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Abstract: The increase in cell temperature with increased
irradiance is probably the most significant disadvantage of
using photovoltaic with reflector modules. In this study, a
developed Phase Change Material system was integrated
into the rear section of a concentrating Photovoltaic
system to limit its temperature rise. The heat transmission
of the concentrating photovoltaic with a phase change
material system was investigated using an experimental
method and a numerical method. The temperature
distribution was simulated numerically using ANSYS 2021
three-dimensions model. Three cases were studied: one
without wax, one with wax, and one with wax and fins.
The results displayed convergence between the
experimental results and the numerical results. The effect
of using phase change materials on performance and
efficiency of concentrated photovoltaic cells, the amount
of temperature reduction through the wax melting period
for concentration with paraffin wax and concentration
photovoltaic with fin and paraffin wax by 2.8 °C and 6 °C,
respectively, as well as an enhancement in efficiency of
photovoltaic at the noon time of cases by 1.807% and
3.182% related to the reference photovoltaic. The
outcomes also demonstrated that using fins aids in the
distribution of temperatures, resulting in regular melting
of wax in comparison to wax without fins.

Keywords: ANSYS; phase change material; concentration
photovoltaic; Paraffin wax; passive cooling

1. Introduction

In commercial photovoltaics (PV), only about
5% to 25% of the solar energy incident on the
solar panel can be converted into electricity and
the remaining energy is converted into heat [1].

