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ABSTRACT  

In the present work, the integration of a three-fluids heat exchanger in the evaporator of a reversible heat pump 
is evaluated. The heat exchanger includes internally finned passages for the refrigerant of the heat pump cycle 
and for the heat transfer fluid (water/glycol mixture) and externally finned passages for Phase Change Material 
(PCM). The selected PCM is a commercial paraffin (RT4) with nominal melting point of 4°C. The operation 
of the integrated heat pump with latent storage under typical cooling season conditions in Mediterranean warm 
climates were evaluated through an experimental campaign at CNR. The effect of operating modes and 
operational conditions was identified. During charge, the variable speed of the compressor was found to yield 
the maximum effect on storage dynamics, whereas during discharge the prevalent effect is that of the heat 
transfer fluid flow rate. Based on the outcomes of measurement, a critical design review and control strategy 
improvement were carried out.  
Keywords: latent storage, refrigeration, heat exchanger, experimental.  

1. INTRODUCTION  

Energy consumption in buildings accounts for 37% of the total energy demand in the EU [1]. Accordingly, 
decarbonization path should pass from the reduction of emissions from the building stock. For this reason, 
several national and international regulations have been issued to promote the energy efficiency in buildings, 
deriving from the Energy Performance of Buildings Directive (EPBD) issued by the EU. To do so, different 
strategies have been proposed over the years, such as improvement of building materials (i.e. facades materials, 
thermal insulation) and the functionalization of building materials [2]. In addition, several active 
methodologies were proposed with the idea of improving the heating and cooling systems, by enhancing the 
efficiency of the heating and cooling devices [3], implementing smart control strategies [4–6] and integrating 
innovative solutions at system level [7,8]. However, effort is still needed, especially with the aim of realizing 
systems that can drastically increase self-consumption, towards a 100% renewable energy scenario for the 
building stock [9–11]. In this context, the EU-funded project HYBUILD [12] has developed and tested an 
innovative energy system based on a hybrid electrical/thermal storage to maximize the use of solar energy at 
building level. In the present paper, the description of the system is presented, as well as the main results 
obtained in lab-controlled conditions.  

2. SYSTEM DESCRIPTION 

The investigated system consists of a reversible heat pump embedding a latent storage system. The latent 
storage is realised by means of a 3-fluids heat exchanger with Refrigerant-PCM-Water circuits (RPW-HEX). 
The chosen PCM is a commercial paraffin with nominal melting temperature of 4°C. The latent storage can be 
charged by direct evaporation of the refrigerant of the heat pump and is discharged by circulating water inside 
the heat exchanger. In addition, parallel mode (i.e. contemporary charge and discharge of the storage) can be 
exploited if needed. A picture of the system installed in the testing stand at CNR ITAE is shown in Figure 1.  
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The refrigerant circuit is typical of a conventional water chiller design, consisting of a hermetic scroll 
compressor, a Thermostatic Expansion Valve and two plate heat exchangers, the evaporator and the condenser. 
No 4way valve is installed and thus, if heating is needed, the hydraulic circuits of the evaporator and the 
condenser need to be switched, to reverse the operation. The RPW-HEX actually replaces the standard 
evaporator in cooling mode. In order to maintain the option to operate the heat pump with the standard 
evaporator (essential in heating mode), bypass loops have been implemented in both the refrigerant and the 
water-glycol circuits. In the hydraulic side, a 3way ball valve (2) connects either the standard evaporator or 
the RPW-HEX to the water-glycol supply pipeline. Lastly, since there is a large discrepancy between the 
refrigerant charge needed for the RPW-HEX and the standard evaporator, a liquid receiver at the exit of the 
condenser was installed. 

 

Figure 1 integration of the latent thermal storage in the heat pump – focus on refrigerant circuit. 1: condenser, 2: 
standard evaporator, 3: compressor, 4: liquid receiver, 5: expansion valve, 6: RPW-HEX 

3. EXPERIMENTAL FACILITIES AND TESTING CONDITIONS 

The experimental facilities used for the testing of the system are described in detail in [13]. The testing rig at 
CNR-ITAE mainly consists of three storages, corresponding to three different thermal levels. A high-
temperature level, obtained by using two heaters, a gas heater and an electric one, connected to a 1.5 m3 storage. 
It is usually exploited for driving thermally-driven chillers (in this case it was not employed). An intermediate 
temperature level, which simulates the ambient heat sink by means of an electric chiller connected to a 1 m3 
storage. A low-temperature level, which simulates the heat source for evaporation by means of a 0.75 m3 
storage with immersed thermal resistances. All the piping of the testing rig is insulated with polyurethane foam 
and aluminium external cover. Data acquisition and control are done through cDAQ National Instrument 
hardware and LabVIEW software. The following testing conditions were chosen: 

 Operation of the heat pump with the standard evaporator. In this case, tests were aimed at the 
evaluation of the cooling power and EER for different speeds of the compressor, in order to have 
information on the possible performance in the various cases. 

