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1. Introduction

Renewable energy sources may be renewed quickly. Solar, wind, water, geothermal,
wave energies and others are sustainable. Sunlight is one of the greatest common
renewable energy sources because of its many advantages, such as providing a
constant supply of clean electricity and reducing pollution. Most of solar energy
conversion processes involve very little money. PV modules last over 30 years and
require little maintenance [1].
This method enables the production of photovoltaic modules in a wide range of sizes,
from modest residential systems to massive solar arrays. Photovoltaic modules exhibit
sensitivity to operating temperature, resulting in a reduction in electrical efficiency of
between 0.4 to 0.65% for every degree of temperature increase [2,3]. This
phenomenon is thoroughly explained by Mahdavi et al. (2022) [4]. Consequently, the
design of a cooling system for a solar cell is essential. The subsequent paragraph
examines and contrasts several sun cooling methodologies. Photovoltaic cooling
systems may be classified into three categories: Passive cooling (which requires no
more energy), Active cooling (which necessitates supplemental energy), and a hybrid
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of active and passive cooling. Active cooling solutions are exceptionally effective in
environments where hot air or water is necessary for the procedure of photovoltaic
thermal (PVT) systems [5]. In these instances, the cooling system enhances electrical
efficiency while also supplying thermal energy, resulting in improved total efficiency
[6]. The passive cooling method is an efficient strategy for cooling photovoltaic
modules without additional energy consumption. This strategy involves the
transmission of a photovoltaic module's stored heat to the environment via radiation,
natural convection, evaporation, and spectral splitting, minimizing environmental
effect [7].

One technique to enhance cooling efficiency is to use phase-changing materials (PCMs)
as a cooling medium, which may regulate temperature within a specified range [8]. A
large latent heat of fusion through melting optimizes thermal energy storage. Thus,
phase change materials in solar modules may enable passive operation. The latest
comprehensive assessment by Dwivedi et al., (2020) [9] concludes "PCM-cooling
is the greatest effective method". The benefits of phase change materials (PCMs) would
reduce two major shortcomings of photovoltaic (PV) systems when combined with
solar modules/panels by Klemm et al., (2017) [10]. Rapid temperature changes
between day and night can induce thermal stresses and generate a thick crust on solar
modules from water vapor condensation. Several studies have used phase change
materials and solar modules/panels due to their benefits. PVT-PCM is active, whereas
some research is passive.

Koundinya et al., (2017) [11] carried out a numerical analysis of the effectiveness
of PV/PCM with a metal fiber construction. There are three distinct phase change
materials that have been assessed: RT 44, RT 50, and RT 54. The maximum PV
temperature during its day-to-day life cycle decreased by 20 K, as indicated by the data.
They have indicated that the selection of PCM is dependent on the latent heat of fusion;
a greater latent heat of fusion correlates with improved system performance.
Moreover, reducing the porosity from 90% to 80% or 70% does not contribute to the
improvement of heat transport. V. Sun et al., (2020) [12] conducted a summer
experimental and numerical study in Chiang Mai, Thailand. The city of Chiang Mai is
hot; thus, the solar module was mounted at a 10° angle. They investigated RT 35, 42,
47, and 55 phase change materials (PCMs) to establish their ideal thickness. These
PCMs were best at 50 mm, 40 mm, 30 mm, and 20 mm thick. M. Rajvikram et al.,
(2019) [13] The (OM 29) PCM was selected for the organic phase transition in the
PV/PCM system cooling that was tested in Chennai, an Indian city. They discovered
that the solar array with a phase change material and aluminum support had a 24.4%
higher conversion efficiency instead of the location module with no cooling equipment.
Akshayveer et al., (2020b) [14] conducted a numerical analysis of the geometry of
the PCM tank and its impact on the melting speed of (RT-27) PCM. In comparison to
the conventional rectangular container, three distinctive unconventional
configurations were devised and evaluated. Compared to conventional regular designs,
the linear, parabolic, and cubic configurations exhibited superior performance in
dissolving the PCM, which led to a reduction in the PV temperature and an
improvement in electrical efficiency. In comparison to the three PCM enclosures, the
cubic design exhibits superior performance.

