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A B S T R A C T   

The direct integration of phase change materials (PCM) into refrigeration and air conditioning systems through 
compact modules is an identified literature gap. In response to the literature gap, this paper provides a detailed 
energy analysis of a novel compact thermal energy storage module, that allows its direct integration into a 
refrigeration system as the evaporator. The study addresses key aspects of thermal energy storage (TES) and heat 
transfer mechanism that complement the previous analyses of the novel concept. Here the total energy stored in 
the module (including in all auxiliary parts), the charging/discharging power, and the behaviour of the module 
when used as a TES module and as a heat exchanger (HEX) are assessed. The results demonstrate the feasibility of 
the module to work as a TES and as a HEX. When working as a TES, complete charging and discharging was 
achieved, and 54% of the total energy was stored in the PCM although the PCM only accounts for around 14% of 
the total mass. Moreover, the highest charging/discharging power was obtained within the temperature range 
where most of the phase change occurred. When the module works as a HEX, it initially charges/discharges 
partially until a thermal equilibrium is achieved and the level of charge responds to the variation in the energy 
supply and demand.   

1. Introduction 

Over years, there is an increased motivation to use renewable energy 
sources over fossil fuels to respond to global climate change and to 
encourage sustainable development [1–4]. The technologies intended to 
take advantage of renewable energy sources rely on energy storage 
systems to balance the mismatch between energy supply and energy 
demand profiles. For thermal energy storage (TES), an interesting option 
is the use of phase change materials (PCM) as a storage medium, which 
are characterised by high energy storage density and near-isothermal 
energy release/absorption during the phase change [5]. The high en-
ergy storage density enables the construction of more compact TES 
systems that require less space, while their ability to absorb/release 
energy at relatively constant temperature encourages their incorpora-
tion into various technologies [6]. 

The design of a TES system determines the overall energy storage 
density and the ability to respond to the energy demand and supply [6]. 
One of the designs that is gaining more interest due to its potential in a 
wide range of applications, both in buildings and industrial sectors, is 

the inclusion of PCM into heat exchangers [7–9]. Several aspects were 
studied from lab-scale to pilot-plant-scale. Medrano et al. [10] experi-
mentally assessed the rate of heat transfer of five lab-scale commercial 
PCM heat exchangers, reporting the temperature evolution and thermal 
power of the PCM. Gasia et al. [11] studied the thermal behaviour of a 
pilot plant-scale shell-and-tube heat exchanger with a commercial 
paraffin as PCM for waste heat recovery reporting non-linearity in the 
energy storage and release by the PCM. Zsembinszki et al. [12] carried 
out an experimental study on a lab-scale heat exchanger for cooling 
applications filled with a commercial PCM, analysing different tech-
niques to determine the state-of-charge of the PCM, reporting the best 
approach as a combination of two or more techniques. 

All designs aforementioned allow heat exchange between PCM and 
liquid HTF, and there are very few studies considering the use of the 
refrigerant as the HTF in PCM charging/discharging. A techno-economic 
analysis was performed in [13], on the integration of a refrigerant-PCM- 
water heat exchanger into an air-source heat pump, reporting a 
favourable economic performance for such internal heat exchangers, 
especially in low temperature ranges below 50 K. Varvagiannis et al. 
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[14] numerically investigated the replacement of an evaporator of a 
conventional chiller by a novel refrigerant-PCM-water heat exchanger in 
a hybrid electrical and thermal storage system. The study identified an 
enhanced solar fraction when using the novel heat exchanger. Moreover, 
Mselle et al. [15] performed a parametric study of a novel refrigerant- 
PCM-water heat exchanger reporting the system boundary conditions 
for the charging and discharging of the PCM. The study was considered a 
preliminary analysis of the novel concept of a refrigerant-PCM-water 
heat exchanger. Nevertheless, the studies aforementioned tend to 
focus only on the charging and discharging of the PCM, missing to 
include the energy storage in the sensible material, the heat/cold losses 
in the piping system, and the losses due to the mechanical efficiencies of 
components in the systems. 

Given the identified literature gap, this paper experimentally studies 
a novel evaporator that would replace the conventional evaporator of a 
refrigeration system. The evaporator is a refrigerant-PCM-water heat 
exchanger that was designed to allow heat exchange among the three 
fluids. The study on the novel concept was reported for the first time by 
the same authors using a similar module in a previous paper in [15], 
where preliminary results and the optimum operating conditions in 
charging and discharging of the PCM were reported. In this paper, a step 
beyond the previous study is covered, analysing the total energy stored 
in the module (including the energy stored in all the auxiliary parts), the 
heat transfer rate (power) in the PCM, in the sensible material, and in the 
whole module, and also the cold power delivered to the external loop 
(HTF loop). Moreover, the behaviour of the module is assessed when 
used as a TES device and as a HEX to demonstrate and discuss the 
feasibility to use it both as a TES device and as a HEX. Moreover, the 
variations of energy and power are quantified, especially when bound-
ary conditions are changing, showing the response of the module when a 
change in the energy supply or the energy demand occurs. Indeed, these 
are key aspects to study in such a novel module to assess its potential and 
portray any room for further improvements. Finally, an experimental 
assessment of the heat loss and uncertainty in the results are included. 

