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Abstract: A concentrated photovoltaic system is evaluated as a thermal energy source
employing phase change material to meet the domestic water heating demand. A paraffin
wax-based phase change material is selected with a 58 ◦C melting point to store enough
thermal energy to match the hot water demand in the buildings. The energy performance
of the concentrated photovoltaics containing phase change materials is compared to that
of the reference to determine the increased energy outputs due to the heat removal by
the material. The concentrated photovoltaics-phase change material achieved 30% higher
energy output compared to the reference concentrated photovoltaic, thus providing a
strong justification for the improved thermal management design. An enthalpy-based
thermal model is developed to compare the experimental results with model predictions,
confirming a reasonable agreement between the results. The model is used determine
the optimum melting point and container size for different phase change materials under
different radiation concentrations for the hot climate of the United Arab Emirates.

Keywords: phase change material (PCM); concentrated photovoltaics (CPV); design
parameters; numerical model; energy efficiency; hot water demand

1. Introduction
The photovoltaic panels produce more energy when the radiation intensity on the

panels increases; however, the increased radiation also increases the temperature of the
panel. The increased panel temperature reduces power output and panel life due to the cell
degradation [1] caused by the excessive heat associated with solar radiation. In order to
mitigate temperature-based failures in PV systems, it is crucial to remove heat effectively
from the panels to keep them at lower temperatures [2]. In order to remove the panel heat,
a latent heat removal method was applied through the use of the phase change material
(PCM) housed in an aluminum container and attached to the back of the PV cell [3]. The heat
transfer was augmented by applying various internal fin arrangements that improved the
PCM thermal conductivity and melting/solidification rates [4]. The improved heat transfer
rates helped maintain the PV at lower temperatures, which eventually increased the power
produced from the PV cells [5]. Building on this work, the authors applied the scheme
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on a true PV cell with an arrangement named the photovoltaics-phase change materials
thermal management system (PV-PCM). The system was tested through simulated solar
radiation indoors produced by a solar simulator, concluding that the inclusion of the PCM
reduced the PV temperature significantly [6]. The authors tested the PV-PCM system
on a large-scale PV panel outdoors, utilizing eutectic fatty acid, capric-palmitic acid and
CaCl2·6H2O as PCMs sourced from sigma Aldrich, Darmstadt, Germany. The PV-PCM
system performed better in hot and stable weather conditions in Vehari compared to the
cooled and variable ambient conditions in Dublin with a peak time temperature drop of
21 ◦C and power gain of 13% [7]. Comparatively, CaCl2·6H2O achieved up to 4 ◦C higher
cooling and 3% increased power production than the counterpart capric–palmitic acid at
both sites. The research suggested that the application of the PCM in different climates
faces unique challenges and requires a specifically tailored melting point and containment
size to meet the contextual requirements [8].