R. Kumar et al., (2020c¢) [15] tested a cooling photovoltaic module for high heat.
The horizontally aligned photovoltaic modules received constant sunlight. Three
systems were studied: Individual PV, Photovoltaic/PCM, and Photovoltaic/PCM plus
fins. Their passive cooling method differed slightly but significantly from the previous
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trials. External fins on the PCM container increased heat dissipation from stored PCM.
Since PCM charges and discharges simultaneously (SCD), this approach is justified.
The front PV module absorbs heat and transfers it to the PCM, which distributes it to
the environment on the bottom. The PCM is in SCD, therefore heat promoter selection
must be careful Mahdavi et al., (2021b) [16]. Kumar et al., (2020c¢) [17] found
that example 3 with exterior fins performed better in all dimensions. They reported a
22.3 °C and 12 °C temperature reduction for PV modules in cases three and two,
respectively, compared to the scenario without cooling. M. J. Mahdi et al., (2021)
[18] By incorporating a metallic foam sheet into a solar power and PCM system, the
heat transfer surface area was increased under SCD conditions. According to their
computer simulation, the incorporation of a metal foam layer could accelerate the
melting process by 32%. Melting time increases by 18% when the incline angle is
reduced from 90° to 30°. L. Siahkamari et al., (2019) [19] conducted an
experimental study of the PVT/PCM system's performance during controlled
laboratory circumstances (23 °C surrounding temperature and continuous radiation is
equal 1000 W.m2). The graphic representation of their experimental work. Sheep fat
and paraffin wax were utilized as two distinct phase change materials for their
experimental study. The results indicate that sheep fat was more efficient in cooling
the PV module than paraffin. The suitability of a PCM for photovoltaic cooling is
significantly dependent on geographical and climatic conditions Chandel and
Agarwal, (2017) [20], as demonstrated by the experimental setting in reference
Sandro et al., (2021) [21]. The simplified representation of the experimental study
by Siahkamari et al., (2019) [19] is advised for regions with elevated sunlight and
high ambient temperatures. Previous studies conclude that the utilization of a
PV/PCM system is economically viable under specific environmental conditions.

The current study investigates the influence of inclination angle on the application of
phase change materials (PCM) as a cooling medium in photovoltaic systems.

2. Electrical and Energy Analysis

The PV electrical circuits consist of three types: an individual diode design with three
variables, a series resistant design with four variables, and a series resistant and shunt
resistant design with five variables. The PV current, resistance in series, and the shunt
resistance properties of photovoltaic panels are contingent upon the temperature of
the semiconductors and the quantity of solar radiation.

The greatest amount of power (P,.,) generated by a photovoltaic cell may be
represented as originating from the highest power point [22].

Prax = Vimax Imax (1)

Where: the V., is the PV-voltage (Volt) and I, is the PV-current (Amp).

The PV electric efficiency (7,;) It can be described as the ratio of the maximum
potential electrical generated by the photovoltaic panel to the quantity of solar
radiation absorbed by the solar cells, and it can be calculated as [22]:

Pl’I'l{:lX
=— (2
Net Gpy Apy ( )

Where: the Gp, is the PV-solar radiation (W/m2) and A,y is the PV-area (m2).
Alongside evaluating the efficacy of PCM in reducing the temperature of PV cells, the
subsequent PV efficiency formula was employed [23]:

Net = 77ref[1 - ﬁref(Tc - Tref)] (3)

where, 1,; is the PV module electrical efficiency, 1, is the standard efficiency (0.14),
Brer is the temperature coefficient (0.00392/ °C), and T, is the PV temperature ( °C).
The thermal efficiency (7,;) of a PV panel is defined as
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The usable air heat collected which is further calculated:

