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Abstract 

As the dependence on electrical heat pumps (HPs) and intermittent renewables increases, grid strains are 
expected to grow. This necessitates an energy storage system to reduce the mismatch between energy supply 
and demand. Thus, a proposed dual-mode commercially available 14.1 kW HP was integrated with a single 
22°C phase change material (PCM) thermal storage system (TES) to load-shift both cooling and heating loads. 
The HP-TES system was manufactured and experimentally tested using a novel test matrix based on AHRI 
210/240 psychrometric conditions. Furthermore, transient dual-mode system-level HP-TES models were 
developed in Modelica and validated using the experimental test conditions. Base HP cooling and heating 
experimental tests at ambient temperatures of 35°C and −8.3°C show that the modified HP-TES maintained 
the rated system capacity and performance. The HP-TES discharge provided approximately 30% and 50% 
reductions in cooling and heating demand, respectively. The transient HP-TES models predicted system 
capacity and total power input for discharge and recharge operating modes within ±4% mean percentage error, 
and recharge power input within ±2%, with maximum errors occurring at the equipment startup. During system 
operation, the sources of model deviations are first-order polynomial fits of the PCM digital scanning 
calorimetry (DSC) data and unaccounted supercooling in the PCM during solidification. Nonetheless, the 
model predictions agree with the experimental tests, demonstrating the availability of robust, accurate, and 
validated transient models that can be used for further validation and the development of system controls. 
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1. Introduction 

Commercial and residential buildings globally account for 30% of energy consumption, with space heating 
and cooling accounting for 45% and 20%, respectively [1], [2], [3]. In the United States, the EIA estimates 
that space conditioning (both heating and cooling) accounts for up to 50% of building energy use [4], with heat 
pumps outselling gas furnaces, increasing strain on the electrical grid [5]. With the growing reliance on 
intermittent renewable energy sources and dependence on heat pumps (HPs), grid strains are expected to 
increase. One possible solution is to integrate HPs with thermal energy storage (TES) technologies, specifically 
latent TES, to reduce the mismatch between energy supply and demand during peak hours [6], [7]. Latent TES 
was selected given its higher energy storage density per unit volume, and phase-change materials' (PCMs) 
lower costs [8], [9].  

Integrated HP-TES systems have been widely investigated in the literature for their potential to reduce peak 
demand. Modeling approaches are usually quasi-steady-state, where the HPs are modeled either with system-
efficiency maps [10], [11], [12] or steady-state models [13], [14] that are combined with transient models for 
the TES, e.g., detailed CFD models [15] or reduced-order capacitance-resistance approaches [16]. 
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Experimental studies have been conducted to evaluate TES performance individually by Long & Zhu [17] and  
Shi et al. [18] for an underground TES coupled with a ground-source HP. Experimental studies of complete 
HP-TES systems conducted were application or mode-specific (cooling/heating), such as domestic hot-water 
TES [19], space-cooling-only TES [15], and space-heating-only HP-TES [20]. 

To the best of the authors' knowledge, the only work to validate a dual-mode HP-TES model was conducted 
by Hirschey et al. [13], who validated a steady-state model of the base HP and conducted parametric analyses 
of expected system performance for demand reduction and energy requirements. This work presented a more 
detailed model than the map-based HP models mentioned. Nonetheless, the dynamic nature of any HP-TES 
system requires accurate, validated system-level transient models. Therefore, in this study, a dual-mode single-
room-temperature phase-change material (PCM) TES [21], aimed at reducing peak hour temperature lifts, was 
integrated with a commercially available rooftop unit (RTU) HP system and experimentally tested using a 
novel test matrix in cooling and heating modes [22]. Dual-mode system-level transient models were developed 
using an in-house Modelica library [23]. Model validations were conducted across a wide range of ambient 
conditions and HP-TES system operations, namely base HP (no TES), HP-TES discharge, and HP-TES 
recharge, including both continuous and cyclic operations to explore potential benefits from repeated transient 
operation. The findings demonstrate that the HP-TES system-level transient model accurately predicted 
experimental behavior for system base operation, discharge-demand reduction, and recharge performance. 

