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Abstract

Thermal management is essential in photovoltaic (PV) systems for enhancing PV performance. Passive
cooling with a phase transition material (PCM) is one method for managing overheated PV. Crude palm
0il (CPO) is preferred in Malaysia since it is both sustainable and inexpensive. To assess the feasibility
of CPO as a PCM, a parametric analysis focusing on the PV-PCM tilt angles, PCM thickness, and PCM
encapsulation material was carried out numerically. ANSYS computational fluid dynamics software is
used in this work. The two-dimensional model is used to simulate a monocrystalline PV surface with
macro-encapsulated PCM placed among two aluminium layers. Each parametric analysis's temperature
distribution on PV surfaces and temperature contour for PV-PCM for tilting angle and PCM thickness
are also discussed. Validation work was also performed with 9.73% errors that were within the allowed
range. The result reveals that when the tilt angle is near-vertical (90°) the natural convection flows
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more rapidly. The system's average front surface appears to achieve the melting point completely
faster. The optimum thickness for CPO to perform is 80mm, which can store heat for around 4000s
(66.67mins). Aluminium outperforms stainless steel and copper as a PCM encapsulant since it
facilitated the melting process by absorbing more heat. CPO with 80mm thickness, aluminium
encapsulated, and vertical orientation has significant potential for thermoregulation in systems,
especially in Malaysian weather (27°C). © 2023, Semarak [Imu Publishing. All rights reserved.
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Article history: Thermal management is essential in photovoltaic (PV) systems for enhancing PV
Received 21 January 2023 performance. Passive cooling with a phase transition material (PCM) is one method for
Received in revised form 20 April 2023 managing overheated PV. Crude palm oil (CPO) is preferred in Malaysia since it is both
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- ! sustainable and inexpensive. To assess the feasibility of CPO as a PCM, a parametric
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analysis focusing on the PV-PCM tilt angles, PCM thickness, and PCM encapsulation
material was carried out numerically. ANSYS computational fluid dynamics software is
used in this work. The two-dimensional model is used to simulate a monocrystalline PV
surface with macro-encapsulated PCM placed among two aluminium layers. Each
parametric analysis's temperature distribution on PV surfaces and temperature contour
for PV-PCM for tilting angle and PCM thickness are also discussed. Validation work was
also performed with 9.73% errors that were within the allowed range. The result reveals
that when the tilt angle is near-vertical (90°) the natural convection flows more rapidly.
The system's average front surface appears to achieve the melting point completely faster.
The optimum thickness for CPO to perform is 80mm, which can store heat for around

Keywords: 4000s (66.67mins). Aluminium outperforms stainless steel and copper as a PCM
Crude palm oil; Phase Change encapsulant since it facilitated the melting process by absorbing more heat. CPO with
Material; PV-PCM; Photovoltaic; 80mm thickness, aluminium encapsulated, and vertical orientation has significant
simulation potential for thermoregulation in systems, especially in Malaysian weather (27°C).
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1. Introduction

Ever since the depletion of nonrenewable energy resources like oil per barrel, liquid petroleum
gas (LPG), and charcoal, with greater demand and supply throughout the decades, the research on
the perspective of accessible renewable sources seems to have become significant [1]. Solar energy
as a source of electric power and fluid heating provides numerous environmental, economic, and
even maintenance benefits. With these advantages, investment in this sort of energy tends to
increase as a result of global concern for the environment and climate change [2]. Photovoltaic (PV)
systems have been increasingly popular in generating thermal and electrical energy as a green
alternative to energy supply in recent years. Because photovoltaic systems get heat and light energy
directly from the sun, they can overheat over time. The photovoltaic effect of a solar panel is
facilitated by photons with energy higher than the band gap energy, while the rest of the photon
energy is transformed into heat, leading the solar cell temperature to rise and therefore diminishing
the panel's electrical performance. This temperature increase has a negative impact on the open-
circuit voltage (Voc), fill factor, and output power [3]. Overheating is a big issue with PV systems,
affecting efficiency and performance as well as potentially destroying the system in the long run.
Thus, numerous cooling approaches, such as active and passive cooling methods, have been devised.

