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Abstract 

Heat pumps (HP) are an efficient way to reduce the carbon impact of the building sector, which represented 
about 34% of energy-related emissions in Europe in 2022. Air-source heat pumps (ASHP) represent the 
majority of HPs installed worldwide; however, their performance deteriorates significantly at low ambient 
temperatures. Raising the evaporation temperature should significantly improve the seasonal performance of 
an ASHP. In this study, an ASHP integrating a latent thermal storage that can replace the evaporator when 
outdoor conditions are unfavorable is studied. Energy is stored in the thermal storage by means of an 
additional heat exchanger that performs direct heat exchanges with the HP refrigerant. Warmest outdoor 
temperatures are used to charge the storage unit without impacting the system performance. A suitable Phase 
Change Material (PCM) has been selected based on its thermal features and its compatibility with the system 
and a prototype has been built to study the feasibility of such a system. The latent storage was able to 
efficiently store and release about 0.8 𝑘𝑘𝑘𝑘ℎ of thermal energy and raise the refrigerant evaporation 
temperature. An energy saving of 10% was observed when comparing the system in HP mode and in 
storage mode. 
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1. Introduction 

In Europe in 2022, the building sector was responsible for 34% of energy-related greenhouse gas emissions 
[1]. Reducing these emissions is essential to satisfy the requirements of the Paris Agreement [2] and more 
generally, to achieve a lower-carbon society. Among these 34% of emissions, part of it comes from the use of 
fossils fuels for heating, for example in gas boilers. Electrically driven Heat Pumps (HPs) are a suitable 
replacement for these heating systems. Thanks to low-carbon electricity, replacing a gas boiler with an HP can 
reduce emissions by a factor of ten in France, according to ADEME (French Environment and Energy 
Management Agency) [3]. 

HPs operate with a heat source, and the temperature of this source affects their performance, especially the 
Coefficient of Performance (COP). In particular, Air Source Heat Pumps (ASHPs) are very sensitive to the 
outdoor temperature, and they generally have the lowest average source temperature among the different types 
of heat pump [4]. Having a storage system capable of temporarily raising the evaporation temperature could 
be a solution to improve the system performance and reduce the impact of low outdoor temperatures. 

This kind of system would require a heat storage unit with a stable temperature, capable of replacing outdoor 
air as a heat source. Phase-Change Materials (PCMs) offer this specific feature, by storing heat at near-constant 
temperature around their phase change temperature and showing important storage density [5]. The association 
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of a latent thermal storage with an HP has been studied in recent years. Reviews from Gu et al. [6] and 
Osterman and Stritih [7] presented many different applications, with various designs and uses. Qu et al. [8] 
studied the integration of a latent heat storage in a cascade HP for defrosting, and managed to reduce the 
defrosting duration by 64% and the energy consumption by 30% compared to a standard hot gas by-pass 
method, while continuing to partially satisfy the heating need. Jin et al. [9] studied different operating strategies 
of an HP coupled with a latent storage integrated on the water distribution circuit, in order to enable demand-
side management. Results showed that adding a latent storage alongside a sensible water storage may reduce 
operating costs under specific strategies. Charging the storage while the outdoor temperature was high reduced 
the system energy consumption. 

Operating such system is a major concern, as it can significantly affect overall performance. In particular, 
outdoor air temperature is a key variable in the development of operating strategies. Hirschey et al. [10] 
evaluated how integrating thermal energy storage with heat pumps can reduce energy consumption and peak 
electricity demand by comparing hybrid systems with conventional ones across all temperature configurations. 
The maximum energy savings occur when storage and application temperatures are similar, while larger 
temperature differences enhance peak load reduction, especially under significant ambient temperature 
fluctuations. Using modeling and simulation, Othman et al. [11] demonstrated that properly designed storage 
strategies significantly reduce peak loads while maintaining system performance, highlighting the importance 
of charging timing and thermal management. Considering several US climate zones, they showed that better 
gains were achieved by charging the storage when the outdoor temperature exceeded 10°𝐶𝐶 and discharging 
it when it fell below −5°𝐶𝐶. 