2. Methodology 

2.1. HP-TES Component and System Transient Models 

The dual-mode HP-TES system was designed based on a commercially available 14.1 kW (4-ton) HP RTU 
[24]. The base RTU comprises two air-to-refrigerant louver-finned microchannel heat exchangers (MCHXs), 
a single-speed scroll compressor, and a thermostatic expansion valve (TXV). The thermal battery TES was 
sized to operate for at least 2 hours in cooling mode and integrated using a secondary hydronic loop using a 
brazed plate heat exchanger (BPHX) and a water pump. The TES was built with off-the-shelf finned-tube heat 
exchangers (FTHXs) submerged in a salt hydrate phase change material (PCM) with a 22°C nominal phase 
change temperature [21]. During HP-TES system integration, the TXV was removed and replaced with 
multiple electronic expansion valves (EXVs) to facilitate the implementation of HP-TES mode-specific 
controls [25]. The HP-TES has three operating modes for both heating and cooling operation: (a) base HP 
(Figure 1(a)); (b) the HP-TES discharge (Figure 1(b)); and (c) the HP-TES recharge (Figure 1(c)), for a total 
of six operating modes. Transient models of all HP-TES system operating modes were developed using an in-
house Modelica library [23] that accounts for system dynamics during startup, operation, and shutdown. 
 

 

Figure 1. Model representations of (a) Base HP, (b) HP-TES discharge mode, and (c) HP-TES recharge mode  

2.1.1. Heat Exchanger Models 
In this HP-TES system, three types of heat exchangers (HXs) were utilized: air-to-refrigerant MCHXs, 

water-to-refrigerant BPHX, and PCM-to-water TES FTHXs. The Modelica-based HX models follow a 
segmented finite control volume (CV) approach for the refrigerant, water, and air, as shown in Figure 2. The 
heat transfer between CVs was connected using the Modelica Standard Library [26] specific HeatPorts. In all 
HX types, the tube wall thermal mass was considered, along with the corresponding wall thermal conductivity. 
For all finned surfaces, the wall CV lumps both the wall and fin thermal masses and equivalent thermal 
conductivities. 
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Figure 2. Modelica model representations for (a) air-to-refrigerant microchannel heat exchangers, (b) water-to-refrigerant brazed plate 
heat exchangers, and (c) PCM-to-water TES heat exchangers 

The air- or water-to-refrigerant HXs (MCHX and BPHX) were modeled considering the side transient mass 
(Eq.(1)) and energy balances (Eq.(2)) [23], [27], [28] in its corresponding refrigerant CV. The state variables 
were the Pressure (P) and Enthalpy (h). In both HXs, the heat transfer was assumed to be one-dimensional, 
neglecting axial conduction and refrigerant maldistribution. The heat transfer coefficient ( ) correlations for 
all HXs are summarized in Table 1. 

 in out
dM DV m m
dt Dt


= = −  (1) 
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Table 1. Single and two-phase heat transfer correlations that are utilized in all HX models 

HX Single-Phase HTC Two-phase HTC 
MCHX Condensing Gnielinski [29]  Shah [30] 
MCHX Evaporating Gnielinski [29]  Shah [31] 
BPHX Condensing Muley & Manglik [32] Yan et al. [33] 
BPHX Evaporating Muley & Manglik [32] Jo et al. [34] 

PCM-TES Dittus & Boelter [35] N/A 

For the air-to-refrigerant MCHX, the air-side CV assumes quasi-steady-state mass and energy balances, as 
mentioned in Qiao et al. [23]. Furthermore, the heat transfer between the air and the wall CVs is assumed to 
be one-dimensional, with uniform airflow across all MCHX tubes. Fin efficiency was accounted for in the 
sensible heat transfer calculation Eq.(3), as the wall CV surface temperature is assumed to be uniform across 
the tube and fins. The air-side heat transfer coefficient ( ) was obtained from the louver-finned Chang & 
Wang [36] correlation. 