Accepted in revised form 14/12/2022

Published 01/09/2023

The useful life of the photovoltaic module can be
reduced, resulting in long-term damage and
increased temperature of photovoltaic modules
[2]. The reduction in electrical efficiency results
in an increase in operating temperature is
determined by the material composition of the
photovoltaic cell [3]. The efficiency of PV
decreases around 0.5 % when the temperature of
PV increases by one Kelvin for crystalline
silicon-based PV  systems[4], [5]. The
temperature of photovoltaic energy must be
regulated to improve its performance of the
Photovoltaic[6]. Solar panels can be cooled in a
variety of ways, including passive and active
approaches [7]. Hydraulic cooling, spray
cooling, and other active approaches [8]. This
study discusses Using (PCM) by way of a passive
cooling technique. Because of global weather
changes besides water shortages [9].The phase
change material is becoming gradually
important. PCMs, also referred to as latent heat
energy, are substances that, with only a minor
temperature change, can accumulate and release
a significant amount of heat during the melting
process. [10]. Numerous investigations on
photovoltaic modules with phase change material
(PV/PCM) have been conducted. Atkin and Farid
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[11] conducted an indoor experiment and
numerical simulation using MATLAB program
on cases (PV panel only, PV panel with PCM, PV
panel with heat sink, PV panel with PCM and
heat sink) to demonstrate the effect of utilizing
graphite with exterior fins on photovoltaic
performance, with the results revealing that case
four achieved the greatest total efficiency
increase (12.9%). Stropnik and Stritih [12]
performed experimental studies and numerical
studies to show if the paraffin wax (RT28) might
be used to decrease the Photovoltaic temperature
during the time. The outcomes displayed that the
output power of (PV with PCM) improved by
(4.30%) - (8.70%), while the electrical efficiency
of the photovoltaic panel improved by (0.50%) to
(1.1%). It has also increased energy production
and efficiency by 7.3% and 0.8%, respectively.
Tan et al. [13] implemented a numerical method
to investigate the thermal performance as well as
the electrical performance of a photovoltaic that
was chilled using paraffin wax has a melting
point of 27 °C and fins. The investigators were
concerned about the effectiveness with which the
PV system cooled the system. In comparison
with naturally air-cooled photovoltaic systems,,
the results presented that a PV+PCM with a
twelve-fin arrangement  can decrease
Photovoltaic cells temperature by about 15 °C
while increasing efficiency by 5.39 °C. Sharma
et al. [14] improved the overall performance of a
low-concentration system by using phase change
material (LCPV). When these materials were
added to a CPV system with natural ventilation
and no PCM, the average temperature of the solar
units was reduced by 3.8 ° C. Wei Lu et al. [15]
directed numerical studies and (indoor)
experimental studies, and the results displayed
that the temperature of concentration
photovoltaic with wax (PCM) systems with
parallel aluminum fins is around (3 )° C lesser
than the temperature of a PV panel with PCM
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without fins. While the phase change material
melts, this temperature can be sustained for extra
than five hours. Su et al. [16] investigated a
tracking use with (CPV-T) system that utilized
water for system cooling and immersed
encapsulated PCM spheres as the concentrating
medium. According to the findings, the average
gains in thermal efficiency, electrical efficiency,
and total efficiency of the CPV-T system using
phase change material are 5%, 10%, and 15%
higher, respectively .Emam and Ahmed [17]
looked at how four different type of phase change
material with heat sink configurations affected
the thermal manager of a CPV system. The study
found that the temperature of a solar cell drops
significantly when there are more fins on it.
Optimizing phase change material patterning is
an important aspect of managing temperature in
Concentration PV-PCM systems. Savvakis et al.
[18] used a tubular shape in an experimental
study in Mediterranean settings. When 260
grams of PCM (RT27) and (RT31) use, the
Maximum temperature decreases were (6.4 and
7.5) ° C, while improvements in power were
4.19% and 4.24%, respectively. Despite a 2%
increase in PV/PCM efficiency.
Wongwuttanasatian et al. [19] investigated tests
to determine whether palm wax could control the
temperature of an air-based photovoltaic
collector using finned, tubed, and grooved PCM
containers, compared to the other containers, the
finned container cooled more effectively,
reducing the photovoltaic temperature by 6.1 ° C
and improving its electrical efficiency by 5.3%.
Shasatry and Arunchala [20] conducted an
experimental study to try to improve PV/T
performance by using an aluminum matrix in a
PCM container to improve heat transfer and
accelerate the amount at which it liquefied and
solidified. The efficiency of photovoltaic panels
with an aluminum matrix and PCM increased by
8.6% and 3.5%, while the temperature was
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reduced by 11.1% and 7.9%, respectively. Rajan
Kumar et al. [21] Three different types of
photovoltaics were put through experimental
investigations in hot weather to see how well they
performed: the photovoltaic reference (module
1), the photovoltaic using PCM (module 2), and
the photovoltaic with PCM packed in a container
with exterior fins (module 3). The electrical
performance improved by 5.16% and 6.59%
while PV temperature decreased by 12 °C and
22.3°C, respectively, in modules (2 and 3).
Qasim et al. [22] carried out experimental
research to improve the performance of a
photovoltaic panel system. Two types of PCM
were employed, with varying numbers of fins.
The outcome shows that the use of fins with
numbers (two, five, eight, and eleven) reduces
the temperature of the photovoltaic panel by
(23.80, 24.20, 25.10, and 26.60) ° C and
increases electrical efficiency to 11.2%, 11.7%,
11.9%, and 12.1%, respectively. Furthermore,
utilizing one type of PCM is better than two
types. Reduced the temperature around (9.60 and
7.80) °C, respectively. In comparison to normal
Photovoltaic. Sharma et al. [23] implemented an
experimental study to enhance the performance
and efficiency of a concentration photovoltaic
system (CPV) using passive way cooling with
various phase change materials (RT28HC and
RT50). The results displayed an increase in
electrical energy production by 17% at PCM type
(RT28HC) and 19% at PCM type (RT50 ) when
compared to natural ventilation. Ahmadi et al.
[24] examined the performance of the passive
method in addition to the air cooled by the
embedded carbon foam in the PCM materials and
the water passing below the photovoltaic system
under a variety of solar irradiation situations. The
PCM composite improved PV electrical
efficiency by 14% by using passive cooling to
reduce PV temperature by 6%, the thermal
efficiency of this active cooling system is 81.6%.
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Vaziri Rad et al [25] investigated the thermal
performance of water-based PV/T using (salt
hydrate) and aluminum shavings as a porous
media. When compared to the reference
photovoltaic, the proposed approach reduced
temperature by 24 °C while improving electrical
performance by 2.5%. Aluminum shavings
accelerated PCM melting by 25%. Over the
reference PV, the proposed system increased
exergy efficiency by 4.43%. Siddharth S.
Patil, et al [26] conducted an experimental
investigation to control the temperature of a
photovoltaic panel. According to the study, the
use of PCM and fins was successful in keeping
the temperature of the photovoltaic panel below
50 °C. Fins and PCM reduced average PV panel
temperature by 7-10 degrees Celsius, increasing
efficiency from 1.4% to 4.6%.