2. Materials and methods 

2.1. Description of the novel evaporator-TES module 

The device investigated in this study is a novel lab-scale evaporator- 
TES module developed by AKG (Germany), with four PCM layers 
sandwiched between the refrigerant and the HTF (water-glycol mixture) 
channels. Such channels distribution allows simultaneous processes of 
thermal energy storage and heat transfer between the refrigerant and the 
HTF. 

The module is made of dip-brazed aluminium and it is intended to be 
used as a thermal energy storage and a heat exchanger in cooling ap-
plications. To meet the design requirements, the module consists of 
seven rectangular blocks, i.e. the central part (A) of the module, where 
most of the heat transfer takes place, one distributor for the HTF (W1), 
and one for the refrigerant (R1), one collector for the HTF (W2) and one 
for the refrigerant (R2), and two PCM storage containers (P1 and P2), as 
seen in Fig. 2. The central part is designed in such a way to increase the 
surface area of heat exchange among the refrigerant, PCM, and the HTF, 
while the distributors are designed to distribute and direct the flow of 
the fluids. The two PCM storage containers are included to provide more 
space for the PCM and the collectors enable depositing the fluids as they 
leave the module. The location and dimensions of the blocks are pre-
sented in Fig. 1; block A (300 × 94 × 310 mm), block W1 and W2 (60 ×
94 × 310 mm), block R1 and R2 (45 × 55 × 310 mm), and block P1 and 
P2 (65 × 55 × 310 mm). Moreover, the module was insulated with 120- 
mm-thick rock wool. To enable the evaluation of the energy storage in 
each material consisted in the TES module, all the materials were 
weighted, obtaining the weight of the empty module as mAl = 20.38 kg, 
that of the HTF in the module as 3.26 kg, and that of the PCM as 3.70 kg. 

2.2. Materials and characterization 

The commercial RT4 PCM used for the latent energy storage is an 
organic paraffin, chemically inert, and thermally stable. According to 
the manufacturer [16], some of the thermophysical properties of the 
PCM are (Table 1): thermal conductivity of 0.2 W⋅m− 1⋅K− 1, phase 
change temperature ranging from 2 ◦C to 4 ◦C, density ranging from 880 
kg⋅m− 3 in solid state to 770 kg⋅m− 3 in liquid state, and volume expan-
sion of about 12.5%. 

Due to the need for accurate thermophysical properties of the PCM, 
the specific heat capacity and the phase change enthalpy were experi-
mentally tested using a DSC 3+ Mettler Toledo equipment with ±0.1 K 
precision for temperature and ±3 J⋅s− 1 for enthalpy. The amount of 
sample used was around 10 mg and experiments were performed under 
N2 flow. The PCM samples were located into 100 μL cold-welded 
aluminium crucibles. The melting and solidification enthalpy were 
tested with a dynamic programme, heating the sample from − 22 ◦C to 
22 ◦C at 10 K⋅min− 1. Each sample was cycled three times, disregarding 
the first one [17]. The specific heat capacity was determined with the 
method developed by Ferrer et al. [18], performing three measurements 
for each sample, a blank measurement, a reference material measure-
ment (with sapphire), and the tested material measurement. Another 
material that contributes to energy storage inside the TES is the HTF 
itself that occupies part of the internal volume. The HTF is a mixture of 
70% water and 30% glycol. The thermophysical properties of the HTF 
according to the manufacturer [19] are as follows: freezing temperature 
at − 18 ◦C, an average density of 1050.45 kg∙m− 3, an average specific 
heat of 3601.5 J∙kg− 1∙K− 1, and an average thermal conductivity of 
0.4275 W∙m− 1∙K− 1 in the temperature range between 12 ◦C and − 4 ◦C. 
To obtain the sensible energy stored in the aluminium structure, the 
value for the specific heat capacity of aluminium of 900 J∙kg− 1∙K− 1 

from the literature [20] was used. 