 Charge of the RPW-HEX, at different speed of the compressor and with different heat transfer fluid 
(HTF) inlet temperatures, with the aim of identifying the amount of energy that can be stored in the 
system. 

 Discharge of the RPW-HEX, at different HTF inlet temperatures and flow rates, to identify the optimal 
parameters for the operation of this component, in view of installation in demo sites. 

 Parallel mode, i.e. contemporary charge and discharge of the RPW-HEX. 
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4. TESTING RESULTS 

4.1 Operation with the standard evaporator 

The tests with the standard evaporator were done according to the following protocol: 

 Start of the testing rig and set of temperature levels and flow rates desired; 

 Start of the heat pump and, once steady-state operation is reached, recording of the test for at least 10 
minutes; 

 Stop of the test. 

The results of the testing campaign are reported in Figure 2 as a complete performance map. It shows 
cooling capacity for three different Heat Transfer Fluid (HTF) inlet to the evaporator, i.e. 9,12,15°C and 
for all the compressor supply frequencies tested. As is it possible to notice, the values are distributed along 
decreasing bands, each band corresponding to a compressor frequency. The cooling power is obviously 
higher for higher compressor driving frequency and, for each one of them, decreases with increasing 
condenser inlet and with decreasing evaporator inlet.  

 

 
Figure 2: overall map of cooling capacity for the operation of the heat pump with standard evaporator. 

Figure 3 shows the EER of the heat pump, i.e. the ratio between the cooling supplied and the energy consumed 
for compressor operation as a function of operating temperatures and compressor speed. Similarly to the case 
of the cooling capacity, the EER decreases with increasing condenser inlet temperature and with decreasing 
evaporator inlet temperature. However, it is interesting to notice that, for the lower condensing temperature, 
i.e. below 32°C, reducing the compressor speed makes the heat pump work more efficiently. Indeed, as it is 
reported in Figure 3, in this case, the EER for operation at 25 Hz is higher than for the operation at higher 
compressor speed.  
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Figure 3: map of performance of the compression heat pump -EER. 

4.2 Charge of the RPW-HEX 

Charging tests were done as follows: 
a. Temperature levels, compressor speed and flow rates were set in the testing rig; 
b. Water at 15°C was circulated into the RPW-HEX, to have homogeneous and repeatable initial 

conditions. 
c. Heat pump was started and the test recorded; 

Charge was considered finished when the temperature of the PCMdown sensor is -2.5°C. 

 

Figure 4 shows the energy supplied during charging tests at different condenser inlet temperatures and different 
driving frequencies of the compressor. It is possible to notice that the energy supplied is between 2 kWh and 
2.5 kWh. The higher amount of energy supplied for higher condenser inlet temperatures and for lower 
compressor speed is due to the higher duration of the test, with a consequent more marked effect of thermal 
losses. It is then possible to state that the amount of energy that the RPW-HEX can store is 2.0-2.3 kWh.  
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Figure 4: energy supplied during charge of the RPW-HEX as a function of condensation temperature and 
compressor driving frequency.  

4.3 Discharge of the RPW-HEX 

Discharge tests were done as follows: 

a. Setting of temperature and flow rates of the HTF in the testing rig; 

b. Opening of the connection between the testing rig and the RPW-HEX; 

c. Start of the test and of the recording; 

d. The test is stopped when PCMup=HTFin and PCMdown=HTFin-2 K. 