To achieve more effective heat transfer with the PCM, several studies examined the possibility to directly 
integrate the storage module into the refrigeration circuit. The storage position then becomes a key aspect of 
the study. A storage placed on the demand side (condenser side for heating application and evaporator side for 
cooling application) allows to directly meet the demand for a short period of time, giving peak shaving capacity 
to the system. Yu [12] studied a floor heating numerical model where heat is stored during the day and used 
during the night to completely shut down the heat pump, thanks to direct discharge into the water distribution 
circuit. A similar experimental concept was made by Maaraoui [13] where the heat is discharged by circulating 
air through a three media condenser. The low conductivity of the PCM was compensated by the addition of a 
metal foam. This low conductivity issue is systematic and requires the use of heat transfer intensification 
techniques [14]. An experimental concept made by Palomba [15] considered a cold storage charged by the HP 
refrigerant evaporation and discharged using a water flow, offering the perspective of providing cooling while 
improving flexibility. 

Conversely, placing the storage on the source side makes it possible to improve the source temperature and 
benefit from a better COP, especially when the outdoor conditions are extreme. Li [16] presented a numerical 
study where the heat from a sub-cooler is used to melt the PCM. The storage is later discharged by bypassing 
the outdoor evaporator during peak hours. This reduced by 25% the monthly cost of the system compared to a 
standard HP during December. Bastani [17] modeled a pipe-in-pipe heat exchanger with PCM, with two 
different refrigeration circuit architectures for heating: one with the storage associated series with the 
condenser and one in parallel. Charging time was shorter with the parallel configuration but resulted in a 
temperature stratification, while the phase-change was uniform in the series configuration. 

This work presents an original experimental investigation of an air-source heat pump (ASHP) directly 
coupled with a latent heat thermal energy storage integrated into the refrigeration circuit. The latent storage 
operates as an active evaporator-side component, increasing the refrigerant evaporation temperature. Unlike 
most configurations, the experimental setup is able to perform in standard HP mode as well as in storage 
(charging/discharging) mode, thanks to several valves. Several experimental protocols were conducted to 
characterize the latent heat storage and to measure the system performance under various operating conditions, 
with particular emphasis on comparing the overall efficiency of the system with and without latent heat storage. 
Careful consideration is given to the heat transfer between the PCM and the refrigerant undergoing phase 
change within the latent heat exchanger, as well as to the effects of changing the HP heat source. 

2. Experimental setup 

2.1. General description 

The experimental prototype consists of six main components : a reciprocating compressor operating with 
R134a (Embraco VNEK610Z, 0.95 𝑘𝑘𝑘𝑘  of cooling capacity at 10°𝐶𝐶/35°𝐶𝐶 , 2000 𝑅𝑅𝑅𝑅𝑅𝑅 ), a water-
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refrigerant plate condenser, an air-refrigerant finned tube evaporator, a PCM-refrigerant heat exchanger, an 
expansion valve and a four-way valve. 

The prototype is located in a climate-controlled environment, with the air-refrigerant evaporator exchanging 
heat with another climate-controlled chamber. The compressor is frequency-controlled, with a rotational speed 
varying between 2000 and 4500 rotations per minute. The plate condenser exchanges heat with a water loop 
in which both the flow rate and the inlet temperature are controlled. 

Table 1. RT21HC thermo-physical properties [18] 

Characteristic Value Unit 

Melting temperature 20-23 °𝐶𝐶 

Congealing range 21-19 °𝐶𝐶 

Phase-change enthalpy 190 ± 7.5% 𝑘𝑘𝑘𝑘. 𝑘𝑘𝑔𝑔−1  

Density (solid/liquid) 0.88/0.77 𝑘𝑘𝑘𝑘. 𝐿𝐿−1 

Specific heat capacity 2 𝑘𝑘𝑘𝑘. (𝑘𝑘𝑘𝑘. 𝐾𝐾)−1 

Thermal conductivity 0.2 𝑊𝑊. (𝑚𝑚. 𝐾𝐾)−1 

Volume expansion 14 % 

 
The PCM-refrigerant heat exchanger consists of two finned tube heat exchangers with four 5 𝑚𝑚𝑚𝑚 diameter 