2.3. Experimental set-up 

The module was installed in a dedicated experimental set-up, shown 
in Fig. 2, built in the laboratory of GREiA research group at the Uni-
versitat de Lleida, in Spain. The set-up consists of two loops: the 
refrigerant loop that supplies the cold energy to the module, and the HTF 
loop that discharges the cold energy from the module. The refrigerant 
loop consists of a condensing unit (Zanotti model GCU2030ED01B) able 
to work at different operation powers, working with R449A refrigerant 
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Fig. 1. The external dimensions of the evaporator-TES module 
(AKG-Germany). 
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and containing a hermetic scroll compressor (CU E scroll digital); an 
electronic expansion valve; and an air-cooled condenser. According to 
the manufacturer, the condensing unit has a maximum power of 4.956 
kW with a COP of 2.12 when operating at evaporation temperature of 
− 10 ◦C and ambient at 32 ◦C. The HTF circuit is built to ensure a stable 
inlet temperature into the module by incorporating two immersion 
electric heaters (OVAN TH100E-2 kW and JP SELECTA-1 kW) and two 
immersion chillers (JP SELECTA FRIGEDOR-285 W) into a water bath. 
Moreover, the circuit contains a pump for circulation and an advanced 
flow meter (Badger Meter Primo) with an accuracy of ±0.25%. 

A total of 13 temperature sensors (Pt-100 class B, IEC 60751 standard 
type) with an accuracy of ±0.3 ◦C connected to a data acquisition system 
(STEP DL-01 data logger) were used to record the experimental mea-
surements every 10 s into a computer with Indusoft SCADA software. To 
capture the temperature at different positions in the module, nine of the 
temperature sensors were distributed evenly in the module such that 
they were in direct contact with the PCM, as shown in Fig. 3. To maxi-
mize the accuracy of the theoretical calculations based on the temper-
ature measurements, the sensors were located as widely as possible and 
following symmetry criteria. The rest of the temperature sensors were 
installed at each inlet and outlet of the two loops. The module was 
insulated with a 12-cm-thick rock wool material to reduce the heat 
losses to the ambient. 

2.4. Experimental methodology 

The design of the experimental set-up allowed testing the module in 
various boundary conditions simulating the energy demand and the 
energy source. In the first case, the module was initially at (12 ± 0.5) ◦C 
(meaning that it was completely discharged, i.e. the PCM was in liquid 
state) and a constant energy source level was maintained at different 
levels of energy demand. This was achieved by performing several ex-
periments at constant 30% compressor power, (12 ± 0.5) ◦C HTF inlet 
temperature, and different HTF flow rates (Case 1 in Table 2). 

In the second case, the influence of different levels of energy source 
was assessed by performing several experiments at different compressor 
powers with the module initially at (− 4 ± 0.5) ◦C (meaning that it was 
completely charged, i.e. the PCM was fully solidified), while maintain-
ing the HTF inlet conditions at (12 ± 0.5) ◦C and 100 L⋅h− 1 (Case 2 in 
Table 2). Before starting any experiment, the module, the water bath, 
and the condensing unit were set to the required experimental condi-
tions, and to ensure repeatability and robustness of the results, at least 
three repetitions were performed. 

Moreover, the overall UA value of heat losses of the module was 
experimentally estimated from a heat loss test. To do this, the module 
was completely charged to − 4 ◦C, then allowed to discharge by heat 
transfer from the ambient air until it reached an average temperature 
around 12 ◦C. To ensure that the energy loss was only through heat 
transfer from the ambient at the surface of the module, all the valves 
were closed to stop any flow through the module. 

Furthermore, an experiment was performed to assess the validity of 
the discrete volume approach described in the next section. To realize 
this, the module was charged using compressor power at 25% until all 
the PCM in the module was completely charged beyond − 4 ◦C and then 
stopped, after which the HTF was immediately allowed to flow at 12 ◦C 
and 100 L⋅h− 1 through the module to discharge the cold energy. The 
validity of the discrete volume approach was assessed using the HTF 
loop because of its reliability in terms of the accuracy of thermophysical 
properties and HTF flow rate measurements. 
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Fig. 2. (a) The novel module directly integrated into the refrigeration system and the HTF loop; (b) the schematic diagram of the experimental set-up.  

Table 1 
Properties of the commercial RT4 PCM [16].  

Properties Value Units 

Phase change range 2–4 ◦C 
Density 0.88 (solid) kg⋅L− 1 

0.77 (liquid) 
Thermal conductivity 0.2 W⋅m− 1⋅K− 1 

Volume expansion 12.5 %  

Fig. 3. Position of the temperature sensors.  

Table 2 
Set of experiments.   

Compressor power 
[%] 

HTF flow rate 
[L⋅h− 1] 

Module initial temperature 
[◦C] 

Case 
1 

30 0, 50, 100, 150 12 ± 0.5 

Case 
2 

0, 15, 20, 25, 30 100 − 4 ± 0.5  
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2.5. Theoretical evaluation methodology 

To estimate the energy stored in the module, the discrete volume 
approach in [21–23] was adapted. In this study, the approach was used 
to divide the module into nine small volumes/nodes with respect to the 
nine temperature sensors in contact with the PCM (Fig. 3). Then the 
energy stored in the module was evaluated from the temperature, the 
specific heat capacity, and the mass of the material in each volume/ 
node. The approach was used to enable a more accurate energy assess-
ment, by evaluating the mass of each material contributing to energy 
storage in each volume element, i.e. PCM, aluminium (Al), and HTF 
inside the module. Basic equations on energy balance and heat transfer, 
Eqs. (1)–(11) obtained from Cengel and Boles [24] were applied in the 
evaluation. The following assumptions were made: the temperature of 
the PCM, aluminium, and HTF was uniform at each node, the solidifi-
cation of the PCM was homogenous and continuous, the PCM was evenly 
distributed and there was no flow during PCM phase change, so the mass 
of the PCM inside each volume element of the module remained con-
stant regardless of the state of the PCM during the phase change process, 
and the thermocouples did not affect the flow field of the experimental 
device. 