 ,( )( )sens p fin s wall air inQ A A T T = + −  (3) 

The total (sensible and latent) air-side heat transfer is shown in Eq.(4) using the inlet and outlet temperatures 
and humidity ratios. For latent heat transfer, the condensate enthalpy of vaporization , )( fg waterh was computed 
at the wall surface temperature. The outlet humidity ratio was calculated using the Lewis analogy [37], where 
𝐿𝐿𝑒𝑒2/3 = 0.9 [38], as shown in Eq.(5). Given flow uniformity assumptions on the refrigerant and air side, the 
condensate formation was similarly uniform. More details on the refrigerant and air-side control volumes can 
be found in Qiao et al. [23] and Dhumane et al. [27].  
 , , , , , , ,)( ( )tot air air p a in air out air fg water in air out airQ m C T T h   + = − −  (4) 
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For the secondary hydronic loop HXs, i.e., the BPHX (Figure 2(b)) and PCM-HXs (Figure 2(c)), the water 
CV was utilized, which employs the transient mass and energy balance equations (Eq.(6)), with the water-side 
heat transfer coefficients determined using the correlation in Table 1. On the PCM side, a resistance-
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capacitance approach was used [16], [27], [39]. The resistance term accounts for conduction-only heat transfer 
between the PCM and the HX tube walls, using the PCM's thermal conductivity. The capacitance refers to the 
time-dependent energy stored or released in the PCM, referring to the transient PCM thermal mass term in 
Eq.(7). The change in PCM energy storage during melting and solidification was determined from the change 
in PCM storage enthalpy over time, based on manufacturer-provided digital scanning calorimetry (DSC) 
curves [40]. Additionally, a convective heat-loss term was included to account for natural convection heat 
losses to the ambient. The heat transfer was assumed to be 1-D, and PCM stratification during off-periods and 
cyclic operations was neglected. 
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2.1.2. Compressor, Expansion Device, and Water Pump 
The single-speed scroll compressor was modeled using the manufacturer-specified AHRI 210/240 [41] 

10-coefficient compressor maps with Dabiri & Rice [42] suction superheat correction. Convective heat loss 
through the compressor shell was also considered [23]. The PI-EXV is treated as a variable-orifice model, 
adjusting the valve opening (Eq.(8)) to match a setpoint parameter, i.e., compressor suction superheat or 
condenser outlet subcooling, chosen based on the experimental control parameter. 

 EXV v in
max

um C A P
u

=   (8) 

The water pump power was calculated from experimentally-determined pump efficiencies, secondary loop 
pressure drops, and measured water flow rate using Eq.(9). The steady-state pump model accounts for water 
heat gain from the pump motor (Eq.(10)). 
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2.2. HP-TES Experimental Setup 

The 14.1 kW dual-mode HP-TES system was prototyped using a commercially available RTU and 
integrated with a PCM-HX using a 22°C PCM via a secondary hydronic loop containing a brazed plate heat 
exchanger (BPHX) and a single-speed water pump. The HP-TES was instrumented and tested in the 
psychrometric chambers at the Oak Ridge National Laboratory (Figure 3) [43]. The instruments utilized and 
their uncertainties are displayed in Table 2. The modified RTU HP-TES was equipped with several EXVs used 
for mode-specific controls. The operating modes include base HP, HP-TES discharge, and recharge in both 
cooling and heating operations. For each mode, specific control targets were set to ensure reliable operation 
and smooth mode transitions. More information on the system experimental setup and controls can be found 
at Qiao et al. [25]. 

 

Figure 3. HP-TES system in the experimental facility at ORNL: (a) PCM- HX TES; (b) complete integrated system connected RTU HP-
TES connected through BPHX; (c) the experimental schematic [43], [25] 
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Table 2. HP-TES Instrumentation and uncertainties [44] 

Measured Parameter Instrument Range Uncertainty 
Refrigerant temperature ( refT ) T-type thermocouples −270 – 370°C ±0.5°C 

Refrigerant pressure ( refP ) Omega PX409 transducers 0 – 5.2 MPa ±0.08% BSL maximum 

Water flow rate ( waterV ) Vortex shedding flow meter FV103 0.57 – 5.7 m3/h ±2% of reading 

Water temperature ( waterT ) SA 1 RTD −73 – 260°C ±0.15°C 

Air flow rate ( airV ) Foxboro differential pressure 
transducer IDP10S 1.2 – 500 mbar ±0.05% of reading 