In this study, concentrated photovoltaic cells, a
type of concentrator with low concentration and
phase change materials for passive cooling, were
used. The primary objective of this paper is to
illustrate the result of using PCM on the
performance of photovoltaic cells.

2. Experimental Approaches
2.1 Phase Change Material Selected

There were several different materials
investigated for use as phase change materials.
Overall, salt hydrate has a shorter lifetime cycle
and exhibits a supercooling phenomenon when
related to other materials. On the other hand,
micro-condensed phase change materials are
easily combined but require constant moving.
The results of previous investigations showed
these characteristics of salt hydrate. Paraffin wax
is a chemically constant PCM that has the
potential to produce a relatively constant thermal
performance throughout a long-term operation
[27]. In addition, the typical working temperature
of PV is 25 °C, and it has been shown that
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operating PV cells at temperatures greater than
this might have a negative impact on their
efficiency [2]. Taking these parameters into
account, Iraqi paraffin wax was decided as the
most suitable phase-transition material for the
present investigation. The transition temperature
for this PCM is 56 °C. Table 1 provides a
summary of the thermophysical characteristics of
paraffin that are considered.

to be the most essential.
Table 1. The specifications of PCM

properties values
Melting point 56
Heat of fusion 226
Specific heat 2.95/2.51
Density solid/liquid 818/760
Thermal conductivity 0.24/0.24

The PCM (paraffin wax) container revealed in
Fig. 1 is a rectangular box with 9 fins attached to
the front aluminum plate. The fins are (7) cm
apart from each other. The PCM container with
dimensions (62.5cm, 42.5cm, 3cm). Silicon was
used to seal the container to prevent wax leakage
from the PCM container. A 2-mm-thick
aluminum plate was attached to the front of the
PCM container. This makes it easier for heat to
move between the photovoltaic panel and the
PCM (paraffin) container. A 2 mm thick
aluminum plate was used to cover the back of the
container. To keep the melted PCM from leaking
out of the container, a silicone sealant and a
screw were put between the walls of the container
and the aluminum plates.
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Figure 1. A: Container without PCM.
B: Container with PCM.

2.2 Experimental Setup

The experiment was carried out outdoors to study
the impact of PCM on the cooling of the CPV.
The experiment was carried out with two
concentrated photovoltaic panels one without
PCM (CPVI) and the other with PCM and fins
(CPV/FPCM), as illustrated in Fig. 2. The
photovoltaic is installed at a 30° angle to the
horizon, with aluminum foil reflectors the same
size as the photovoltaic cell installed at a 120°
angle to the cell surface. EURONET
Monocrystalline solar panel 40-watt photovoltaic
cells with dimensions (670 * 425*25) mm
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Figure 2. Experimental photovoltaic concentration rig
with PCM and fins.

The experiment was carried out in Baghdad City
from 8 a.m. to 5 p.m. in May 2022. The solar
radiation intensity meter measured the amount of
solar radiation that dropped on the PV panel. A
K-type thermocouple was used to measure the
photovoltaic and ambient air temperatures
installed on the surface of the solar panels.
Temperatures were manually recorded every
hour for the period from (8 a.m.) to (5 p.m).

2.3 Uncertainty Analysis

Uncertainty analysis is required to assure the
accuracy of exam results and to avoid
measurement mistakes. Table 2 shows the
accuracies of several measuring devices. The
uncertainty parameter is computed using the
equation below, as reported by Kline et al. [27]:

ox = J(;_;wxl)z (o) ot (B2

1)

619

Table 2. Accuracy of Measuring Devices

item Thermocouple PV PV
at the PV voltage  current
surface(°C)
Average
standard +05 +04 +0.25
uncertainty

In equation (1), R is the function of independent
variables (X1, X2, ...xn) and or iS the uncertainty
of R. Also, oxi, wx2, and wxn indicate the
uncertainty of the independent variables.