Quir = mcp(T, — T;) =1 (h, — hy) (5)

Where the m refers to the air mass rate of flow kg/sec, cp refers to specifical air heat
(1005 J/KgK). T; represents the intake air Temp and T, signifies the outlet air Temp.
The overall efficiency (7,,) of a PV panel is defined as

Nov = Ntn T+ Nel (6)

The enthalpy concept incorporates all energy in systems that employ phase change
materials (PCMs), which includes both sensible and latent energy through changes in
phase. The overall enthalpy can be represented as follows [24,25]:

h=Cp(T —Tyes) +AH; X f;,  (7)

where, T, is the standard temperature (25°C), AH; is the latent heat of fusion
(J/kg), and f is the liquid fraction (o0 to 1).

Heat conduction in photovoltaic systems and phase change materials according to
Fourier's law [26]:

Gcona = —k X AT (8)

where, q.onq 1 the heat flux (W/m?).

To assess the heating capacity of the collector device, a thermal efficiency formula
was employed, predicated on the increase in PCM temperature. [27,28]:

qeonv = heonv X Apy X (Tsur — Too) 9)

where, h.,,, is the coefficient of convective heat transfer (W/m? - K), Ty, is the PV-
surface temperature ( °C ), and T, is the environment temperature ( °C ).

3. Experimental Work

3.1 Experimental Setup

Figure 1 depicts that the experimental test rig involves a wooden frame on its
backside, which supports two separate polycrystalline photovoltaic (PV) systems of the
EU-M10W type arranged in series. The solar panels, consisting of layered glass, silicon,
and aluminum, are detailed in Table 1, which describes their dimensions and
specifications. The first photovoltaic panel employs passive air cooling techniques,
whereas the second photovoltaic panel also utilizes passive air cooling techniques,
augmented by the addition of PCM (RT42) at the rear of the panel, the PCM propeties
are detailed in Table 2.
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Fig. 1. Schematic diagram and the apparatus of the experimental work.

Table 1 The properties of the polycrystalline photovoltaic (PV) panels

Model Type EU-M1oW
Electrical Characteristics

Related Max. Power (Pmax) 10W

The Limit of Power Allowance +3%
Open Circuit Voltage (Voc) 21.7V
Peak Voltage (Vmp) 18V

Short Loop Current (Isc) 0.61V
Peak Loop Current (Imp) 0.56A
Highest System Voltage 1000V
Highest Series Fuse Rating 15A
Weight 0.98KG
Module Application Class A
Dimension 360*240%15mm
All technical data at standard test condition, Am1,5 E = 100W/m?2, Tc = 25° C
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Table 2 Thermal Characteristics of utilized paraffin wax.

Melting temperature Range (K) 319-321
Specific heat (J/kg-K) 2000
Heat of fusion (J/kg) 114540
Viscosity coefficient (kg/(m-s)) 0.033
Conductivity (W/m-K) 0.14
Thermal expansion coefficient (1/K) | 6*104
Density (kg/ma3) 820

3.2 Test Procedure
The studies testing two solar panels took place in Babylon, Iraq. The subsequent stages
describe the method for this task:

1. Positioning the two photovoltaic panels at a 30° angle and including all required
sensors, including thermocouples and a solar meter, while filling the second
photovoltaic panel with one kilogram of paraffin wax (RT 42).

2. Recording the measurements of temperature, solar radiation, voltage, and
current for each photovoltaic panel on an hourly schedule.

3. Reiterate point two for two photovoltaic panels positioned at a 180° inclination
angle and record the readings.

3.3 Uncertainty of Measurement

In order to guarantee that the sensors utilized in the testing are precise, each sensor
undergoes validation. The precise and approximate precision metrics that were
derived from the instrument specifications are presented in Table 3. The majority of
arithmetic errors are undoubtedly the result of errors in the measured quantities. As
a result, the precision of the data acquired is assessed using the Kline and McClintock
technique [29].

