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Abstract. PCM thermo-fluid properties are significant in the cooling process, so researchers studied many types of PCMs.
The integration of PCM in the PV active cooling technique increases the efficiency of the cooling system. The current
study focuses on the selection of the PCM, which is integrated as a heat source for the active device. PCM melting
temperatures and latent heat control the amount of heat transferred from PV panels, which affect the PV panels' output.
So, the selection of a suitable PCM with suitable characteristics will increase the cooling system's efficiency. The analysis
of simulation results to optimize the best PCM characteristics found that the RT25 PCM presents maximum PV output
power and minimizes PV panel temperature. Otherwise, the best PV panel performance is achieved when the PCM
melting temperature is close to the ambient air temperature and the PCM solidification temperature is close to the water
flow temperature.
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1. Introduction

The combination of different cooling methods aims to collect the best system performance, which is defined as a
hybrid cooling system. So, rather than cooling PV panels, the addition of PCM with an active cooling source raises the
cooling performance and power output. The review aims to identify the different PCM types and their effects on the PV
panels' temperature. Also, try to identify the best PCM selection according melting temperature and latent heat.

PCM thermo-fluid properties are significant in the cooling process, so researchers studied many types of PCMs.
Hachem et al. [1] studied experimentally the effects of using pure (white petroleum jelly) and combined PCM (white
petroleum jelly, copper, and graphite) on the thermal behavior and electrical performance of a PV panel. The experimental
study was provided in both cases, with and without copper and graphite molecule additions. When using Pure PCM,
results showed that the PV panel's temperature decreased by 6.5 <C and the electrical efficiency increased by 3 %.
Otherwise, when using PCM with additions, electrical efficiency increased by5.8%.[1]. Another PCM type (Paraffin wax
35) was studied experimentally to evaluate the PV+PCM system and the PV+PCM-T system's thermal regulation [2].
Results indicated that the PV panel temperature was reduced by 23 <C when using the PCM cooling technique, and the
electrical efficiency increased by 5.18%. Another benefit is that the water was heated to 41.6 <C, requiring 1253 kJ/day
more power,[2]. Hence, the addition of PCM to the PVT system indicated an electrical power output increment of 11.1%
when using PCM,[3]. Novel PCM with nanoparticles was investigated in the PV panel cooling system, improving the
PV panel's electrical efficiency by 25%. The selection of the appropriate PCM increased the power output by 8%-11%,
[4, 5].

Aneli et al. [6] investigated the effects of two types of PCM, RT28 and RT35, on the PV panel temperature under
different weather conditions. According to the findings of this study, PV+PCM units perform better than conventional
PV modules, especially during the hottest months. Using RT28 and RT35 indicated an increase in the peak power of 10%
and 3.5% of the energy produced, respectively. Also, when using PCM combined with a nanofluid PV cooling system,
the system average thermal energy output was 42% higher than the system without PCM,[7]. Arshad et al. [8] the size of
Cu nanoparticles was investigated, and it was discovered that the nanocomposite PCM with a volume fraction of 0.01 has
the highest thermal storage capacity. Yadav et al. [9] investigated myristic acid PCM with carbon nanoparticles for
thermal control of a 100-watt PV panel using a steady-state heat rejection rate.

Many experiments were carried out in order to find the best PCM for the passive cooling process. Kandilli and Uzel
[10] investigated the effects of paraffin wax, stearic acid, and natural zeolite on the energy efficiencies of PV thermal
systems. As a result of the analyses, the average energy efficiencies were estimated at 33%, 40%, 37%, and 32% for
paraffin, natural zeolite, stearic acid, and the conventional PVT system, respectively. Shastry and Arunachala [11]
investigated the effect of the OM-47 PCM, which enhanced thermal management by 11.1%. RT-35HC was used to
investigate cooling system enhancement. They concluded that the cooling system was enhanced by 23.9% and 13.3%,
respectively [12, 13].

Moreover, the CPV panel's implementation of mineral oil with graphene fillers decreased the CPV panel's temperature
by 40 <€,[14]. The experiment was conducted with different PCM materials (organic RT50, inorganic C48). The results
indicated that the PCM allowed power generation up to 30 % of the maximum power values in the unglazed case. In the
glazed case, the power generation was enhanced by 25% with a12% thermal improvement,[15].

A literature review illustrated that the criteria for PCM selection are different depending on the cooling application.
Many studies in passive and hybrid cooling techniques choose the PCM logically and investigate its influence. The current
study aims to find the best PCM selection in the hybrid cooling system. The current study tries to define the PCM
characteristics by analyzing the thermal and power performance of PV panels and TEG active cooling devices under
different PCM properties.
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The Hybrid cooling model (PV+PCM+TEG+W). [16] is developed with PCM finned container technology, which
consists of several modules: a PV module, a PCM module, a TEG module, and a water module.
(a) PV panels presented structured layers of glass, silicon, and Aluminum plat [17, 18].

(b) Three types of PCM with low melting temperature RT-25 [19], RT 35 [20], and lauric acid [21] are selected, as seen in Table 1.

(c) TEG products, model 1261G-7L.31-04CQ, manufactured by Custom thermoelectric Co. [22] will be distributed uniformly per m2
for thermal analysis of TEG elements.

(d) The water module is 8 mm in thickness with an Aluminum cavity thickness of Imm.