3. Numerical Analysis for CPV/PCM

Three models were investigated to show the
impact of adding fins: the concentration
photovoltaic model without PCM, the
concentration photovoltaic model with PCM
(CPV/PCM), and the concentration photovoltaic
model with PCM and fins (CPV/FPCM), as
shown in Fig. 3.

Figure 3. Geometry of the CPV/FPCM model.

The geometry of each model is built using
ANSYS Design Modeler. A glass, a silicon layer,
an EVA layer up, an EVA layer down, and a
Tedlar layer PCM are enclosed in an aluminum
container that is close to the Tedlar layer of PV.
The parameters of the PV layers and container
properties are revealed in Table (3).
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Table 3. Properties of photovoltaic

Component p Thickness C,
(Kg.m™ mm (. kg~ k
silicon 2330 0.3 680
EVA 960 0.5 2100
glass 3000 3 500
AL 2719 2 871
Tedlar 1200 0.1 1250

3.1 Governing Equations of the PV/FPCM
System
3.1.1 Solid components
Conduction is the only mode of heat transfer that
is possible in solid parts such as glass layer,
silicon, EVA up, EVA down, Tedlar, and PCM
containers. Because of the narrow operating
temperature range, photovoltaic layers are
thought to have thermal properties that are
isotropic and do not depend on temperature in
any way. The following is the energy equation
that applies to all components:

e The energy equation:[28]
2 (pH) + V. (pV H) = V. (KVT) )

3.1.2 Phase change material (PCM)

During the thermally activated process, the solid

phase of the PCM slowly changes into the liquid

phase of the PCM. Here are the controlling

equations [29] for 3 D CPV/PCM system model:
e The continuity equation:

dp =
ScHV. (pV)=0 (3)
e The momentum equation:

p%v + p(v V)V = —Vp + uVV + pBe(T — Tref) +

S=0 (4)
The material's enthalpy is equal to the summation
of sensible enthalpy (h) and latent heat (AH);
H=h+AH (5)

T
h = heep + Jp | CpdT (6)

The amount of liquid fraction for PCM (a) can be
found as shown below:

a=0 ifT<T;
o :1 |f T >TI
T-T
= T_Tf If Ts <T<Ty (7)

The latent heat (h) can then be set as L, which
stands for the material's latent heat (AH);.
AH = al (8)

The enthalpy porosity method looks at the
mixture area (the area that has only partially
hardened). Porosity is set.

g _ (1-0)? 7
S = (0(3—38)‘4"1“5’1 Vo (9 Where

¢ is represented on a (0.001) to avoid zero, A,,,sn
is the wax zone.

3.2  Boundary Conditions

All of the solid components of system
CPV/PCM, including the various layers of PV,
Paraffin, as well as aluminum, are assumed to
have a primary temperature of 37°C. It is
considered that heat is transferred to the
surrounding air by convection and radiation from
the front and rear surfaces., respectively, as
shown in Fig.4.

5w |
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G(t)<CR

Convection and radiation
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Concentrated solar radiations

—_—
e
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Figure 4. Schematic diagram with boundary condition.

3.3 Assumptions
In order to carry out the numerical simulation, the
following assumptions were used:

1. It was presumed that the heat flux was
spread evenly throughout the PV cells.
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2. It was hypothesized that the PCM was both
isotropic and homogeneous.

3. The effect of changes in PCM density
Boussinesq approximation.

4. The movement of the liquid stage transition
material was incompressible, laminar, and
unsteady at the same time.

5. The expansion of space that occurs during
the transition from the solid phase to the
liquid phase was not taken into account.
The Boussinesq approximation, which is a
common assumption to include buoyancy
for natural convection, was utilized even
though the model does not take into
account the space expansion that occurs
consequently of a change in density.