Let the final result R depend on a collection of variables (vi, va...vn)..

R=R *(v1,v2...vn) (10)

This relationship may be expressed as a linear equation when the variations in the
variables are minimal:

0R 0R dR
5R—6—Vl(SV1 +a—VZ5V2+"'+m6Vn (11)

The resulting interval of uncertainty (w) can be expressed as

aR 2 aR 2 oR 211/
WR = [(a—vl Wl) + (a—vzwz) + -+ (mwn) ] (12)

Division by R
2 2 2
() - (5 () s (2) oo

Consequently, Table (3) delineates the possible experimental errors induced by
the application of the variables.
Table 3: Absolute Accuracy
Instruments Error

data-logger +0.5°C

Global Scientific Revﬁew_{’



Global Scientific Review

www.scienticreview.com
Volume 43 September 2025 ISSN (E): 2795-4951

thermocouple (K-type) | + 0.75°C

Solar meter (EY80OW) | +0.1%

4. Results and Discussions

4.1 Effect of temperature

Figure 2 displays the variation of temperature over time at a 180° tilt angle. It can be
seen the highest temperate occur around twelve o'clock, when the maximum value for
temperature reach to 37 °C for PVT and 29.8°C for PVT-PCM consequently. The use of
paraffin wax as a cooling medium lowers the temperature by up to 7.2 degrees and
enhances the PV-cooling system's efficiency by 23%. This behavior occurred due to the
integration of PCM, which enhances the capacity to absorb heat from the base of the
PV panel.

=@=T without PCM, 6 (180) =0=T with PCM, 8 (180)

40.0 1
35.0 +
30.0 1+
25.0 +
20.0 +
15.0 +
10.0 +
5.0 +
0.0

Temperature (C)

10:00 AM 11:00 AM 12:00 PM 1:00 PM 2:00 PM

Time (hr)

Figure 2: Temperature against Time at a 180-degree tilt angle.
Conversely, in Figure 3, a similar result is observed when the tilt angle is adjusted to
30°, where it is noticed that the base temperature of the PVT decreases to 10 degrees
when employing PCM as a cooling medium. The utilization of PCM at a tilt angle of
30 degrees yields optimal performance.
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Figure 3: Temperature against Time at a 30-degree tilt angle.
4.2 Effect of Heat transfer
Figure 4 illustrates the variation of theoretical heat transfer across time for February
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and March 2024. The largest theoretical heat transfer occurs around twelve o'clock,
reaching values of 6.4 W/m2-K and 5.6 W/m2:K at a tilt angle of 180 degrees for
photovoltaic systems with and without PCM, respectively. The use of paraffin wax as
a cooling medium enhanced the potential heat transfer by 14%. This behavior
occurred due to the use of PCM, which enhances the capacity to absorb heat from the
base of the PV panel.

—@—Qth without PCM , 8 (180)  =@=Qth with PCM , 6 (180)

(e)]
!
T

(6]
!
T

T

Qth (W/m2.K)

=
!
T

0 —H—+—+++++++++++++++++++++
9:36 AM 10:04 AM 10:33 AM 11:02 AM 11:31 AM 12:00 PM 12:28 PM 12:57 PM 1:26 PM 1:55PM 2:24 PM
Time (hr)

Figure 4: Theoretical Heat against Time at a 180-degree tilt angle.
At a tilt angle of 30 degrees, as seen in Figure 5, the heat transmission increases to 7.1
W/m2-K for photovoltaic systems with phase change material (PCM) and 6.14
W/m2-K for those without PCM. Where added paraffin wax as cooling medium
increased the theoretical heat transfer by 16%.
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Figure 5: Theoretical Heat against Time at a 30-degree tilt angle.