Learning from the previous research, the authors designed the PV-PCM system specif-
ically for the extremely hot climate of the UAE with a specific melting point of 40 ◦C and a
container depth of 6 cm, representing the PCM thickness. The system was continuously
tested for one year outdoors to study the durability and performance of the system over a
long time. The PV-PCM system achieved a temperature drop of 10.5 ◦C with an increase in
electrical yield of 5.9% yearly [9]. The PV-PCM system was integrated into buildings for
cooling building-integrated photovoltaics (BIPV) and shielding the building from excessive
heat gain [10]. A microencapsulated PCM integrated at the back of the BIPV was numeri-
cally tested for the BIPV, showing a maximum of 5 ◦C drop in temperature in summer. Due
to the lower temperature drop, the microencapsulated PCM was less effective in cooling
PVs, which was mainly due to the heat resistance of the insulating encapsulated materi-
als and a limited amount of PCM in the microencapsulation process [11]. In a separate
simulation employing the PCM in the PV, up to 3% extra energy was gained annually for
Utrecht (the Netherlands) and Malaga (Spain). The energy gain was found insufficient to
economically justify the payback of the cost incurred on the system within an acceptable
time [12]. The PCM has been experimentally evaluated to cool the PV to increase its energy
production in Lisbon, Portugal, during winter. The PV exhibited maximum efficiency of up
to 12% [13]. In a separate experimental study, heat stored at the back of the PV was used
to heat domestic water in the UAE. The proposed system achieved a 1.3% increase in PV
electrical conversion efficiency and a recovery of ~41% of the thermal energy calculated
based on incident solar radiation [14]. Most of the research concluded that the PCMs
performance is insignificant in extracting heat from non-concentrated PV panels due to
low temperature mostly not in the range of application [15]. The CPV-PCM can provide
significantly higher thermal energy; however, it suffers from the re-solidification of PCM in
hot climates [6,14] and lower heat recovery rates [16]. Extensive reviews on PCM-based
PV thermal energy recovery systems concluded that the proposed technology could be
finically attractive provided the stored thermal energy is utilized effectively [16–18]. A
concentrated photovoltaics (CPV) requires an essential thermal management system as the
CPV is exposed to substantially higher temperatures that render substantial power loss
and rapid cell degradation [19]. Additionally, high-temperature heat can be stored and
utilized effectively in several processes [20–22]. Applying a PCM in a CPV was tested in
the hot climate of Delhi, India, using 58 ◦C melting point paraffin wax with a metal matrix.
A 16 ◦C temperature reduction with 1.55 times increased power output was recorded at the
solar radiation intensity of 1982 W/m2. The PCM maintained similar performance over
repeated cycles, showing complete PCM melting during the daytime and solidification
through natural cooling at nighttime [23]. Parabolic concentrators employing PCM RT27
were tested at an incident solar radiation of 672 W/m2 and incident angle of 0◦, achieving
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a drop of up to 18 ◦C in PV temperature [24]. A thermal model predicted the optimal
inclination of CPV-PCM being 45◦ in Egypt [25]. The PCM cooled CPV achieved 15% higher
total (electrical + thermal) energy yield compared to water cooled CPV in Macau [26]. The
previous studies investigated PCM applications for PV cooling in a general context [27–29]
without addressing the unique challenges posed by extremely hot climates, which may
cause incomplete PCM solidification at night due to high nighttime temperatures.

Several studies have established that the application of PCM for PV cooling is highly
contextual and needs to be optimized for specific environmental factors. A comprehensive
review on the use of PCMs for PV cooling applications has suggested that the PCM
properties need to be optimized for large-scale applications along with careful selection and
sizing of the PCM for specific climates responding to unique environmental factors [30].
A review on the PCM selection criteria for PV thermal management applications scoped
around the phase transition temperature, latent heat absorption and thermal conductivity
suggested that the PCM needs to be optimized depending on the nano inclusions, fins
arrangement, concentration ratio and the heat extraction mechanism for optimal PV-PCM
performance [31]. In an attempt to optimize PCM application for PV cooling, inclination
angles ranging from 30◦ to 60◦ were evaluated, reporting a maximum temperature drop
of 13.1 ◦C with a power gain of 6.85% and an inclination angle of 30 ◦C in Islamabad,
Pakistan [32]. An indoor study investigated the impact of PCM cooling on PV cells in
the absence of wind flow as an influencing parameter and concluded that PCM inclusion
retards PV heating and cooling, thus reducing thermal stress on the cell and enhancing the
cell life [33]. A numerical model was deployed to optimize the selection of the PCM melting
point ranging from 21 to 44 ◦C employing a commercial grade PCM RT. It concluded that
for Islamabad, Pakistan, a climate PCM with a 21 ◦C melting point achieved the optimal
performance [34]. A recent study comprehensively reviewed the state of the art of PCM
applications for PV cooling and concluded that the right choice of enhanced thermal
conductivity through nanocomposites, while the fins arrangement in the PCM and the
integration of the PV-PCM system to existing cooling/heating systems can materialize the
applications of the PCM for PV cooling [35].

The present study aims to test a CPV-PCM system specifically suitable for the UAE’s
hot environment starting with PCM melting point optimization until storage capacity
utilization. The thermal energy stored in a phase change material is calculated by assessing
temperature variations and phase transitions using heat capacity and latent heat equations.
The study involves an experimentally validated model developed by the authors and
explained in a previous article [9] to predict the system response under various conditions.

2. Materials and Methods
The PCM was filled in a metal container having internal fins attached to the back side

of the CPV. A thermal model of the CPV-PCM was developed and validated with three days
of experimental data conducted in 21–23 July in Al Ain, UAE. After validation, the thermal
model was utilized to predict the required PCM container size at different intensities, the
suitable PCM melting point for a typical summer day in UAE, and the effective amount of
different PCMs for the proposed CPV cooling.