3.4 Numerical Model

In general, any model that incorporates CFD
(fluent) will go through several rounds of
analysis. This model's representation goes over
four steps: geometry drawing, meshing, setup
processing, and outcomes analysis. The model
was built together using the commercial
programmer ANSYS.

Four photovoltaic layers and PCM zones with the
same inside dimensions as the experimental test
section were produced in an accurate 3D model
in ANSYS. The solidification and melting model
are activated for PCM's melting and solid
processes, and the mushy zone constant in
software is put at 10%, which performs well in
most situations. This model is operated using the
enthalpy porosity method. FLUENT
automatically turns on the energy equation when
this model is activated.

The initial step after exporting a mesh file is to
inspect the mesh for errors. The next step is to
select a transient solution on a pressure basis. In
fin PCM, the pressure velocity coupling
equations were derived using the (SIMPLE)
method for solving pressure-related equations.
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The momentum and energy equations were
solved using power law, and the pressure
correction, velocity, thermal energy, and liquid
fraction were evaluated using the first-order
upwind technique. The convergence criteria to
the continuity energy, momentum, and discrete
ordinary (DO) radiation equations are default.

The governing equations were solved using
ANSY S-fluent. A transient solver was utilized to
solve the numerical equations. The PERESTO
pressure technique was implemented. The first-
order upwind technique is believed to be capable
of estimating the energy, momentum, and
discrete ordinate equations. The simulations
were carried out with a time step of 0.5 s.

3.5 Grid Independence Study

The independent mesh study is needed because
there is a relation between the speed and accuracy
of numerical analysis. In this study, a hexahedron
element was used for making mesh, in a grid
independence test, the meshes with (516,168)
(1,075,508), and (3,123,219), cells were
compared. The results of the mesh with
(1,075,508) cells and the mesh with (3,123,219)
cells were the same as shown in Fig. 5 and
appendix (A-1). Thus, a lower mesh density was
selected to shorten the calculation time.

It has been discovered that choosing the number
of elements to be with a time step of 0.5 seconds
is an appropriate choice and that raising the
element number does not have a noticeable effect
on the results.
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Figure 5. Mesh independence study results.

4. Model Validation

In this section, we present an analysis of the
changes between the experimental data and
numerical results. The experiment's settings were
matched in a similar condition to maintain
accuracy. The following figures show the results
obtained by experimental and numerical
analysis.

—@— exp cpv
—&— num cpv

75
70
65
60
55
50
45
40
35
30

Temperature®C

7 8 9 10 11 12 13 14 15 16 17 18 19
time(hour)

Figure 6. Comparison between the numerical results and
the experimental results of conventional CPV.
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Figure 7. Comparison between experimental results and
numerical results of conventional CPV with PCM and
fins.

Fig.6 and Fig.7 show a comparison of the
experimental and numerical results for CPVI.
The numerical results agree well with the
experimental data. There is a satisfying
convergence between the numerical solution
(CFD) and the experimental work. The highest
difference between numerical and experimental
results is 15.09% and 15.5% for photovoltaic cell
surface temperature.

5. Results and Discussions

5.1 The Impact of Using Fins on Photovoltaic
Temperature

In this sector, the effect of the addition of fins to
the wax (PCM) container is studied. It causes an
increase in the contact area with the wax, and the
heat is transferred to the PCM parts regularly.
This causes the temperature of the front PV
surface to fall and remain constant range for
longer time.
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Figure 8. Average surface temperatures of CPV,
CPV/PCM, and CPV/FPCM.

Fig. 8 shows the average surface temperatures of
CPV, CPV/PCM, and CPV/FPCM. In general, in
the morning the surface temperature is almost the
same in all cases because the wax is still in the
solid state and has not begun to melt yet, it can
be seen that the surface temperatures of the
different cases are different, Once the wax has
melted. It was discovered that the CPV index
temperature was greater than in the other cases.
This occurs as a result of heat transmission from
the back CPV to the paraffin, which causes the
PCM to gradually warm up, especially in the
layers that come into contact with the CPV
surface. This growth spreads to the other PCM
layers as the melting process progresses. Due to
paraffin's capacity to hold onto heat for a while,
when the PCM has completely melted, the
temperature of the PV with casings containing
PCM rises in comparison to the solar panel.