4.3 Effect of Current

Figure 6 illustrates the variation of current over time for tilt angles of 180 degrees and
30 degrees. At 180 degrees, the maximum current for PV is 0.27A without PCM and
0.33A with PCM. At 30 degrees, the maximum current for PV reaches 0.34A without
PCM and 0.4A with PCM, as seen in Figure 7. The practice of PCM as a cooling
intermediate enhances the photovoltaic system's capacity to generate electrical
current.
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Figure 6: Current against Time at a 180-degree tilt angle.
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Figure 7: Current against Time at a 30-degree tilt angle.

4.4 Effect of Power output

Figures 8 and 9 illustrate the variation of power production vs time for tilt angles of
180 degrees and 30 degrees. The highest power production occurs at twelve o'clock,
when a tilt angle of 180 degrees yields a peak power output of 5.1 W for the photovoltaic
system with phase change material (PCM) and 4.5 W for the system without PCM. The
highest power production reaches 6.7 W and 5.4 W at a 30-degree tilt angle for
photovoltaic systems with and without phase change material, respectively. This
behavior occurred due to the use of PCM, which enhances the capacity to absorb heat
from the base of the PV panel.
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Figure 8: Power output against Time at a 180-degree tilt angle.

=@="Pout without PCM, 6 (30) =@=Pout with PCM, 6 (30)

Pout (W)
D o N W R g~

10:00 AM 11:00 AM 12:00PM 1:00 PM 2:00 PM

Time (hr)

Figure 9: Power output against Time at a 30-degree tilt angle.

4.5 Effect of Efficiency

Figures 10 and 11 depict the efficiency variations over time for tilt angles of 180 degrees
and 30 degrees. The optimal photovoltaic efficiency is achieved at a tilt angle of 180
degrees, yielding 63% for the photovoltaic system incorporating phase change material
(PCM) and 57% for the system devoid of PCM. Furthermore, with a 30-degree tilt angle,
optimal efficiency is achieved around twelve o'clock, reaching up to 65% for
photovoltaic systems without phase change material and 70% for those with phase
change material. This behavior occurred due to the use of PCM, which enhances the
capacity to absorb heat from the base of the PV panel.

10

Global Scientific Revﬁew_{’



Global Scientific Review

www.scienticreview.com
Volume 43 September 2025 ISSN (E): 2795-4951

=e—1 without PCM,0 (180) =e=n with PCM,0 (180)
80 T

70 ¢

i —

N //%N

30 T

n (%)

20 T

10 +

10:00 AM 11:00 AM 12:00 PM 1:00 PM 2:00 PM
Time (hr)

Figure 10: Overall efficiency of system against Time at a 180-degree tilt angle.
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Figure 11: Overall efficiency of system against Time at a 30-degree tilt angle.

5. Conclusion
Based on the quantitative and experimental findings, the following conclusions were
chosen:

1. When PV is cooled using paraffin wax, the average base temperature can be
reduced to 4 degrees at a 180° tilt and 6 degrees at a 30° tilt.

2. Using paraffin wax as a cooling medium enhanced the potential heat transfer
by 14% for PVT-PCM at a tilt angle of 180 degrees, while 16% at a tilt angle of
30°.

3. Atatilt angle of 180°, the maximum current increased from 0.27A without PCM
to 0.33A with PCM degrees, while, at 30°, increased from 0.34A without PCM
to 0.4A with PCM.

4. The highest power production when a tilt angle of 180° yields a peak power
output of 5.1 W for the photovoltaic system with PCM and 4.5 W for the
system without PCM. Also, reaches to 6.7 W and 5.4 W at a 30° tilt angle for
photovoltaic systems with and without PCM.
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5. At 180° tilt angle, the photovoltaic system with PCM has 63% overall efficiency
and 57% for system without PCM. A 30° tilt angle overall efficiency reaching
65% without PCM and 70% with PCM.

6. The efficiency of PVT-PCM with tidal angle 30° best then the tidal angle 180°.
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