Figure 5 shows the energy discharged as a function of flow rate of the HTF in the RPW-HEX and after different 
charges, done with condenser inlet temperature ranging from 20°C to 40°C. It is clear from the experimental 
results that the optimal flow rate for the operation of the RPW-HEX in discharge mode is 10-12 kg/min, 
corresponding to 6.0-7.2 m3/h. Indeed, lower flow rates do not allow a good exploitation of the energy stored, 
because the discharge is much longer (around 40 minutes at 5 kg/min against 20-30 minutes at 10 kg/min) and 
the effect of thermal losses is higher. On the contrary, the higher flow rates lead to a reduction in the ΔT at the 
HEX, in turn reducing the exploitable energy for practical purposes. Instead, as shown in Figure 5, the 
temperature at which charge occurred, as long as the charge is complete, does not significantly influence the 
discharged energy. It is necessary to state that all the tests here presented are done without any stand-by period 
between charge and discharge, in order to avoid any effect of the thermal losses during this period. 
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Figure 5: discharged energy as a function of flow rate for Evapin=12°C. 

Figure 6 shows the discharge power as a function of flow rate. All the tests are done at a constant HTF inlet 
temperature (12°C) and without any stand-by period between charge and discharge. As it is intuitive, increasing 
the flow rate increases the discharge power, passing from about 3-4 kW at 6-8 kg/min to 5-6 kW at 12-15 
kg/min. As previously stated, however, increasing the flow rate reduces the energy recoverable and therefore 
an optimal condition has to be sought.  

 

Figure 6: discharge power as a function of flow rate for Evapin=12°C. 

4.4 Temperature distribution measurements with IR camera 

A set of measurements was carried out with a FLIR A655sc IR camera, with the aim of identifying temperature 
distribution and thermal gradients during charging and discharging. As exemplary case, Figure 7 shows some 
of the frames recorded for a charge/discharge test where charge and discharged were carried out in sequence, 
without any storage time in between. Discharge is carried out with HTF inlet of 15°C and 0.2 kg/s flow rate. 

A clear gradient both in transversal and longitudinal direction is identifiable, which is of about 7 K in 
transversal direction, with the inlet side of the refrigerant at a lower temperature, and up to 20 K at the end of 
the charge process in longitudinal direction. Accordingly, during discharge, the upper part of the storage 
reaches the temperature of the HTF faster than the remaining portion of the storage. It is possible to notice, in 
the frame taken after 100 s from the beginning of discharge, the gradient in the transversal direction: the 
uppermost layers are colder than the middle ones, that correspond to the height where the pipe for the HTF is 
located. Afterwards, the process continues by gradual melting from the upper part down to the bottom of the 
storage. The gradient in the longitudinal direction in this case is evident only in the first 200 s and subsequently 
is much lower than during the charge process.  
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Figure 7: charge and discharge of the RPW-HEX visualized with IR camera 

A detail of a charging process is shown in Figure 8, where it is possible to notice how the heat exchange during 
charge occurs through the refrigerant passages, that are clearly highlighted and represent the coldest spots of 
the HEX. 

 

Figure 8: detail of a charging process. 

4.5 Parallel charge/discharge of the RPW-HEX 

The temperature trends for the parallel operation, i.e. simultaneous charge and discharge of the RPW-HEX 
during a reference test in all the circuits are presented in Figure 9. The test is run in “steady-state” mode, 
meaning that the PCM has already been charged to the operating temperature for the parallel mode, which is 
LTcomp,in=5°C, ensuring that part of the PCM is already in liquid state. What is interesting to notice is that the 
stratification inside the PCM is in the order of 3 K, with the lower values for the PCM4 temperatures, i.e. the 
closest point to refrigerant inlet.  
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Figure 9: temperatures in the PCM circuit for a parallel charge/discharge operation. 

At the same time, a constant cooling supply to the user is guaranteed, which is in the order of 2/3 of the cooling 
energy delivered under the same operating conditions during the operation with the standard evaporator. 

5. CONCLUSIONS  

In the present paper, the results of the experimental testing of an integrated latent storage with heat pump 
system are reported. The latent storage is realised through a three-fluids heat exchanger, to maximise the 
compactness and the heat transfer efficiency. The extensive testing campaign under different operating modes 
highlighted the possibility, with the investigated layout, to deliver cooling energy to an end-user improving 
the overall efficiency and flexibility in operation. 
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NOMENCLATURE  

cond condenser EER Energy Efficiency Ratio 
HEX Heat Exchanger HTF Heat Transfer Fluid 
in inlet out outlet 
PCM Phase Change Material RPW Refrigerant-PCM-Water 
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