tube rows connected in series and immersed in a tank containing 10 𝑘𝑘𝑘𝑘 of PCM. The tank is 550 𝑚𝑚𝑚𝑚 high, 
350 𝑚𝑚𝑚𝑚 wide and 115 𝑚𝑚𝑚𝑚 deep. Tubes are in copper and fins in aluminum. The PCM is the RT21HC 
from Rubitherm, with a phase change temperature between 19 and 23°𝐶𝐶. Its properties are summarized in 
Table 1. The upper surface of the tank is left open to allow the PCM to expand during phase-change, and the 
side walls are reinforced to prevent bending during the volume expansion This exchanger is hereafter referred 
to as LHEX (latent heat exchanger, Figure 1.a).  

The prototype is instrumented with multiple sensors. Two pressure sensors (Huba Control 
520.933S03300N) measure the suction and discharge pressure of the compressor. Two PT-100 probes and one 
electromagnetic flow meter (Yokogama AXG015) respectively measure the water inlet and outlet temperature 
of the plate condenser and the volumetric flow rate in the water circuit. Eight T-type thermocouples placed on 
the tubes surface along the refrigeration circuit measure the inlet and outlet temperatures of the various 
components: plate condenser, finned tube evaporator, compressor, and LHEX. Thirteen T-type thermocouples 
are placed inside the LHEX along the refrigerant path. They are arranged in trios: one sensor is located on a 
tube bend, and the two others are in the nearby PCM region, outside the fins. An additional thermocouple is 
positioned between the two finned tube batteries. Figure 1.b describes the position of thermocouples inside the 
LHEX. Not all details are shown. The refrigerant does not circulate in the same direction whether the LHEX 
is being charged or discharged. Finally, one temperature sensor measures the ambient temperature of the 
chamber simulating the outdoor climate. The total electrical consumption (compressor and evaporator fan) is 
measured by an energy sensor. Refrigerant circuit sensors are visible on Figure 2.b. T-type thermocouples 
uncertainty is ±0.5°𝐶𝐶, while PT-100 uncertainty is close to ±0.1°𝐶𝐶. Electromagnetic flow meter accuracy is 
slightly below ±0.4%. 
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Fig. 1. Left (a): the instrumented latent heat exchanger. Right (b): the position of thermocouples. Green arrows: fluid direction in 
charging mode. Orange arrows: fluid direction in discharging mode. 

2.2. Operating modes 

The prototype operates in three modes, each one corresponding to a specific refrigerant circuit 
configuration. The first one corresponds to a standard HP cycle: outdoor air energy is absorbed by the 
refrigerant flowing through the evaporator and raised to a higher temperature by the compressor. It is then 
transferred to the water circuit through the condenser (Figure 2.a). This mode serves as a baseline for 
comparing system performance with and without latent storage. HP mode is operated with an outdoor 
temperature set to 5°C, simulating unfavorable outdoor conditions and highlighting the benefits of storage. 

The second mode is the charging mode: it is similar to the first one, except that the heat produced is entirely 
transferred to the LHEX instead of the condenser. The PCM is thus heated above its melting temperature and 
melts. No heat is supplied to the water loop during this phase (Figure 2.b). Charging mode is operated with a 
favorable outdoor temperature (higher than 10°C), so as to avoid excessive performance degradation. 

The third mode is the discharging mode: the air evaporator is bypassed, and the refrigerant evaporates inside 
the LHEX, resulting in a higher evaporation temperature compared to the HP mode when the outdoor 
temperature is low. Heat is then transferred to the water circuit through the condenser (Figure 2.c). The four-
way valve and several manual valves (not shown on Figure 2) ensure the transition between the different 
operating modes. Mode transitions require approximately one minute to ensure proper distribution of the 
refrigerant charge throughout the circuit. 