Cooling systems based on phase change materials (PCM) have recently gained popularity for
lowering PV module temperatures and increasing efficiency [4]. The main advantage of passive
cooling technologies, such as phase change materials, is their self-sufficiency and low extra power
consumption while maintaining a basic model [5]. PCM could gather or release a specific amount of
external sensible heat during its phase transition for beneficial heat or cooling without affecting the
material's internal temperature. Depending on the properties of the chosen material, this process
can store a large amount of heat or cold [6]. Thermal energy is stored as latent heat, which is
subsequently used to weaken or establish chemical bonds while the body's kinetic energy is
preserved. As a result, they may be used to manage the temperature of photovoltaic (PV) and
concentrated photovoltaic (CPV) systems [7].

A list of criteria is needed to choose PCM that suits certain applications and climate effects.
According to Aridi and Yehya [8], there are a few properties to look into when choosing the PCM
including its thermal, physical, chemical, kinetic, economic, and environmental. One of the first
properties to consider is thermal, and it must have good heat transfer, high latent heat energy, and
a suitable phase transition temperature concerning its climate condition. It must have a high density
and specific heat capacity, a small volume change, a low vapour pressure, and a favourable phase
equilibrium for physical properties. Meanwhile, it should be chemically compatible with other
materials, have long-term stability, and be non-toxic, non-corrosive, and non-flammable. There must
be no sub-cooling and a sufficient crystallization rate for kinetic properties. PCMs that are
economically feasible are those that are simple, plentiful, and widely available. It must be recyclable,
have a low negative effect on the environment, and be non-polluting throughout its entire service.

The two major categories of PCMs are organic and inorganic. These are further subdivided into
paraffin, non-paraffin (including fatty acids), salt hydrates, and metallic PCMs [9]. Organic PCM is
made up of both paraffin and non-paraffin components. Non-paraffin is derived from renewable
sources such as plants and animals, whereas paraffin is derived from non-renewable sources such as
petroleum. Non-paraffin organic compounds have the broadest range of materials and properties,
although paraffin is the most commonly utilized commercially [9].

Crude Palm Qil (CPO) is a significant fatty acid supply in Malaysia, and it is suitable for use when
temperatures vary between 20°C and 30°C. More than 80% of the world's considerable palm oil
output is accounted for by Indonesia, Malaysia, and Thailand. Large firms that generate crude palm
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oil dominate several countries. This contributes to economic growth for residents and state
governments across the country [10]. Also, T. Sarikarin et al., [11] state that palm wax is utilized
instead of paraffin wax because it has a greater melting point and lowers the cost of PCMs.

Several scholars have worked on the development of PV-PCM systems. Many factors can increase
the value of the PV's temperature reduction. J. Zhao et al., [12] used a comparison of traditional PV
and PV-PCM to demonstrate the effectiveness of the PV-PCM system. By adding PCM to PV, the
temperature was reduced by 24.9°C, indicating that PCM has substantial potential in regulating PV
temperature. Following some evidence of the PV-PCM system's effectiveness, various research has
focused on adjusting the parametric elements such as PV-PCM tilting angle [13-16], PCM thickness
[17-19], and more. Numerical and experimental work was done by A. Abdulmunem et al., [15] who
studied the effect of various PV-PCM tilting angles from 0°, 30°, 60°, to 90° towards the backside of
the heat sink. The results were the PCM melting process decreases as the tilting angle increases due
to the natural convection heat flows within the PCM. According to S. Bantova et al., [20], the material
for PCM encapsulation, particularly metal type, has also been explored to further improve the
system. They tested the compatibility of four different metals with PCMs such as aluminium, brass,
copper, and carbon steel. Aluminium was found to be the best alternative for PCM containers.
However, to further extend the capability of cooling the PV, some researchers innovate the system
into a hybrid PVT-PCM system [21,22].