Air temperatures ( /db wbT T ) Rosemount Platinum RTD PT100 −1.95 – 600°C ±0.15°C 

Total power ( totalW ) Yokogawa GE WT333e power meter 15 – 600 V; 0.5 – 20 A  ±(0.1% of reading 
+0.05% of range) 

2.3. HP-TES Experimental Test Matrix 

A novel laboratory test matrix, based on the AHRI Standard 210/240 [45], was developed and tested, 
comprising 22 tests (11 in cooling mode, and 11 in heating mode) [22]. Experimental validations were 
conducted for six of these cases: three cooling (Table 3) and three heating (Table 4), including baseline HP 
and continuous HP-TES system discharge and recharge operating modes at multiple ambient temperature 
conditions. The tested conditions were conducted to ensure consistent base HP operation with manufacturer 
data, evaluate HP-TES performance and the potential for demand reduction, and identify suitable conditions 
for TES recharge. 

Table 3. HP-TES cooling mode test matrix [22] 

Test  Cooling Test Type Outdoor /db wbT T ( C ) Indoor /db wbT T ( C ) 
1C Conventional (Base HP-only), unfavorable ambient 35.0 / 23.9 (AFull) 26.7 / 19.4 
3C Continuous discharge: SOC 1→0, unfavorable ambient 35.0 / 23.9 (AFull) 26.7 / 19.4 
9C Continuous recharge: SOC 0→1, semi-favorable ambient 27.8 / 18.3 (BFull) 26.7 / 19.4 

Table 4. HP-TES heating mode test matrix[22] 

Test  Heating Test Type Outdoor /db wbT T ( C ) Indoor /db wbT T ( C ) 
6H Conventional (Base HP-only), unfavorable ambient −8.3 / −9.4 (H3Full) 21.1 / 15.6 
8H Continuous discharge: SOC 1→0, unfavorable ambient −8.3 / −9.4 (H3Full) 21.1 / 15.6 
10H Continuous recharge: SOC 0→1, unfavorable ambient −15.0 / −16.1 (H4Full) 21.1 / 15.6 

 

3. Results and Discussion 

3.1. Base HP Mode Model Validation 

Base HP cooling (1C: /db wbT T = 35.0°C / 23.9°C) and heating (6H: /db wbT T = −8.3°C / −9.4°C) tests were 
conducted to ensure the modified HP-TES system performance is consistent with the manufacturer's data. In 
cooling mode (Figure 4(a)), the unit showed no capacity degradation, maintaining a cooling capacity of 14.0 
± 0.69 kW and a total power of 4.0 ± 0.01 kW, aligning with the manufacturer's catalog data: 13.8 kW capacity 
and a total power consumption of 3.8 kW [24]. In heating mode (Figure 4(b)), a 15% capacity degradation was 
observed, corresponding to a heating capacity of 7.9 ± 0.69 kW, which was expected to result from heat loss 
through the RTU cabinet. The modified HP-TES unit provided a slightly higher system capacity than the 
manufacturer’s data under similar conditions. This can be seen in the catalog, where the heating capacities 
ranged between 6.8 kW and 7.8 kW for ambient conditions of −9.4°C and −6.7°C, respectively [24]. 

In both cooling and heating modes, the HP-TES model accurately predicts overall system performance 
within 1% for both capacity and power, thus well within the experimental uncertainty. The only deviations 
occurred during system start-up, as expected, since the reported experimental data were steady-state, while the 
Modelica model assumes a system start-up period. However, the steady-state model performance matches very 
well, thus validating the model predictions. 
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Figure 4. Base HP model validations in (a) cooling mode (test 1C: 35.0 / 23.9 °C) and (b) heating mode (test 6H: −8.3°C / −9.4°C) 