   

1 

2 

4 

3 
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Fig. 2. Operating modes of the prototype. Left (a): standard HP mode; Middle (b): Charging mode; Right (c): Discharging mode. Black 
lines: no refrigerant circulation. Red lines: high pressure refrigerant. Blue lines: low pressure refrigerant. 

For every mode, refrigerant enthalpies are calculated through the refrigerant circuit using CoolProp 
correlations [17] alongside pressure and temperature values. The compressor polynomials are known for this 
specific compressor model and make it possible to estimate the refrigerant flow rate as a function of the 
evaporation and the condensation temperatures, and the compressor speed. This allows us to calculate 𝑄̇𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, 
the power charged or discharged from the LHEX with Eq. (1) and then the charged or discharged energy by 
integrating over time : 

𝑄̇𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  𝑚̇𝑚𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡)|ℎ𝑜𝑜𝑜𝑜𝑜𝑜(𝑡𝑡) − ℎ𝑖𝑖𝑖𝑖(𝑡𝑡)| (1) 

𝑚̇𝑚𝑟𝑟𝑟𝑟𝑟𝑟 is the refrigerant mass flow rate (kg. s−1), ℎ𝑖𝑖𝑖𝑖  and ℎ𝑜𝑜𝑜𝑜𝑜𝑜  respectively the inlet and outlet specific 
enthalpies of the LHEX (𝐽𝐽. 𝑘𝑘𝑘𝑘−1). 

For HP mode and discharging mode, the power 𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (𝑊𝑊) supplied on the water loop can also be 
calculated with Eq. (2): 

𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑚̇𝑚𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤∆𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤   (2) 

𝑚̇𝑚  is the water mass flow rate (𝑘𝑘𝑘𝑘. 𝑠𝑠−1), 𝑐𝑐𝑝𝑝𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 the water specific heat capacity (𝑊𝑊. 𝑘𝑘𝑘𝑘−1𝐾𝐾−1 ) and 
∆𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤  the water temperature gap between the outlet and the inlet (𝐾𝐾). 

Comparing the different modes is possible thanks to 𝐸𝐸𝐸𝐸𝐸𝐸 in Eq. (3). This represents the amount of energy 
supplied by the system 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝐽𝐽) to the water loop divided by the total energy consumed by the system 
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝐽𝐽), which includes compressor, water pump and evaporator fan electric consumption. The calculation 
method is similar to that used for the Seasonal Coefficient of Performance (SCOP): 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

= ∫ 𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡)𝑑𝑑𝑑𝑑
∫ 𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)𝑑𝑑𝑑𝑑   (3) 

𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the total consumed electrical power (𝑊𝑊). It is also interesting to compare the instantaneous COP 
for the different modes with Eq. (4). Q̇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 can be the charging power (charging mode) or the supplied 
power to the water loop (discharging and HP modes): 

𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) = 𝑄̇𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)
𝑄̇𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑡𝑡)   (4) 
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3. Results 

3.1. Charging process 

The melting process of the PCM is carried out in the charging mode. The compressor speed is set to 
2000 𝑅𝑅𝑅𝑅𝑅𝑅, which corresponds to its minimal speed. This prevents temperatures from rising too quickly near 
the refrigerant inlet of the LHEX, which could cause significant temperature stratification. The initial PCM 
temperature is adjusted to 10°𝐶𝐶 by means of the controlled climate in the chamber, ensuring a uniform initial 
temperature throughout the material. The outdoor air temperature is also set to 10°𝐶𝐶. The evolution of some 
temperatures within the storage unit is shown in Figure 3. Curve labelled “1” corresponds to a location near 
the refrigerant inlet, while “4” corresponds to the outlet region (Figure 1b). Colours correspond to Figure 1.b. 

 

 

Fig. 3. PCM and LHEX inlet temperatures during the charging process. 