2.1. Experimental Setup

Four photovoltaic panels of 10 W each were installed at an inclination of 24◦ south
in Al Ain, UAE. A Fresnel lens concentrator of 1 m2 aperture area fabricated from PMMA
with a focal length of 800 mm was deployed to provide concentrated radiation onto the
panel surface. Panel 1 was kept static under regular radiation, panel 2 was tracked on two
axes under 0 concentration, panel 3 was tracked under concentrated radiation and panel 4
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was tracked under concentrated radiation with a PCM attached at the back. The Fresnel
lens created a 36 cm diameter concentrated radiation covering two PV surfaces. The PCM
was contained in a metallic containment having internal fins insulated with 2.5 cm fiber
glass and a thermal conductivity of 0.039 Wm−1K−1 [36] to reduce heat loss to the ambient.
The heat was stored in the PCM at the back of the CPV, thus making the CPV-PCM system
outfitted with a metallic heat exchanger fabricated out of 1 cm external diameter stainless
steel pipes. The heat exchanger was connected to the water loop to circulate through
the PCM and remove the heat. The CPV-PCM unit was measured 25 cm × 25 cm as the
aperture area and had a PV panel fixed to the metallic container of the same aperture area
with 40 cm depth to store the PCM. The CPV-PCM weighed 10 kgs when empty and 36 kg
when filled with salt hydrate. The CPV-PCM system was connected to a water storage tank
with a capacity of 250 L. The heat was extracted by water circulation through the PCM.

Several calibrated K-type thermocouples with an accuracy of ±1.5 ◦C (Class 1 toler-
ance) were embedded to measure the temperature of the PV surfaces, PCM, water in the
storage tank and ambient. The solar radiation intensity was measured through pyranome-
ters with a sensitivity of 0.20 mV per W/m2 and accuracy of ±5% [37]. The data were
logged every 5 min through the Compact DAQ sourced from National Instrument (NI) [38],
Austin, TX, USA. The whole setup is shown in the Figure 1.
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Figure 1. Experimental setup of the CPV-PCM system.

The thermophysical properties of the materials used in the experiment are listed in
Table 1.

Table 1. Thermophysical properties of PCM, metallic and bonding materials used in the experiments
in solid state sourced from Rubitherm Technologies, GmbH, Berlin, Germany.

PCM Melting
Range (◦C)

Congealing
Range (◦C)

Latent Heat
(kJ/kg)

Specific Heat
Capacity
(kJ/kg·K)

Heat Con-
ductivity
(W/m·K)

Density
(kg/L)

Volume
Expansion

Flash Point
(◦C)

RT60 [39] 55–61 61–55 160 2 0.2 0.88 12.5% >200
SP-58 [40] 56–59 56–54 250 2 0.6 1.3 8% NA

Fatty Acid [41] 58–64 62–56 185 2.2 0.2 0.85 10% 230

The material properties of the enclosure materials are summarized in Table 2.
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Table 2. Thermophysical properties metallic and bonding materials used in the experiments in solid
state sourced from local market, Al Ain, UAE.

Properties Melting
Point (◦C)

Congealing
Point (◦C)

Latent Heat
(kJ/kg)

Specific Heat
Capacity
(kJ/kg·K)

Heat Con-
ductivity
(W/m·K)

Density
(kg/L)

Volume
Expansion

Flash Point
(◦C)

Aluminum [42] 650 NA NA 0.91 222 2.71 24 × 10−6/K NA
Epoxy Resin 130 NA NA NA 1.26 2.09 34 × 10−6/K 350

2.2. Numerical Model

A thermal model for the latent heat storage and release behind the CPV was developed
previously by authors and explained in a previously published article in [9]. The model
was solved using a commercial software package, Ansys Fluent R2 (20.2). The model
predicts the transient temperature distribution within a two-dimensional region in the CPV-
PCM system for different G, Tamb, and convective and radiative heat transfer boundary
conditions. The simulations were carried out using the summer weather conditions of Al
Ain city in the UAE. The simulation model is validated with the experimental results, and
the validated model is employed to predict the parametric influences on the performance
of the CPV-PCM system. The results of the CPV only and the PV–PCM are compared as
discussed in the sections. The schematics of the numerical setup is shown in Figure 2.
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3. Discussion
The solar radiation intensity received by the static PV panel under no concentration,

tracked PV panel under no concentration, and tracked PV panel under concentration (CPV)
is shown in Figure 3.
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Figure 3. Solar radiation intensity received at the front surface of static PV, tracked PV, and tracked
CPV measured for three days in 21–23 July at UAE University Al Ain.