According to Fig. 8, it is clear that the amount of
decrease in the temperature after using paraffin
wax (CPV/PCM) is fewer than the CPV without
wax by 2.8 ° C for the time from (8.30 am to 1
pm ) and the temperature of PV in time (2 pm) is
( 61°C) Following that, the temperature of the
panel rises due to the complete melting of the
paraffin wax. The figure shows that when fins
(CPV/FPCM) are used, the rate of temperature
reduction (6°C) relative to the CPV reference is
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equal in time (2.30 PM) to temperature (59°C),
after which the temperature of the CPV/FPCM
rises higher than the CPV and then begins to fall
due to wax retention temperature for a specific
period.

5.2 Melting of Phase-Change Material process

Fig.9 illustrates the mechanism of the melting
process of paraffin wax. This graphic shows that
the melting process occurs after (43 minutes),
where in both situations the melting percentage
is the same at first, but over time. the effect of
including fins, where the amount of melting rises
in the event of utilizing fins compared to wax
without fins. When the fins are used at the time
(4 PM), they completely melt.

— PCM1
FPCM1

=
=N

o
[

©
~

Liquid fraction
o
[e)]

o
()

0 ,
7 8 9 10 11 12 13 14 15 16 17 18 19
time (hour)

Figure 9. Liquid fraction of PV/PCM & PV/FPCM.
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with time in May.

Fig. 10 and Fig.11 show the liquid fraction
counters for the two cases (CPV/FPCM)
(CPV/PCM) during the analysis period. These
contours above were taken in the XY plane in the
midpoint of the solar panel. The contours show
the gradual melting of the wax. The melting is in
a faster state, as the melting is incomplete in the
case CPV/PCM. In the case of CPV/FPCM, the
paraffin is completely melted during analysis.

6. Efficiency of CPV

The efficiency of system CPV depends on the
temperature of the solar panel, which is
considered using equation (10) below:
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Nge = ﬂref(l - Bref(Tsc — Trer)) (10)

Fig. 12 shows the efficiency of the cases (CPVI,
CPV / PCM, CPV / FPCM) over time. These
cases have a high efficiency before noon due to
lower temperatures, which gradually fall as CPV
temperatures rise. and that the development in
efficiency at (12 p.m.) of cases (CPV/PCM,
CPV/FPCM) is (1.807% and 3.182%),
respectively, compared to the efficiency of PVI.
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Figure 12. Efficiency of (CPVI, CPV/PCM,
CPV/FPCM).

7. Conclusions

In this research paper, the thermal performance
of concentration photovoltaic with the PCM
system (CPV/PCM) was studied experimentally
(outdoors) and numerically using ANSYS.
Experimental work was performed using two
systems: a concentration photovoltaic cell system
without any addition (CPV) and a concentration
photovoltaic cell with PCM and fins (CPV /
FPCM). The simulation was carried out (3D)
using ANSYS program for cases, CPV without
any addition, CPV with the addition of wax
(CPV/PCM), and CPV with wax and fins
(CPV/FPCM). The experimental results and the
numerical results were compared. The effect of
using fins with wax on the melting process and
heat distribution was studied during the three
cases.
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The use of phase-changing materials with the
concentrating photovoltaic cell (CPV) can reduce
temperatures during the wax melting period; the
rate of temperature reduction when adding wax
CPV/PCM and when adding wax and fins
CPV/FPCM is (2.8°C) and (6°C), respectively.
After the wax was completely melted, the
temperature increased compared to the
temperature of the photovoltaic cell without wax,
due to the ability of wax to maintain
temperatures.

The use of fins with PCM wax helps to distribute
heat and melt the wax evenly throughout the wax;
the improvement in efficiency at the peak time
(12 PM) of the cases (CPV/PCM, CPV/FPCM) is
(1.807% and 3.182), respectively, compared to
the efficiency of PVI.
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T Temperature of PV
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