3.2. HP-TES Cooling Mode Model Validation 

Discharge test 3C was conducted under AHRI 210/240 A-test ambient conditions [45], and therefore 
compared with the base HP Test 1C (Figure 4(a)). This was an ideal test to demonstrate the HP-TES system's 
capability in isolating the vapor-compression in warm US climate zones (e.g., Florida, Arizona, California) 
using TMY3 data [46]. Experimentally, the discharge test showed that the HP-TES exceeded the rated AHRI 
Standard 210/240 [45] A-Test 14.0 kW capacity by 7% at the beginning and overlapped at the end of the 2-
hour test period, with lower compressor power (Figure 5). This occurred because the compressor temperature 
and pressure lifts reduced, due to the room-temperature PCM lowering the compressor discharge conditions. 
The experimental demand reduction when using the HP-TES versus the base HP mode was 31.2%. HP-TES 
model validations demonstrate excellent agreement in cooling capacity, system input power, and compressor 
inlet and outlet pressures throughout the TES discharge process, with slight deviations. These deviations were 
primarily due to the water temperatures entering and leaving the TES systems, with a 3K difference. Possible 
reasons for these differences include heat gains through the hydronic loop piping and components, especially 
at 35°C. Nonetheless, the overall system-level predictions were acceptable, with the maximum cooling 
capacity error less than 4%. 

 

Figure 5. Model validations for test 3C (35.0 / 23.9 °C): (a) capacity & power, (b) TES inlet & outlet temperatures, compressor 
suction/discharge (c) pressure, and (d) temperature 
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Recharge test 9C occurs at semi-favorable AHRI 210/240 B-Test conditions (27.8°C / 18.3°C) [45], given 
the lower temperature difference between the heat source and the sink (PCM temperature). For recharge mode, 
the HP-TES system uses the outdoor MCHX as the condenser and the BPHX (and thus TES) as the evaporator 
to solidify the PCM for the next day's use. Overall, the HP-TES model accurately predicts HP-TES 
performance (Figure 6), compressor temperatures, and TES water temperatures, even in the presence of PCM 
supercooling. The deviation in the TES water temperatures was due to the DSC curves not representing any 
supercooling data [47]. The deviations at the start-up and end points occur due to a high degree of oscillatory 
superheat during the experiment, whereas the model used constant superheat setpoints. 

 

Figure 6. Model validations for test 9C (27.8°C/18.3°C): (a) capacity & power, (b) TES inlet & outlet temperatures, compressor 
suction/discharge (c) pressure, and (d) temperature 

3.3. HP-TES Heating Mode Model Validation 

Similarly, HP-TES heating mode validations were conducted for two tests: discharge and recharge. 
Discharge test 8H was conducted under considerably cold conditions, corresponding to the AHRI 210/240 H3 
Test conditions (−8.3°C/−9.4°C) [45]. These conditions resulted in a 15% capacity degradation when the base 
HP was operating, prompting the need for backup heating. The discharge test showed that the HP-TES 
discharge heating capacity exceeded the 14.1 kW nominal rating by 20% at the start and remained above that 
level for 2.6 hours, with the compressor requiring 50.8% less electrical power. This indicates that the TES 
successfully isolated the HP system from outdoor conditions, increasing the compressor suction temperature 
and pressure. A key outcome of this integrated HP-TES system is the elimination of backup heating during 
peak hours, further reducing grid strain and/or reliance on natural gas in cold-climate regions. Model 
validations conducted demonstrated a good agreement in heating capacity, system input power, TES inlet and 
outlet conditions, and compressor inlet and outlet refrigerant pressures and temperatures throughout the 
discharge process, with only slight deviations. The deviations occurred primarily due to slight PCM 
supercooling 30 minutes into the test and discontinuities that happened during the test, caused by refrigerant 
escaping to unused cycle components (i.e., the outdoor coil). Therefore, the next steps will include improving 
the DSC curve-fits. Nonetheless, the capacity and power requirements are within the experimental 
uncertainties, indicating good performance predictions. 
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Figure 7. Model validations for test 8H (-8.3°C/-9.4°C): (a) capacity & power, (b) TES inlet & outlet temperatures, compressor 
suction/discharge (c) pressure, and (d) temperature 