During the initial seconds of the charging process, the temperatures rise rapidly as the PCM is still in a solid 
state solid and stores sensible heat. At 𝑡𝑡 = 1000 𝑠𝑠, phase-change begins in the PCM, as shown by the 
occurrence of a temperature plateau in some curves. The material stores latent heat. The sequence of phase-
change initiation does not perfectly follow the thermocouple numbering (“1” to “4”), since the sensors are 
located outside the fins and may have slightly shifted within the tank. At 𝑡𝑡 = 2500 𝑠𝑠, some PCM regions are 
completely melted, and their temperature start to rise again, indicating sensible heat storage. The PCM can be 
considered fully melted at 𝑡𝑡 = 3300 𝑠𝑠, meaning that for approximately 800 seconds, both liquid PCM and 
PCM undergoing phase change coexist inside the LHEX. At 𝑡𝑡 = 4000 𝑠𝑠, a temperature stratification of about 
5°𝐶𝐶 along the tank height is observed. The curves labelled “4” show a significant delay compared to the other 
six measurements, indicating that the PCM region farthest from the refrigerant inlet melts considerably later 
than the rest. 
 

 

Fig. 4. LHEX charging power and inlet/outlet temperatures during charging process. 
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The charging power is shown in Figure 4. The refrigerant temperatures at the inlet (LHEX IN) and the outlet 
(LHEX OUT) of the LHEX are also shown. The sudden fall of the refrigerant outlet temperature at 𝑡𝑡 =
1350 𝑠𝑠 indicates the occurrence of an important temporary subcooling. It means that the heat exchanged 
between the refrigerant and the PCM increases, as it is visible on the charging power curve. This increase in 
power may be attributed to the apparition of natural convection inside the PCM. 

For the whole charging process, the stored energy value obtained by integrating Eq. (1) over time is 
818 𝑊𝑊ℎ. This energy is stored under two forms: sensible heat in the PCM, the fins and the tubes, and latent 
heat in the PCM. The theoretical value provided by Rubitherm for a 10 𝑘𝑘𝑘𝑘 PCM mass is 528 ± 40 𝑊𝑊ℎ. It 
corresponds to “a combination of latent and sensible heat in a temperature range of 13°𝐶𝐶 to 28°𝐶𝐶” [16]. The 
additional theorical sensible energy stored in the PCM over the ranges 10 − 13°𝐶𝐶  and 28 − 42°𝐶𝐶  is 
94 𝑊𝑊ℎ, bringing the total theorical energy stored in the PCM to 622 ± 40 𝑊𝑊ℎ. Approximately 196 𝑊𝑊ℎ 
are therefore either stored in sensible energy in the LHEX metal parts or accounts for heat losses. 

3.2. Discharging process 

During the discharging mode, substituting the evaporator with the storage solidifies the PCM. The 
compressor speed is set at 2000 𝑅𝑅𝑅𝑅𝑅𝑅, for the same reason as previously. In this case, the initial PCM 
temperature is set to 28°C, ensuring that the material is fully melted. The evolution of some temperatures inside 
the LHEX is shown in Figure 5. In this configuration, curve labelled “4” corresponds to a location near the 
refrigerant inlet, while “1” corresponds to the outlet. 

Similarly to the charging process, the first few seconds are dedicated to sensible heat exchange. Phase-
change begins at 𝑡𝑡 = 200 𝑠𝑠 in the PCM regions closest to the refrigerant inlet. At 𝑡𝑡 = 500 𝑠𝑠, the entire 
PCM is undergoing a phase-change. The process ends at 𝑡𝑡 = 1300 𝑠𝑠  in the first affected regions and 
continues until 𝑡𝑡 = 2300 𝑠𝑠, where all PCM regions are solidified. Unlike the melting process, the solidifying 
temperature range is extremely narrow, centered around 𝑇𝑇 = 22.5°𝐶𝐶. 

At the end of the discharging process, the delay between the different phase-change fronts results in 
temperature stratification inside the LHEX. Applying the same method as for the charging process (time-
integration of Eq. (1)), the experimentally measured released energy is estimated at 902 𝑊𝑊ℎ for the whole 
discharging period. The difference between the charging and the discharging energy can be explained by the 
measurement uncertainties and/or by the difference in the PCM temperature ranges, which implies that the 
stored sensible energy is not the same. 