The amount of energy stored in the PCM at every time instant, EPCM, 
was evaluated as the sum for all volume elements of the product be-
tween the PCM mass in volume element i, mPCM,i, and the PCM specific 
enthalpy, hPCM,i, as shown in Eq. (1): 

EPCM =
∑n

i=1
mPCM,i⋅hPCM,i[kJ] (1)  

where the specific enthalpy of the PCM in a specific volume i depends on 
the value of the temperature measured by the sensor located in that 
volume. 

Likewise, the amount of energy stored in the HTF, EHTF, was obtained 
using Eq. (2), as the sum of all volume elements of the product between 
the HTF mass in each volume element, mHTF,i, the specific heat capacity 
of the HTF, CpHTF, and the temperature difference between the reference 
temperature (12 ◦C) and the HTF temperature, THTF,i: 

EHTF =
∑n

i=1
mHTF,i⋅CpHTF⋅(12 − THTF,i)[kJ] (2) 

Similarly, the amount of energy stored in the aluminium was ob-
tained as the sum for all volume elements of the product between its 
mass, mAl, specific heat capacity, CpAl, and the temperature difference 
between the reference temperature (12 ◦C) and the Al temperature, as 
shown in Eq. (3): 

EAl =
∑n

i=1
mAl,i⋅CpAl⋅(12 − TAl,i)[kJ] (3) 

The temperature of the HTF (THTF,i) and aluminium (TAl,i) in volume 
element i used in Eqs. (2) and (3), respectively, was assumed to be equal 
to the temperature of the PCM in the same volume element (i.e. the 
temperature measured by the sensor located in the volume element i). 

To obtain the total amount of energy stored in the module, ETES, 
during each process, the sum of the contribution from each material was 
performed as in Eq. (4): 

ETES = EPCM +EHTF+EAl[kJ] (4) 

The validity of the discrete volume approach was assessed using the 
law of energy conservation, according to which the total energy dis-
charged from the module, Edischarged, should be equal to the sum of the 
energy delivered to the HTF, EHTF, and the energy lost to the ambient, 
Elosses, as shown in Eq. (5): 

Edischarged = EHTF +Elosses[kJ] (5)  

where the total energy discharged through the HTF (EHTF) was calcu-

lated as the sum of the product between the HTF power, ĖHTF, and the 
time step between registered data over the whole discharging process. 
The power transferred to the HTF loop, ĖHTF, was calculated as the 
product of the HTF specific heat capacity, CpHTF, mass flow rate ṁHTF, 
and the difference between the inlet temperature, THTF,in, and the outlet 
temperature, THTF,out , as shown in Eq. (6): 

ĖHTF = ṁHTF⋅CpHTF ⋅(THTF,in − THTF,out)[kW] (6) 

The power transferred to the module, ĖTES, was calculated as the 
variation of the total energy stored in the module, ETES, during a given 
time interval, Δt, as shown in Eq. (7): 

ĖTES =
ΔETES

Δt
[kW] (7) 

Similarly, the power transferred to the PCM, ĖPCM, was calculated as 
the variation of the total energy stored in the PCM, EPCM, during a given 
time interval, Δt, as shown in Eq. (8): 

ĖPCM =
ΔEPCM

Δt
[kW] (8) 

To estimate the energy lost to the ambient, Elosses, the overall UA 
value of the module was experimentally estimated using Eq. (9): 

UA =
Elosses

Δt⋅ΔTln

[
W⋅K − 1] (9)  

where Elosses is the total energy variation of the module due to the energy 
losses and Δt is the time (in seconds) needed for the TES to heat from 
− 4 ◦C to 12 ◦C. The logarithmic mean temperature difference, ΔTln, is 
the average temperature difference between the module, Tavg,TES , and the 
ambient air, Ta, along the whole process, and it was experimentally 
evaluated using Eq. (10): 

ΔTln =
(Ta − Tavg,TES )i − (Ta − Tavg,TES )f

In((Ta − Tavg,TES )i
(Ta − Tavg,TES )f

)
[
◦C] (10)  

where a subscript i and f refers to the values at the initial and final point 
of the process, respectively. 