Based on previous studies on lowering the PV-PCM temperature, the study focuses on selecting
the best parameter in optimising the system using crude palm oil as the PCM is still insufficient.
Several studies have been conducted to determine the best thickness for CPO, palm oil, or even palm
wax as PCM, but research into the best container material specifically for CPO as PCM and its tilting
angle is still insufficient to conclude the optimisation of the system with CPO as it PCM. Hence, the
key objectives of this work are to evaluate the temperature differences, distribution, and contour of
the PV-PCM via a parametric study that includes PV-PCM tilt angles, PCM thickness, and PCM
encapsulation material, all of which were performed numerically using ANSYS 2022 R1. Also, the
temperature distribution for the PV-PCM will be compared with the system without PCM to highlight
the significance of the work. Validation work is also included in this paper. At the end of the analysis,
the optimal tilt angle, PCM thickness, and encapsulation material will be determined.

2. Methodology
2.1 Model Geometry

ANSYS Design Modeler was used to create the 2-D model geometry illustrated in Figure 1. The
PV-PCM system has a height of 132mm. In this approach, the exterior photovoltaic (PV) surface,
aluminium, and phase change material (PCM) components are macro-encapsulated and put beneath
the PV cell. Layers are represented by the model parameters, with aluminium and PCM having
thicknesses of 4mm and 20mm, respectively. The model's external PV surface is on the left side.

For the PV-PCM various tilt angles orientation, the system is inclined from 0°(horizontal), 30°,60°,
to 90°(vertical). Then, the thickness of the PCM is varied from 20mm to 100mm with an inclination
of 20mm. For the last section, the geometry of the PV-PCM stays the same as the origin as shown in
Figure 1.
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(a) Schematic diagram of 2-D PV-PCM with 20mm
PCM thickness
Fig. 1. Model geometry design for the current work, (a) Schematic diagram of 2-D PV-PCM, and (b)
PV-PCM tilt angles

(b) PV-PCM tilt angles

2.2 Mesh Independence Study

As the completed mesh, a 2mm element size mesh was selected. Meshes of element sizes of
3mm, 4mm, and 5mm yield rising temperatures of 0.03K, 0.05K, and 0.26K, respectively, although
finer meshes with element sizes of 0.5mm and 1mm have no impact as shown in Table 1. The mesh
metrics skewness describes the quality of the produced mesh. It is in a good range for this value [23].
The total number of nodes and elements created is 1139 and 924, respectively.

Table 1
Mesh Independence Study

, Coarsest — Finest
Element size (mm)

5 4 3 2 1.5 1 0.5
Number of elements 162 231 484 924 1672 3696 14784
Number of nodes 252 340 630 1139 1958 4123 15635
Average Skewness 47e™* 13e719 44e™* 7.1e75 9.0e™* 1.3e710 2.7e75

Temperature front PV-PCM system at t=100s

(K) (y=0.01m, x=0.014m) 293.44 293.23  293.21 293.18 293.20 293.18 293.18

2.3 Governing Equations

ANSYS Fluent was used to solve the two-dimensional model, and several partial differential
equations, including the continuity equation (mass conservation), Navier-Stokes equation
(momentum), and energy equation. Since there are two types of regions that needed to be solved,
which are solid component region and phase change material region. For the solid domain,
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conduction is the only heat transfer mechanism involved which makes the energy equation used for
these regions as follows [24]

aTso i
PCp solid (ﬁ) =V (kso1iaVTso1ia) (1)

where p represents density, ¢, 50114 is the specific heat capacity of the solid component, and kg4 is
the thermal conductivity of the solid material.

As for the phase change material domain, the mass, momentum, and energy are determined by
slightly different equations as follows

Continuity equation (mass conservation) [15],

dp | 9(pw) | A(pv) _
6t+ ax+ay =0 (2)

where p represents density, u, and v are fluid velocity components in the x and y directions,
respectively, and t is the time for the unsteady-state case.