 

 

Fig. 5. PCM and LHEX inlet temperatures during the discharging process. 

Figure 6 shows the discharging power, and the LHEX inlet and outlet refrigerant temperatures. Until 𝑡𝑡 =
600 𝑠𝑠, the refrigerant fully evaporates in the LHEX, with a superheating reaching 10°𝐶𝐶. As the discharging 
power and the exchanged heat decreases, the refrigerant outlet temperature is the same as the inlet temperature, 
meaning that the evaporation is incomplete in the LHEX. The discharging power varies between 1200 𝑊𝑊 
and 500 𝑊𝑊 at the end of the process. 
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Fig. 6 . LHEX discharging power and inlet/outlet temperatures during discharging process. 

3.3. Comparison between HP mode operation and storage mode operations 

3.3.1. Complete storage cycle 
In order to fully compare the storage architecture with a standard HP, a complete charge/discharge cycle 

must be performed. The outdoor air temperature is set at 15°𝐶𝐶 to simulate favorable outdoor conditions. At 
𝑡𝑡 = 0 𝑠𝑠, the LHEX temperatures are homogenised at 10°𝐶𝐶. The system is operated in charging mode until 
the minimum temperature within the LHEX exceeds 35°𝐶𝐶, at which point the storage can be considered fully 
charged. The system is then switched to discharging mode. The water volumetric flow rate is set to 
1.5 𝐿𝐿/𝑚𝑚𝑚𝑚𝑚𝑚, and the LHEX is discharged until the maximum temperature drops below 15°𝐶𝐶. Throughout the 
entire process, the compressor speed remains constant at 2000 𝑅𝑅𝑅𝑅𝑅𝑅, to avoid a significant temperature 
stratification inside the PCM. Some PCM temperatures are shown in Figure 7, along with the condensation 
and evaporation pressures. 

 

 

Fig. 7. Temperatures inside the LHEX and operating pressures during a complete charge/discharge cycle. 

The charging period runs from 𝑡𝑡 = 0 𝑠𝑠 to 𝑡𝑡 = 3660 𝑠𝑠 and the discharging period from 𝑡𝑡 = 3780 𝑠𝑠 to 
𝑡𝑡 = 7700 𝑠𝑠. These intervals are used to determine the consumed and supplied energy. The consumed energy 
is obtained by integrating over time the electrical power drawn by the compressor, the evaporator fan and the 
water pump. The supplied energy corresponds to the supplied power (Eq. (2)) integrated over time. The 120 𝑠𝑠 
period between the charging and discharging periods is not taken into account. During this two-minutes period, 
the system is manually operated to ensure proper refrigerant distribution in the circuit, causing brief pressure 
fluctuations.  

Figure 8 illustrates the power variations within the system. The supplied power remains zero during the 
charging process. At 𝑡𝑡 = 3780 𝑠𝑠, it rises to 1250 𝑊𝑊 and then gradually decreases to 400 𝑊𝑊. The total 
supplied energy is equal to 878 𝑊𝑊ℎ.  
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The first portion of the storage power, determined with Eq. (1), corresponds to the LHEX charging power, 
which remains relatively stable at around 800 𝑊𝑊. The second portion corresponds to the discharging power, 
i.e. the refrigerant evaporation power during discharge. Its profile follows that of the supplied power. During 
the whole process, the consumed power ranges between 200 𝑊𝑊 and 400 𝑊𝑊, resulting in a total consumed 
energy of 501 𝑊𝑊ℎ. The 𝐸𝐸𝐸𝐸𝐸𝐸 of the complete charge/discharge cycle is 1.75 Only the supplied energy is 
considered; the heat delivered to the LHEX during charging is not included. 

 

 

Fig. 8. Storage, supplied and consumed powers during the complete charge/discharge cycle. 

3.3.2. HP mode performances 
A test is carried out to evaluate the system’s performance in HP mode. The system is operated in HP mode. 