The estimated UA value was then considered in each process to 
evaluate the rate of heat losses at any time instant t, Ėlosses,t , according to 
Eq. (11): 

Ėlosses,t = UA⋅ΔTln,t[kW] (11) 

To ensure the accuracy of the results, an analysis of the uncertainty 
was carried out as shown in Eq. (12), taking into account the contri-
bution from the measurements of the temperature (Pt-100 with an ac-
curacy of ±0.3 ◦C), the volumetric flow rate given as 0.3% by the 
manufacturer, the density of HTF as 0.31% from [25], and the specific 
heat capacity as 3.09% from [26]). The uncertainty was evaluated for 
normal probability distribution according to the GUM methodology 
[27], a methodology exemplified in [28]. 

u(ĖHTF) =

[[
δĖ
δρ u(ρHTF)

]

2 +

[
δĖ
δV̇

u
(

V̇HTF

)]

2 +

[
δĖ
δCp

u(CpHTF)

]

2 

+

[
δĖ

δΔTHTF
u(ΔTHTF)

]

2

]

0.5 (12)  

where u(ρHTF) is the uncertainty in the density, u
(

V̇HTF

)

is the uncer-

tainty in the volumetric flow, u(CpHTF) is the uncertainty in the specific 
heat capacity, and u(ΔTHTF) is the uncertainty in the temperature 
measurements. For the experimental results provided, the expanded 
relative uncertainty for u(ĖHTF) (at 95% confidence level and normal 
probability distribution, with = 2) was estimated as 4.6%. 
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3. Results and discussions 

3.1. Materials characterization 

The amount of cold energy stored in the PCM as it solidified from 
12 ◦C (zero reference enthalpy) to − 4 ◦C strongly depends on the specific 
enthalpy curve of the PCM within this temperature range. Based on the 
results obtained from DSC measurements for the PCM performed in the 
lab, for both the phase change and sensible temperature ranges, the 
relation shown in Eq. (13) was used to obtain the specific enthalpy of the 
PCM as a function of its temperature [15]:  

where, hi is the ‘cold’ specific enthalpy of the PCM and Ti is the tem-
perature of the PCM in the volume element i at any time instant. 

3.2. Validity check 

Fig. 4 presents the heat loss test performed to estimate the UA value. 
The experiment started with the module completely charged at − 4 ◦C 
and was left to heat up to 12 ◦C only by heat transfer from the ambient. 
Moreover, the test started with the module charged with around 1000 kJ 
of cold energy, and the energy level decreased to zero in 16.5 h, regis-
tering a heat loss average power of 17.3 W. The mean temperature be-
tween ambient temperature (22 ◦C) and the average temperature of the 
module (ΔTln) was evaluated as 17.8 ◦C. Using Eq. (9), the UA value was 
evaluated as 0.978 W⋅K− 1, which was used to determine heat losses 
throughout all the experimental tests shown in this paper. 

Fig. 5 shows the results of the experiment performed to assess the 
validity of the discrete volume approach. From the temperature evolu-
tion presented in Fig. 5a, it can be observed that the PCM was allowed to 
completely charge beyond − 4 ◦C before switching to the discharging 
process. For clarity and better visualization, the results of the temper-
ature evolution are presented in terms of the mean weighted values as 
T_avg_top for sensors located at the top (TP1, TP4, TP7), T_avg_middle 
for sensors located at the middle (TP2, TP5, TP8), and T_avg_bottom for 

sensors located at the bottom (TP3, TP6, TP9). Fig. 5b shows that the 
energy stored in the module, estimated using the discrete volume 
approach (E_Finite volume), and the energy calculated using the law of 
energy conservation (E_Conservation law) have a high degree of 
agreement, with a zero-bias error of 2%. In the whole process, as 
observed in Fig. 5c, the energy in the module is mostly stored in the PCM 
accounting for more than 54% of the total energy stored, followed by 
aluminium with 29%, and lastly in the HTF in the module with 17%. The 
fact that the PCM accounts for more than half of the total energy, despite 
accounting for only 13% of the total mass of the module, is explained by 
its higher thermal energy density of 157.62 kJ⋅kg− 1, as compared to 

15.37 kJ⋅kg− 1 of the aluminium and 56.32 kJ⋅kg− 1 of the HTF. 
At least three experiments were performed to ensure the repeat-

ability of the experiments. Fig. 6 exemplifies the repeatability of the 
experimental measurements based on the average temperature of the 
PCM for three experiments at the same conditions. A high degree of 
repeatability is evident from the figure, whereby a maximum standard 
deviation of 0.65, 0.73, and 1.03 was observed for the average tem-
perature at the top, middle, and bottom for the three experiments 
respectively. 