Navier-Stokes equation (momentum) [15],
a) u-momentum equation (x-direction)

9 9 2 _ @ (au) 0 () au
=2 (W) + 2= (puw) + - (pu) = =22+ 2 (n52) + 2 (52) + S, 3)

b) v-momentum equation (y-direction)
0 0 0 _ (w0 v
= (ov) + 5= (owv) + - (o) = =L+ 2 (uS) + = () +5, (4)

S, and S, is the enthalpy balance equation in the x and y directions for calculating the liquid
fraction of the PCM since to simulate the melting process in the PCM, the enthalpy porosity technique
is used. The enthalpy balance equation, S is shown as follows [24]

§=UB g (V=T (5)

- m mush

where B represents liquid volume fraction, A,,,s, is the mushy zone constant which is set to 10°, @

—

is a small number to avoid division by zero and it is equal to 0.001, and V}, is the solid velocity.
Furthermore, the energy equation specifically for PCM denotes as follows

2 (pH) + V- (pVH) = V- (kVT) + (6)

where H is the enthalpy of material, p is the density, V is the fluid velocity, S is the source term.
For modelling the buoyancy effects for natural convection within the PCM, the Bousineqg model
is used as follows

(p = po) = —poB(T —Ty)g (7)
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where p, is the constant density of the flow, T is the operating temperature, f represents the
thermal expansion coefficient, and g is the gravitational force value. This approximation is only valid
when B(T — T,) < 1.

2.4 Boundary Conditions

Asillustrated in Figure 1, the front of the PV-PCM, also referred to as the external PV surface, gets
a direct heat flux of 1000 W/m?, whilst the back of the PV-PCM obtains convective heat transfer (h)
at 5 W/m?K, with an average surrounding temperature of 27°C [25]. The edges of the system are
aligned with the symmetry boundary. Aluminium and PCM contact areas and interfaces are
connected.

2.5 Numerical Approach and Assumptions

Several assumptions were made before beginning the numerical approach method. The following
assumptions were used for the overall model simulation.

i.  Melting is a two-dimensional transient process [26].
ii. PCM does not generate thermal energy [26].
iii.  The PCM involves mainly heat conduction as well as no liquid flow in the PCM body [27].
iv.  During the process, the thermal properties of the PCM stay constant, and the Boussinesq
model is utilized to determine the buoyancy force term [28].
v. Heat resistance is reduced between the PCM material to the PV panel, as well as between
the PCM material and the aluminium frame [27].

The numerical approach was implemented using ANSYS Fluent, which used the finite element
method to solve the partial differential equations necessary to describe the two-dimensional PV-PCM
system with double precision code. The general settings were set to transient mode to ensure that
the results returned are time-dependent, which is what must be fully focused on. The thermophysical
properties of aluminium, copper, CPO, stainless steel, and PV cells are shown in Table 2.

Table 2
Thermophysical properties of materials

PCM encapsulation PCM PV Surface
Material Aluminium [29] Copper [30] Stainless Steel Crude Palm Qil PV Cell [31]
Thickness (mm) 4 4 4 20, 40, 60, 80, 100 -
Thermal Conductivity (W/m-K) 211 398 - 0.17 [32] 148
Density (kg/m3) 2675 8900 8000 [33] 895 [34] 2330
Specific heat capacity (J/kg-:K) 903 386 502.42 2080 [34] 677
Latent heat capacity (J/kg) - 211 500 16.2 [33] 23840 [35] -
Viscosity (kg/ms) - - - 0.0345 [32] -
Melting temperature (°C) - - - 35.6 [35] -

Because of the pressure-velocity coupling, the SIMPLE approach was chosen as the solution
strategy. The spatial discretization of momentum and energy was set to second-order upwind,
whereas the pressure discretization option was set to PRESTO! The transitory formulation was
created using the second-order implicit discretization approach. Pressure, density, body forces,
momentum, liquid fraction update, and energy have under-relaxation factors of 0.3, 1, 1, 0.7, 0.9,
and 1. The convergence conditions for the energy equation are set to 10°®, whereas the convergence
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criteria for the continuity equations, velocity, and pressure are set to 103, The time step size for the
computation was set to 1s.

