase during
the off-peak hours.

Unlike RBC, MPC discharged the TES unit less intensively throughout the entire period instead of only during on-
peak times, and it selected optimal times for discharging and charging intelligently. For example, on the second day
MPC chose to charge the TES at #=34.5 hours, a time when the ambient temperature was lower, as indicated in Figure
4. This timing is advantageous as it likely results in a higher HP system COP. This benefit is evident in Figure 6, where

the instantaneous COP for TES charging under RBC was 1.6 from 29 to 35 hours; however, for MPC, it exceeded 2.1
starting from t = 35 hours.
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Figure 5: TES charging rate, TES discharging rate and SOC in the RBC and MPC field tests
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Figure 6: HP system COP during the TES charge mode for the RBC and MPC field tests

3.2 Performance evaluation

The average accumulated COP and LpC for both RBC and MPC are illustrated in Figure 7. The COP and LpC from
HP system perspective are lower than those from the building perspective. This discrepancy arises because HP system
generated more accumulated cooling capacity than the building cooling load, storing the extra cooling in the TES unit.
Moreover, it can be noticed that during the peak hours, COP and LpC for RBC from the building aspect increased
rapidly, because RBC applied the TES discharge mode to provide cooling to the building space. Furthermore, it is
evident that after 35 hours, the averaged COP of MPC-based system was higher than that of RBC system. By the end
of 48-hour period, the averaged COP of MPC system was 21.4 % higher than that of the RBC system. This
improvement could be attributed to MPC’s strategy of charging the TES according to the needs of the building and
during periods of high instantaneous COP, such as when the outside ambient temperature was relatively low. Over
time, it is also expected that the LpC of MPC can exceed that of RBC.
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Figure 7: Accumulated averaged COP and LpC from building aspect and HP system aspect for both RBC and MPC

field test.

4. CONCLUSIONS
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This study evaluates the performance of MPC on a TES coupled with a HP system through field testing and comparison
with the RBC strategy. The mode selection for the TES-HP system includes HP cooling, TES charging, TES
discharging, and standby modes. The sequence of system modes during control periods is optimized by MPC using a
DP algorithm. To implement MPC in the TES-HP setup, a control-oriented model comprising a building RC model
and the TES unit model was developed, with the objective of minimizing electrical costs integrated into the MPC
formulation. Results indicate that both MPC and RBC can effectively maintain the desired room temperature of the
building space. Additionally, MPC intelligently selects when to charge and discharge the TES based on forecasted
weather data and ToU rates. The accumulated COP at 48 hours shows a 21% increase with MPC compared to the
baseline RBC. Over time, enhancements in both electrical cost and COP are anticipated to further improve.
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