The static PV and tracked PV under no concentration received a peak radiation
intensity of 760 w/m2, while the tracked CPV received the peak radiation intensity of
2200 W/m2 at 13:00. It is evident that the tracked CPV received around three times
more radiation than the static and tracked PV and hence was expected to undergo higher
temperatures that would require cooling for safe operation.

Figure 4 shows the total solar energy gained by the three PV systems for the 2nd day
of the test period, 22 July in Al Ain, UAE. It is very obvious that the static PV received
the lowest energy around 5 kWh/m2, which increased to 6.7 kWh/m2 for the tracked
PV showing 1.7 kWh/m2 (32%) gain due to tracking. Eventually, the CPV received a
significantly higher energy level of 16 kWh/m2, which was almost three times more than
the static PV. It reflects a significantly higher level of thermal energy density available at the
CPV that would be worth exploiting. Figure 5 shows the minimum, average and maximum
temperature rise of the three PVs under their respective test conditions measured in Al Ain
for 2nd day of test duration on 22 July using paraffin wax with a melting point of 58 ◦C.
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Figure 5. The temperature rise of the static PV, tracked PV, CPV and CPV-PCM systems using paraffin
wax with a melting point of 58 ◦C measured on the 2nd day of test duration, 22 July representative of
extremely hot weather in Al Ain, UAE.

In order to make a fair comparison, all the PVs started with the same initial minimum
temperature of 20 ◦C (green bar in Figure 5). It can be noted that the CPV (Concentrated-
PCM in Figure 5) achieved the highest temperature of 120 ◦C at peak, which was signifi-
cantly higher than the peak temperature of the static and tracked PVs of 60 ◦C. It is noted
that the peak temperature of the CPV dropped to 80 ◦C when paraffin wax RT 60 with a
melting point of 58 ◦C was used as the PCM added at the back of the CPV (Concentrated-
PCM in Figure 5), showing a 40 ◦C temperature drop due to cooling produced by the
melting PCM. A similar trend is observed in the average temperature (red bar in Figure 5)
with slightly lower temperatures (in the range of 5–10 ◦C) of the respective PV and CPV.
The temperature drop is caused by the melting PCM which removes heat by absorbing it
as latent heat of fusion. It is therefore established that a significant temperature drop as
well as heat storage can be achieved by the integration of a PCM into the CPV, which can
be utilized for domestic water heating applications.

In order to evaluate the parametric influences of the PCM to control CPV temperature
and optimize the CPV-PCM design, the thermal model was validated with measured
temperatures at various locations of the PCM during the phase change process, as shown
in Figure 6.

The temperatures are compared at the front layer (3 cm inside PCM from front), middle
layer, back layer (3 cm inside PCM from back) and average temperatures. Figure 6 shows
that the temperature propagation curve is generally similar at all PCM locations both in
trend and magnitude. The statistical analysis of the measured data showed that standard
deviations of 2.5%, 1.3%, and 1.1% were recorded at the front PCM layer, middle PCM
layer, and back PCM layer, respectively. Since the deviation is within an acceptable range
below 5%, the model is deemed to be validated.

The validated model is used to predict an optimal PCM amount (represented by
container size) that can effectively melt and cool the CPV during the heating cycle and
can return to solid form during the cooling cycle within a given time frame. The natural
diurnal cycle demands the PCM to melt during daytime by thermal energy available at
the back of the CPV and solidify at nighttime by dissipating heat to the cooler ambient to
mimic the natural cycle.
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tures predicted by the model at the front layer, middle layer, and back layer of the melting PCM for a
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Figure 7 presents the time required by the PCM to completely melt by the heat available
at the CPV at a 3× optical concentration ratio during daytime (blue line) and the time
required to return the PCM back to solid form by natural cooling at nighttime. The PCM
container depths ranging from 14 to 24 cm representing the amount of PCM are considered
for the simulations. It can be observed that the PCM with up to 20 cm thickness completed
melting within 8 h and re-solidified within 22 h (keeping 2 h safety factor), indicating the
maximum applicable PCM thickness.
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Figure 7. Time required by the solid PCM to completely melt by the solar thermal energy available
at CPV (blue line) and return to solid form (orange line) by heat dissipation to cooler ambient for
various container depths.