3. Results
3.1 Validation

The simulation data are validated by comparing them to numerical data from Sellami et al., [29]
using RT25, 1000 W/m? solar irradiation, with 20°C (293.15K) for the surrounding temperature. The
PCM model was developed using layers of 4mm thick aluminium PV. The PCM is 312mm in length
plus 20mm wide. Yet, the dimension of the version included in this study is slightly different, at
132mm. In a vertical design, the system's inclination angle remains at 90°. The overall heat loss
coefficient was determined to be 5 W/m?K when only the system's backside was analyzed. The other
external walls of the system were considered to be adiabatic. The output is given in a transient mode.
To confirm the present work's approach, the equations are numerically solved using similar
parameters as Sellami et al., [29], with minor modifications according to the constraints. Figure 2
compares temperature profiles at the front PV-PCM system between the current study and Sellami
etal., [29].

Despite some modifications done due to the constraints, the mean temperature difference
between the simulations is approximately 9.73%, which is well within the acceptable range for
validating the current work's model. As a result, this modelling is regarded reliable and sufficient for
modelling the thermal regulation of a PV-PCM system with a uniform radiative flux at room
temperature.

Model Validation

380

=Sellami et al
370+{=Current Work
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o
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Fig. 2. Model validation via comparison with Sellami et al., [29] and current work

3.2 Temperature Distribution
3.2.1 Effect of PV-PCM tilt angles

Figure 3 compares the effect of varied tilt angles on the heating rate of the PV surface to PV
without PCM. Tilting angles range from 0° 30° 60° to 90°. The average value of temperature
reduction, when compared to the PV system without PCM, increases from 0°(horizontal), 30°, 60° to
90°(vertical) which is 211.4°C, 237.1°C, 239.7°C, and 240.1°C, respectively. PV has the greatest
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temperature reduction of 90°C with a drop of 240.1°C and a temperature reduction percentage of
75.7% on average. The maximum average temperature reduction is recorded at t=5000s which is also
the maximum reading of the PV-PCM system’s simulation.

Table 3
Thermal variations on the PV surface with different tilt angles, with and without PCM
PV system Average PV surface Maximum average Average temperature Percentage
temperature (°C) temperature reduction (°C)  reduction (°C) reduction (%)
Without PCM  317.0 - 0.0 0.0
0° 105.7 94.3 211.4 66.7
With 30° 79.9 103.0 237.1 74.8
PCM 60° 77.4 108.2 239.7 75.6
90° 76.9 109.4 240.1 75.7

According to the distribution, the 90° tilt angle can reduce the PV surface temperature the most.
This may be owing to the vertically mounted PV-PCM increasing the melting rate of the PCM and
shortening the time required to reach the melting point of the PCM

Average Temperature of PV surface with various tilt angles
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Fig. 3. Temperature distribution of PV surface with various tilt angles

. This impact is readily seen in Figure 4, which displays the temperature contour of the PV-PCM.
Conduction occurs as the type of heat transfer between the layers. At t = 1000s, the heat starts to
flow onto the PCM layer, reflected by a rise in temperature in that region. Nonetheless, the PCM
layer is still not transmitting heat to the back of the system, so the temperature at the back of the
system remains at room temperature. At t=1500s to t=200s, the temperature of the PV surface begins
to rise and the heat has already begun to absorb by the PCM. As illustrated in Figure 4, the region of
the heat contour across the PCM of the vertical system spreads more than others, contributing to
more heat storage from the PV surface than others, indicating that the process of PCM melting is
faster than others. At t=300s, the PCM of the 30°, 60°, and 90° systems are fully liquid, whereas the
horizontally aligned system has not yet melted. The melting process of the PCM appears to be
accelerated as the tilt angle approaches vertical, which is caused by natural convection flows within
the PCM. As natural convection heat transfer within the PCM works better when vertically orientated,
the melting rate of the PCM increases [15].
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3.2.2 Effect of PCM thickness