3.3. Results of the charging tests 

Fig. 7a shows the temperature evolution in the charging process 
(Case 1 in Table 2) with a constant energy source (compressor power at 
30%) without energy demand (HTF flow rate equal to zero), while 
Fig. 7b presents the temperature evolution in a charging process 
accompanied with external energy demand. In both cases, the process 
starts with the module at (12 ± 0.5) ◦C, the refrigerant enters as a liq-
uid–vapour mixture at the lowest temperature value and evaporates 
inside the module to attain a superheating value of about 5 ◦C as it leaves 
the module. As seen in Fig. 7a, the PCM at the bottom of the module 
charges faster achieving a temperature value around the refrigerant 
outlet temperature, while the PCM at the middle and top parts charges 
slower and never reaches a temperature value close to the refrigerant 
outlet temperature. This temperature stratification can be explained by 
the uneven distribution of the refrigerant which was mostly deposited at 
the bottom part of the module due to the higher density of the liquid 
fraction. As a result, most of the evaporation took place in the channels 
located at the bottom part of the module. In the course of the charging 
process, both the temperature in the module and refrigerant kept on 
lowering, and when the security set-point temperature − 18 ◦C was 
attained, the condensing unit stopped. In the second case presented in 
Fig. 7b, the HTF enters the module at 12 ◦C and 100 L⋅h− 1 and transfers 
heat to both the PCM and the refrigerant inside the module to cool down 
to around 5 ◦C as it leaves the module when steady-state conditions are 
attained. Contrary to the first case, the module maintains a constant 
temperature distribution at thermal equilibrium, and the minimum set- 
point temperature was not achieved allowing continuous heat exchange 
between the energy source and energy demand circuits. 

Fig. 8a shows the energy stored in the module, the charging power of 
the PCM, the charging power of the sensible material (i.e. aluminium 
and HTF in the module), and the charging power of the whole module 
for the charging process, while Fig. 8b shows the energy stored in the 

Fig. 4. Heat loss test to experimentally estimate the UA value of the 
evaporator-TES module. 

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

hi = 152.49 + 2.64⋅( − 4 − Ti)[kJ⋅kg− 1], if Ti < − 4◦C
hi = − 0.1139⋅Ti

3 + 1.3116⋅T2
i − 8.5545⋅Ti + 131.97[kJ⋅kg− 1], if − 4◦C ≤ Ti < 6◦C

hi = − 0.0985⋅Ti
3 + 2.8732⋅T2

i − 28.629⋅Ti + 99.839[kJ⋅kg− 1], if 6◦C ≤ Ti ≤ 12◦C
hi = − 2.38⋅(Ti − 12)[kJ⋅kg− 1], if Ti > 12◦C

(13)   
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module, the overall charging power and the power delivered to the HTF 
loop during the three-fluids HEX mode of operation. As observed in 
Fig. 8a, the charging process took 40 min to reach the lower limit of 
safety conditions, while accumulating about 1350 kJ into the module. 
During the first 20 min, more than 1000 kJ was accumulated in the 
module, which is around three times the energy accumulated in the last 
20 min of the process. Moreover, from the same figure, a higher charging 
power of the module can be observed in the first 20 min, with two peaks 
of the charging power. The first peak is due to the contribution of the 
sensible part of the energy stored in the module, which reached a 
maximum after around two minutes due to a rapid variation of the 

average temperature during this interval (Fig. 7a). After this initial 
period, most parts of the module reached a temperature near the PCM 
solidification point, when the average temperature slowed down its 
variation. As a consequence, the power corresponding to the sensible 
energy rapidly decreased, and a second peak was observed, which 
mostly corresponds to the energy variation of the latent part (PCM), as 
can be seen in Fig. 8a after around five minutes. Finally, most of the PCM 
underwent phase change after around 15 min, and the charging power 
experienced a sudden decrease after which it stabilized at around 300 W. 
In Fig. 8b the cold energy from the refrigerant loop was given simulta-
neously to the HTF loop and the module, as the module charging power 
decreased to zero, the HTF power increased to a maximum stable value 
when the thermal equilibrium was attained. By the time the thermal 
equilibrium was achieved, about 750 kJ was stored in the module while 
operating as a heat exchanger, whereby all the thermal power delivered 
by the refrigeration circuit was transferred to the HTF. 

3.4. Results of the discharging tests 

Fig. 7a shows the temperature evolution in the discharging process 
(Case 2 in Table 2) with a constant energy demand and without an 
external energy source, while Fig. 9b presents the temperature evolution 
in the discharging process accompanied by an external energy source. In 
the first case, the discharging process is accomplished by passing the 
HTF through the module constantly at 12 ◦C and 100 L⋅h− 1 to discharge 
the cold energy stored in the module from − 4 ◦C to 12 ◦C. The phase 
change is observed to start from the PCM at the top, followed by the 
middle and finally the bottom parts of the module. The temperature at 
the top layer went above the phase change temperature, 5 ◦C, after the 
first five minutes, while for the middle and bottom parts it occurred after 

Fig. 5. Charging (compressor power 25%) with an immediate discharging process (HTF at 12 ◦C, 100 L⋅h− 1); (a) temperature evolution (b) validity of the discrete 
volume approach, (c) energy contribution in each material, and (d) position of temperature sensors. 