The validated numerical model was used to predict the optimal amount of PCM
required for various optical concentration ratios (OCRs) of solar radiation representing
thermal energy available at the CPV ranging from 1 to 12. The PCM container width was
kept fixed in line with the aperture area of the CPV (25 cm × 36 cm), while the depth
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was varied to represent the varying volume of the PCM contained in the enclosure. The
PCM amount that melted completely within the daytime (10 h) and re-solidified overnight
within the total time duration of 22 h (keeping 2 h as safety factor) is considered optimal,
as shown in Figure 8.
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Figure 8. The optimal amount of PCM required under optical concentration ratios (OCRs).

The predicted container depth for the OCR 1 is 9 cm, and it almost doubled to 20 cm
at OCR 2. The container size kept increasing but with a decreasing gradient as the OCR
increased. The increase in container depth became negligible after reaching 60 cm at OCR
12, showing a ceiling in the container depth.

Selecting an optimum PCM melting point suited to the ambient conditions is an
important aspect of ensuring PCM melting/solidification within the required time, which
dictates PCM performance as a temperature regulator. A range of PCM melting points from
35 ◦C to 65 ◦C is simulated, and the associated melting/solidification fraction is predicted
to determine the PCM melting/solidification character, as shown in Figure 9.

Figure 9 indicates that the PCM with lower melting points of 35 ◦C, 40 ◦C, and 45 ◦C
melted entirely in less than 10 h. However, these lower melting points of PCM need more
than 20 h to completely solidify due to the high nighttime ambient temperature in summer
(July). Less heat is released to the ambient, resulting in partial solidification of the material
within 24 h (one day), affecting the material’s cooling performance the next day as well.

On the other hand, with a high melting point (65 ◦C), the PCM takes a long time
(more than 10 h) to completely melt, which is not applicable in the UAE weather, where
daytime is limited to 9 h. Additionally, the PCM with lower melting points achieved higher
temperature drops (both maximum and average), as shown in Figure 10.

This result emphasizes that selecting a PCM with a lower melting point would al-
low the PCM to melt within the daytime, and a PCM melting point higher than the
nighttime temperature will allow the material to solidify fully at night. From that per-
spective, using the PCM with a melting point between 55 and 60 ◦C will have the best
melting/solidification performance within 24 h, achieving a maximum and average tem-
perature drop of (36–35) ◦C and (25–23) ◦C, respectively (presented in Figure 10).
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Different PCM types, namely waxes (paraffin), fatty acids (palmitic acid), and salt
hydrates (SP salt), were investigated to determine the material-specific PCM amount that
can completely melt and solidify within the diurnal time frames, as shown in Figure 11.

Figure 11 shows the amount of different PCMs—namely paraffin, palmitic acid and
salt hydrate—required to complete the melting and solidification cycle within 22 h of
thermal energy gain to represent a typical day and night cycle with a safety factor of 2 h. It
can be noted that the lowest amount required to complete melting is exhibited by the salt
hydrate, while the highest amount required is for paraffin. The findings are in line with the
thermophysical properties of density, thermal conductivity, heat capacity and latent heat of
fusion, which are highest for the salt hydrate and lowest for paraffin, as given in Table 1.
The amount of PCM melting and freezing cycle in a given time is a strong inverse function
of the latent heat of fusion and strong direct function of the thermal conductivity of the
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PCM. Since the latent heat of fusion of the salt hydrate is 1.6 times and 1.4 times that of the
paraffin wax RT 60 and fatty acids, respectively, it tended to consume a lower amount of salt
hydrate accordingly. On the contrary, the thermal conductivity of the salt hydrate is three
times higher than that of both the paraffin wax RT 60 and fatty acids, which would tend to
melt and freeze more of the PCM in the given time. The PCM amounts of 5 kg, 7 kg and 8 kg
were completely melted and solidified in 22 h for the slat hydrate, fatty acids and paraffin
wax. It shows that that SP is the most effective material that requires the minimum material
as well as container space. However, salt hydrate possesses some thermal cyclic stability
and chemical reactivity issues given that it may dehydrate with successive thermal cycles,
corrode the metallic containers and also may undergo subcooling, which may require extra
cooling to return it to solid form [34].
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Figure 11. The optimal amount of various PCMs under optical concentration ratio (OCR) of 3.