HP-TES continuous recharge model validation in heating mode unit was conducted on test case 10H, which 
corresponds to the AHRI H4 test condition of /db wbT T = −15.0°C / −16.1°C. This test was conducted under 
extreme cold-climate conditions to evaluate HP-TES recharge performance. This test case results show that 
the overall recharge capacity degraded to 60% of the RTU’s base nominal capacity. This occurred as the 
compressor suction pressures and temperatures decreased significantly, resulting in lower refrigerant densities 
and, consequently, reducing refrigerant mass flow rates and recharge capacities. Moreover, the impact of heat 
loss from the TES to the surroundings was pronounced under these conditions, almost doubling the time 
required to recharge the TES compared with discharge periods, and resulting in an incomplete recharge. Model 
validations conducted for test 10H show good agreement between experimental recharge capacities, power 
requirements, and compressor suction and discharge temperatures and pressures (Figure 8). Nonetheless, 
deviations in discharge temperatures are higher at the beginning of the test. These deviations can be attributed 
to significant heat loss through the compressor shell and to lower initial system temperatures before testing. 
However, as the system heated up, both discharge pressures and temperatures agreed. This test is a clear 
indicator of the necessity to locate the most rechargeable ambient conditions, primarily by reducing the 
recharge temperature lift and minimizing off-peak energy requirements, rather than creating a nocturnal 
artificial peak [48].  
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Figure 8. Model validations for test 10H (-15.0°C/-16.1°C): (a) capacity & power, (b) TES inlet & outlet temperatures, compressor 

suction/discharge (c) pressure, and (d) temperature 

4. Conclusions 

In this work, a dual-mode 14.1 kW R410A HP-TES unit was prototyped using an RTU HP integrated with 
a single-room-temperature PCM-HX via a secondary hydronic loop and experimentally tested under controlled 
psychrometric conditions based on AHRI Standard 210/240 [23]. Transient models of the HP-TES system 
were developed using an in-house Modelica library and validated across a wide range of tests under different 
operating ambient conditions and modes (i.e., base HP mode, continuous discharge, and continuous recharge). 
Base HP experimental tests indicated that the modified RTU HP-TES unit performance remained consistent 
with the manufacturer’s catalog data, ensuring no capacity degradation, and the base HP model validations 
showed an excellent agreement of less than 1% in system capacity and power demand at steady-state 
conditions. Experimental HP-TES discharge demonstrated a 30% demand reduction in cooling mode at AHRI 
210/240 A-Test conditions, and 51% in heating mode operating at AHRI 210/240 H3-Test conditions. 
Potentially higher peak reductions in heating mode can be achieved when considering that the HP-TES system 
eliminates the need for backup heating. Not considering system startup, the transient HP-TES models predicted 
system capacity and total power input for discharge and recharge operating modes within ±4% mean 
percentage deviation, and recharge power input within ±2%. The maximum deviations occur at startup due to 
rapid changes in system-level control and the unknown initial states of components. Current model limitations 
were primarily due to heat losses or gains through the hydronic loop components and to the unaccounted 
supercooling in the PCM during solidification, which will be addressed in the next steps. Despite these 
differences, the overall excellent validations instilled confidence in the developed models and demonstrated 
the load-shifting value of integrated HP-TES systems.   

5. Nomenclature 

Abbreviations L  Tube spacing [m] 
BPHX Brazed plate heat exchanger M  Mass [kg] 
COP Coefficient of performance m  Mass flow rate [kg s-1] 
CV Control volume P  Pressure [Pa] 
DB Dry-bulb P  Pressure drop [Pa] 

EXV Electronic expansion valve Q  Heat transfer rate [kW] 
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HP Heat pump T  Temperature [K] 
MCHX Microchannel heat exchanger t  Time [s] 
PCM Phase change material / maxu u  EXV step opening [-] 

TES Thermal energy storage totalW  Total power [kW] 

Symbols  U  Uncertainty  
A  Area [m2] Greek Letters 

vC  Expansion valve coefficient [-]   Heat transfer coefficient [Wm-2K-1] 

slH  Enthalpy of fusion [kJ kg-1] fin  Fin efficiency [-] 

h  Enthalpy [kJ kg-1]   Density [kg m-3] 
k  Thermal Conductivity [Wm-1K-1]   Humidity ratio [kgw kgda

-1] 
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