Fig. 6. Repeatability in temperature evolution in the PCM.  
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17 min and 20 min, respectively. As observed in the same figure, the 
HTF outlet temperature was close to the average temperature of the 
module, which brings out a better distribution of the HTF in the process 
than the refrigerant distribution as observed previously in Fig. 7a. The 
second case, in which both the HTF and the refrigerant flow through the 
module, is presented in Fig. 9b. The refrigerant entered at the lowest 
temperature value, and it is observed to further charge the PCM at the 

bottom part of the module before leaving the module with a degree of 
superheating of 5 ◦C. In the same figure, the HTF is observed to enter at 
12 ◦C, taking cold from the module and the refrigerant, and leaving the 
module at a lower temperature value around 7 ◦C. In the process, the 
HTF slightly discharges the module at the middle part while mostly 
discharging it at the top by increasing its temperature to above 10 ◦C. 
When thermal equilibrium was attained, the temperature of the module 

Fig. 7. Temperature evolution during charging process with compressor power at 30% (a) without external energy demand and (b) with external energy demand, i.e. 
HTF flow at 12 ◦C and 100 L⋅h− 1. 

Fig. 8. Energy stored and power evolution during the charging process with compressor power at 30% (a) without external energy demand and (b) with external 
energy demand, i.e. HTF flow at 12 ◦C and 100 L⋅h− 1. 

Fig. 9. Temperature evolution during discharging process with HTF flow at 12 ◦C and 100 L⋅h− 1 (a) without external energy source and (b) with an external energy 
source, i.e. compressor power at 30%. 
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in the part between the middle and the bottom parts remained lower 
than the HTF outlet temperature, which means that, in case the refrig-
erant loop stopped, the HTF could take advantage of this lower tem-
perature region to cover part of the energy demand. 

Fig. 10 presents the energy stored in the module and the power 
transferred to both the PCM and the module during the discharging 
process for two situations, i.e. discharging the module without and with 
an external energy source. For both cases, the process started with the 
module completely charged with around 1000 kJ of cold energy. In the 
first case, as presented in Fig. 10a, the energy level in the module 
decreased with time until a complete discharge was achieved after 35 
min. The discharging process was observed to be more effective in the 
first half of the discharging period, whereby around 85% of the total 
energy was discharged. Moreover, the rate of energy discharge of the 
module is observed to be highest within the first seven minutes, with a 
peak of almost 1500 W after five minutes. This peak can be attributed 
mainly to the discharging of the latent energy from the PCM, which is 
evident from the coincidence of the peaks of the PCM and the whole 
module discharging power. 

For the second case, as observed in Fig. 10b, the HTF took cold en-
ergy simultaneously from the module and the refrigerant loop. The en-
ergy level in the module decreased from an initial value of 1000 kJ to 
600 kJ at thermal equilibrium, thereafter maintaining this value con-
stant since the module acts as a heat exchanger. The energy maintained 
in the module at thermal equilibrium could further be discharged to the 
HTF loop, in case the refrigerant loop was closed. Moreover, in this case, 
the module discharging power is observed to be more pronounced in the 
first 8 min, which is the time it took for the PCM at the top to completely 

phase change (Fig. 9b). As the HTF absorbs cold energy simultaneously 
from the module and from the refrigerant loop, the peak of the HTF net 
power is attributed to the peak of the discharging power of the module. 
As the module discharging power decreased towards zero, the HTF net 
power approached a constant value attributed only to the refrigerant net 
power. 

3.5. Summary of the results and discussion 

To perform a holistic analysis of the results obtained under different 
boundary conditions, Fig. 11 shows a summary of the energy level in the 
module and the HTF power during steady-state operating conditions, i.e. 
when the module acts as a heat exchanger. On the one hand, Fig. 11a 
shows the influence of the energy source (i.e. varying the compressor 
power) at a constant HTF flow rate of 100 L⋅h− 1 on both the energy level 
in the module and the HTF power. In terms of energy stored in the 
module, it is directly affected by the compressor power, i.e. increasing 
the power of the energy source increases the energy level in the module, 
especially at lower compressor powers. In terms of power delivered to 
the HTF, the trend is similar, although in this case, the HTF power in-
creases linearly with the compressor power in the whole range, as ex-
pected. On the other hand, Fig. 11b, shows the influence of the energy 
demand (i.e. varying the HTF flow rate) on both the energy level in the 
module and the HTF power for constant energy source (i.e. compressor 
power of 30%). In this case, at higher HTF flow rates, less energy is 
stored in the module, especially at a flow rate of 150 L⋅h− 1 for which the 
value is significantly lower than the value corresponding to an HTF flow 
rate of 100 L⋅h− 1. In terms of power delivered to the HTF, a slight 

Fig. 10. Energy stored and power evolution during the discharging process with HTF flow at 12 ◦C and 100 L⋅h− 1 (a) without external energy source and (b) with an 
external energy source, i.e. compressor power at 30%. 