Figure 5 depicts the temperature distribution of a PV surface with different PCM thicknesses
placed. The thickness ranges from 20mm to 100mm, with increments of 20mm. PV-PCM with a
thickness of 20mm demonstrates the earliest temperature fluctuation of all. The time required for
the PCM with a thickness of 20mm to enter the phase transition is only 269s (11.6 minutes), whereas
the time required for the PCM with a thickness of 40mm is 1879s (31.32 minutes). Furthermore, PV-
PCM with a thickness of 60mm takes 3243s (54.05 minutes) to maintain a constant temperature. The
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longest period for the PV to retain the same temperature is 80mm and 100mm, both of which are
4000s (66.67 minutes).

Temperature of PV surface with various PCM thickness
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Fig. 5. Temperature distribution of PV surface that affected by various PCM
thickness

The figure perfectly indicates that as the PCM thickness increases, the time required for the PV
to maintain its temperature between 51°C and 53°C increases. This effect is more visible in Figure 6,
which represents the temperature contour of PV-PCM throughout the melting process of the PCM at
a vertical position (0°). The vertical position is chosen because the PCM melting process works best
in this position, as discussed in the previous section. The PCM goes through phase transitions
between temperature ranges, which explains why the temperature is constant for a while. At
t=2000s, the melting process for the thinnest (20mm) PCM was nearly complete, but not for other
thicknesses, particularly 80mm and 100mm, where a considerable amount of area was still not
absorbing heat. As a result, the PCM plays an important function in delivering a greater heat capacity
by manipulating its thickness when put in the PV system. However, because the thickness has already
reached its capacity, even if the thickness is raised, the time required to maintain the temperature
will be equivalent to the optimal thickness, which in this case is 80mm. The findings are also
consistent with the conclusion reached by A. Ahmad et al., [18]. They said that PCMs with lower
melting temperatures require more PCM even when there is no substantial variation in latent heat.
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3.2.3 Effect of PCM encapsulation material

Figure 7 depicts the temperature distribution of the PV surface with different PCM encapsulating
materials (stainless steel, aluminium, and copper). The difference may be seen in the time it takes
for the PV surface to reach the melting temperature of the PCM. Aluminium is the first to reach the
melting point and enter the phase transition. Since aluminium has the highest specific heat capacity,
it can absorb a large amount of heat energy without having a significant temperature increase. This
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demonstrates aluminium absorbs heat more than stainless steel and copper, despite having the
lowest thermal conductivity of the three.

Temperature distribution of PV surface with different PCM container
material
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Fig. 7. Temperature distribution on PV surface that is affected by different
encapsulation materials, stainless steel, aluminium, and copper

4. Conclusions

In this study, it can be concluded that by manipulating the parametric components of the PV-PCM
system, the thermal regulation of the system can be optimized. PCM reaches melting point faster as
it tilts from horizontal (0°) to vertical (90°). A vertically oriented PV-PCM system completes the
melting process better due to the natural convection heat flows that occur within the PCM being
better than the others. The ideal thickness for CPO is 80mm, which can store heat for 4000s
(66.67mins) since a larger heat capacity can be absorbed by the PCM with a thicker or larger amount
of PCM placed into the system. Despite having the lowest thermal conductivity of the three,
aluminium performs better as a PCM encapsulation because it absorbs more heat than stainless steel
and copper, allowing the PCM to reach its melting point faster. In systems, CPO has a significant
thermoregulation capacity, particularly in Malaysian weather (27°C). More experimental work can be
done to validate the findings. Longer times can be explored for the PCM thickness to further analyze
the entire time required to fully finish the melting process.
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