The CPV-PCM system comparison with the conventional solar water heater has been
conducted by the authors and in a previously published article. The comparison revealed
that the CPV-PCM system produces 1527 kWh/m2-day compared to FPC’s 1803 kWh/m2-
day, yet the cost of production is 28% lower, making it a cheaper solution. Although the
research is conducted in a hot climate with higher ambient temperature, the relevance can
be made to cooler climates as well. Since the predominant heat source is concentrated
radiation, not the ambient temperature, the desired temperature suitable for any type of
climate can be achieved through the solar radiation concentration as a means of raising the
temperature. The proposed CPV-PCM system can be added to the buildings with a higher
water heating demand. The CPV-PCM system can be used as a water pre-heating system
coupled with the auxiliary electrical or boiler-based heating system. The integration with
the existing water supply lines requires an extension to the existing piping network to pass
water through the CPV-PCM before it reaches the electrical heater/boiler similar to the
integration scheme of any solar water heating system. The current article evaluated the
system only for three days experimentally; a robust year-round performance needs to be
evaluated to understand the PCM degradation over time, cooling and solidification rates in
cooler weather as well as the performance degradation of the photovoltaic cells at elevated
temperatures over a long time. The CPV-PCM system comparison with the conventional
solar water heater has been conducted by the authors and in a previously published article.
The CPV-PCM system produced 85% energy compared to a flat plate solar water heater
on a Wh/m2 basis while being 28% cheaper based on production cost of the systems [42].
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Since it is well known that the flat plate solar water heaters can meet the domestic hot
water demand, it can be assumed that the CPV-PCM systems can be equally competitive.

4. Conclusions
A CPV-PCM system has been optimized for several parameters considering the di-

urnal melting and freezing of the PCM integrated at the back of the CPV for its effective
thermal management through a validated thermal model. A paraffin-based PCM was
experimentally evaluated to validate the thermal model. The validated thermal model is
employed to predict the optimal parameters of the PCM and containment depth suitable
for the PCM melting point, optimal concentration ratio, and the mass of PCM required
to effectively complete the melting and freezing cycle within 20 h. It has been found that
the melting point of the PCM in the enclosure with 20 cm depth was 55–60 ◦C. The PCM
amount that completely melted and solidified within 22 h was found to be 5 kg, 7 kg and
8 kg for the salt hydrate, fatty acids and paraffin wax, respectively. The proposed CPV-PCM
system reduced the CPV temperature by 50 ◦C, which was the most. However, this paper
has the limitation of not investigating the long-term durability of the PCMs in real-time
elongated exposure, which can be a subject of future research.
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Nomenclature

PCM phase change material
PV photovoltaics
BIPV building integrated photovoltaics
CPV concentrator photovoltaics
CPV-PCM concentrated photovoltaic-phase change material system
ACPPVC asymmetric compound parabolic photovoltaic concentrators
THM temperature history method
DTA differential thermal analysis
DSC differential scanning calorimetry
FF fill factor
A area (m2)
TPV PV panel temperature (◦C)
Tamb ambient temperature (◦C)
TL liquidus temperature (◦C)
TS solidus temperature (◦C)
TPCM PCM temperature (◦C)
G solar radiation intensity (W/m2)
Voc open circuit voltage (V)
Xi and Xj unit vectors
Zc convection heat transfer (Wh)
Zr radiation heat transfer (Wh)
k thermal conductivity (W/m·K)
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ρ density (kg/m3)
η energy efficiency
H convection matric
K conductivity matrix
M mass matrix
c heat capacity
.
T the time derivative of temperature
q̂ irradiance or boundary flux matrix
R radiation matrix
co reference heat capacity (solid)
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