Fig. 11. The energy and HTF power at the thermal equilibrium for (a) different energy source levels, i.e. different compressor powers, and (b) different energy 
demand levels, i.e. HTF flow rates. 
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increase is observed when increasing the HTF flow rate. 
Given the results shown in Fig. 11, one can argue that, in steady-state 

conditions, the module acts as a standard heat exchanger in terms of 
power transferred to the HTF, which increases linearly with the increase 
in the energy source (i.e. compressor power). It is worth highlighting 
that, although the compressor power is kept constant (30% of its 
maximum), the power transferred to the HTF is slightly higher for higher 
HTF flow rates, meaning that the net cooling power also increases, 
probably due to improved energy efficiency of the condensing unit. 

However, the results can be of great relevance if the system operates 
under unsteady conditions, i.e. either with a variable energy source or 
variable energy demand. With a standard heat exchanger, if a fluctua-
tion in the energy source occurred for a relatively short time, such as 
compressor shutdown or power increase for some reason, this would 
have a direct effect on the power transferred to the HTF, which may 
destabilise the demand side of the system. However, using the module 
investigated in this paper, because of the capability to store energy while 
acting as a heat exchanger, a sudden fluctuation in the energy source can 
be dampened by the thermal inertia of the module, compensating the 
lack or excess of energy source power with energy discharged from or 
charged to the module. As an example, if the compressor power reduced 
from 30% to 15%, the power transferred to the HTF would decrease 
from more than 600 W to less than 400 W. However, this decrease in the 
HTF power would not be instantaneous, because the reduction in the 
source power could be compensated by the power discharged from the 
module, which has the potential to partially discharge from around 700 
kJ to around 300 kJ as seen in Fig. 11a. 

If the fluctuation occurred in the energy demand side, i.e. by a 
sudden variation of the HTF flow rate, no significant HTF power varia-
tion would occur with a standard heat exchanger under constant energy 
source conditions. However, using the module studied in this paper, the 
change in the power required by the HTF circuit could be compensated 
by a change in the energy level of the module. As an example, if the HTF 
flow rate suddenly increased from 50 L⋅h− 1 to 150 L⋅h− 1 as a result of 
higher energy demand, the extra coolness required by the demand could 
come from a partial discharge of the module from more than 800 kJ to 
around 400 kJ, which could compensate for a limited period the lack of 
power available in the source circuit. 

Furthermore, even for a constant energy source level and steady- 
state conditions, the suitable value of the HTF flow rate at a given 
time could depend on a target value for the energy level of the module 
capable of ensuring optimal system performance over a given period. 
Further investigation of this aspect is required to find an optimal control 
strategy of the module under given energy source and energy demand 
profiles, which is beyond the scope of this paper. 

4. Conclusions 

The current study presents a compact integration of PCM into a 
refrigeration system through modification of the evaporator. It involves 
testing a novel design of an evaporator that is filled with PCM between 
refrigerant and HTF channels. The channels are arranged in such a way 
to allow heat/cold exchange between the PCM, the refrigerant, and the 
HTF. An experimental campaign was carried out for different possible 
operations modes, i.e. charging, discharging, and three-fluids HEX 
mode. Detailed energy analysis was carried out and reported based on: 
the energy stored in each material, comparison between the three 
operation modes, the effective charging/discharging power during the 
process, and the key aspects to consider while using the novel evapo-
rator. To ensure robustness and repeatability of the results, at least three 
repetitions were performed for each experiment, the uncertainty in the 
results was evaluated, and the effect of heat/cold loss was experimen-
tally assessed and considered in the reported results. 

The major conclusions driven from the study are as follows: a com-
plete charging/discharging of the novel evaporator is feasible, while 
when it is performing as a heat exchanger (three-fluids HEX mode), 

thermal equilibrium is achieved at a point where the PCM is partially 
charged. The level of energy charged at thermal equilibrium strongly 
depends on the boundary conditions. This means that, for any inter-
mittent condition of the energy demand or energy source, the module 
can respond to these changes by charging/discharging the PCM 
accordingly. The highest effective charging power occurred around the 
phase change temperature, i.e. when the average PCM temperature was 
between − 2 ◦C and 7 ◦C. The highest portion of the total energy was 
stored in the PCM, accounting for 54% despite the PCM accounting for 
only 14% of the total weight. Indeed, this novel integration of PCM into 
the refrigeration system empowers the evaporator with a secondary 
benefit as latent energy storage apart from its primary function as a heat 
exchanger, but given the high stratification observed especially during 
the charging process, the user should be cautious to avoid the temper-
ature of the HTF from dropping below its freezing temperature, which 
could lead to rupturing of the channels. 
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