The outdoor air temperature is set to 5°𝐶𝐶, to simulate unfavorable outdoor conditions, and the compressor 
speed is fixed at 4000 𝑅𝑅𝑅𝑅𝑅𝑅  and the water volumetric flow rate is maintained at 1.5 𝐿𝐿/𝑚𝑚𝑚𝑚𝑚𝑚.  The 
compressor speed is higher than in the charging and discharging modes. Since the LHEX is not used, there is 
no risk of excessive temperature stratification, and the compressor operates more efficiently at this speed. The 
results are shown in Figure 9. All the periodic fluctuations in the HP mode curves come from the setpoint 
temperature of the water temperature at the condenser inlet, which varies slightly around 28°𝐶𝐶. The supplied 
power, measured with Eq. (2), is slightly below 1 𝑘𝑘𝑘𝑘. The 𝐸𝐸𝐸𝐸𝐸𝐸 is 1.57. For a meaningful comparison with 
the complete charge–discharge cycle, the supplied energy must be the same. To deliver 878 𝑊𝑊ℎ, the system 
operating in HP mode will therefore consume 559 𝑊𝑊ℎ. 

 

 

Fig. 9. Consumed and supplied powers for the standard HP mode, with system COP. 

3.3.3. Comparison between HP mode and complete storage cycle 
Figure 10 compares the evaporation pressure in discharging mode and in HP mode, along with their 

respective COP. In discharging mode, the refrigerant evaporates due to the heat transfer with the PCM, 
resulting in a higher evaporation temperature. During discharge, this temperature ranges from 15°𝐶𝐶 down to 
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−5°𝐶𝐶, whereas in HP mode it remains relatively stable at −2.5°𝐶𝐶. In discharging mode , the system achieves 
a higher COP than in HP mode for the whole discharge period. 

The detailed values of supplied and consumed energies are presented in Table 2. For the same delivered 
energy, the energy consumption of the LHEX (complete charge/discharge cycle) configuration is 10.4% 
lower than that of the standard HP. 

 

 

Fig. 10. Comparison of the evaporation temperature and the COP between the discharging and the HP mode.  

 

Table 2. Comparison of EEF, supplied energy, and consumed energy between the LHEX and HP configurations. 

 LHEX HP 

Supplied energy (Wh) 878 878 

Consumed energy (Wh) 

charge 241 

559 discharge 260 

total 501 

EEF 1.75 1.57 

 

 

Fig. 11. Water temperature for both discharging and HP mode. 

During discharge, the supplied power gradually decreases. Since the water flow rate is the same in both cases, 
the difference is due to the water temperature at the condenser outlet. Figure 11 shows this temperature for 
both discharging and HP modes. While the water temperature remains relatively constant at 37.5°𝐶𝐶 in HP 
mode, it decreases from 40.5°𝐶𝐶 to 33°𝐶𝐶 during discharging mode. 
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4. Conclusions, limits and perspectives 

An original experimental setup of an ASHP integrating a latent heat storage on the refrigerant circuit was 
investigated in this study. The LHEX consisted of a finned tube heat exchanger immersed in a PCM, allowing 
direct heat exchange with the HP refrigerant. The system operates in three different modes. Charging and 
discharging modes were compared to standard HP mode. The LHEX was able to store between 0.8 and  
0.9 𝑘𝑘𝑘𝑘ℎ of thermal energy and discharge the same amount over 1.1 hours. 

Compared to a standard HP mode, the complete charge/discharge cycle demonstrated a 10.4% reduction 
in electrical energy consumption, while delivering the same amount of energy to the water loop. However, the 
water temperature was not stable during the discharge, highlighting the need for dynamic control, either for 
water flow or compressor speed. Moreover, this system contains significantly more refrigerant than a standard 
HP circuit, which can cause issues with refrigerant charge distribution between the different components. With 
regard to potential commercialization, refrigerant regulatory constraints could also restrict the range of feasible 
applications, by forcing the system to be located outdoors. Further experiments under dynamic outdoor 
temperatures will enable evaluation of the system under more realistic operating conditions. In particular, 
thermal losses of the LHEX were not investigated in this study and could become significant over longer 
storage periods.  
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