Table 1. PCM Thermal properties

Properties PCM-1 PCM-2 PCM-3
P (RT-25) [19] (RT-35) [20] (lauric acid) [21]

Density (solid) (g/ml) 0.88 0.82 0.94

Latent heat (kJ/kg) 230 157 187.21
Melting temperature (<C) 26 35 48.5
Solidification temp. (<C) 22 29 435
Specific heat (kJ/kg K) 2 2.1 2.18
Thermal conductivity (W/m K) 0.2 0.2 0.16

Viscosity (kg/m s) 0.0063 0.0063 0.0063
Volume expansion (%) 1.25 1.25 1.25

The study is performed for 24 hours with 12-hour daytime and 12-hour nighttime. Transient irradiation flux with
maximum 900 W/m? at daytime. In addition, ambient temperature is set to 301K at daytime and 292K at nighttime.

3. Validation

The numerical model is validated against Huang et al. [23] experimental and numerical data for the rear and front plat

temperature during the 50-, 100-, and 200-minutes simulation. Comparing the present results with Huang et al. [23] 's
data shows that the maximum variance in current numerical modeling and Huang's validation is #0.5 <€, as seen in Figure
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Figure 1. Comparison between Huang et al [23] experimental results and current study for front and back plat temperature

4. Mathematical Modeling

Melting or solidification process of PCM controls the heat transfer amount and PV panel cooling process [24-26].
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dH a
pS= V.(kVT) - Ly 2L (1)

PCM enthalpy, H, described as the sum of sensible heat and the latent heat H = CpT + A4H [26, 27]. The Boussinesq
approach considers density as a constant value except for the buoyancy term in the momentum equation [19, 29, 23].

(P—P)8=— pB(T—T,)g )

Using Boussinesq expression, Eq. (13) can be written as follow:

p=p,(1— BAT) ®
Where S is the thermal expansion coefficient. § = —% Z—‘;) . The velocity of melted PCM effects the rate of

convection of heat transfer which can be measured by Local Nusselt number (Nu = th) and Stanton number (St.=
) [30]

pCpu

PV power generation and efficiency are stimulated by the following equation [31, 18]:

Poue = T]AGpv (4)

Gpy
N = Nrer ( 1 — Brer (Tour — Trer) + Y1081 (Jm) ) 5)

The cooling system performance shows the effect of the cooling system and addition TEG in enhances the overall
output power and define as follow:

Pyyt (cooled PV)+ P - P (individule PV)
COPSys — [Pout ) TEG) out (6)

P oyt (individule PV)

5. Results and Discussion

The simulation results identify the temperature and efficiency of the PV panel. Furthermore, the PCM heat transfer
parameters Nu and St. Also, active device (TEG) thermal analysis is optimized for hybrid cooling system performance.

5.1. PV panel thermal management

Results compared three different PCMs with different thermal properties on the hybrid cooling system
(PV+PCM/CF+TEG+W). Figure 2 depicts the variation of PV panel temperature (center of PV cell) with time as affected
by irradiation flux. At noon, the PV panel temperature exceeds 322 K when applying lauric acid PCM. The use of RT35-
PCM keeps the temperature of the PV panel at 315K. The minimum PV panel temperature is 307K, which is achieved by
applying RT25-PCM.

Meanwhile, at night, lauric acid PCM cooled the PV panel temperature up to the ambient temperature by 2:00 AM.
Otherwise, using RT35-PCM cooled the PV panel temperature up to the ambient temperature by 6:00 AM. Moreover,
due to the specific heat and thermal storage of RT25-PCM, the PV panel temperature is still steady for ten hours at 5K
above ambient temperature.

5.2. PV panel efficiency

The PV panel's efficiency increases with the decrease in panel temperature. Figure 3 depicts the effect of the PCM
interface with the PV panel on heat release to the active device. The PV panel's efficiency is significantly enhanced by
using RT25PCM, and this enhancement continues for eleven hours. The RT25PCM enhances the PV panel's efficiency
to 15% at noon. Meanwhile, the lauric acid PCM enhances the PV panel's efficiency to 13.5%. In addition, RT35 PCM
enhances the PV panel up to 14.4%. Figure 4 shows the effect of different PCM thermal storage on the system temperature
contours, which indicates that the most effective PCM is RT25 at 1:00 PM and 4:00 PM.

5.3. PCM thermal management

PCM liquid fraction is a significant criterion in the optimization of convection heat transfer. Figure 5 presents a
comparison of RT25, RT35, and lauric acid PCMs liquid fraction at 1:00 PM and 4:00 PM. Furthermore, due to the low
melting temperature, the RT25 is always the highly liquid fraction, resulting in the highest fluid (melted PCM) velocity
of 4.691 x 10-5 m/s and the highest fluid vorticity of 1.586 x 10-2 1/s, as shown in Figures 6 and 7, respectively. One of
the most important parameters that describes convectional heat transfer is the Nusselt number (Nu). The Nusselt number
can be defined as the ratio of convective to conductive heat transfer at a fluid boundary. Figure 8 shows the variation of
Nu in the top of the PCM module with time from sunrise to sunset. The results show that RT25 gives the highest (Nu) by
about 220 at noon. Meanwhile, the Stanton number (St) is a dimensionless group that is used to measure heat transfer.

3
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Stanton number (St) is defined as the ratio of heat transferred into a fluid to the thermal capacity of the fluid. The results
of the ST simulation at the top of the PCM module are presented in Figure 9. At noon, Lauric acid has the lowest SG, and
RT25 has the highest SG by 18%.
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Figure 2. PV panel temperature analysis

5.4. TEG thermal management

The TEG temperature difference between the hot and cold sides of the TEG, AT= (TH-TC), is a significant criterion
in applying a hybrid cooling system that affects the PCM selection. Figure 10 shows that using RT35 and lauric acid
PCMs gives the maximum ATTEG by 2K at daytime. However, after sunset, the ATTEG reaches zero by RT35 PCM at
4:00 AM. Also, the ATTEG reaches zero by lauric acid PCM at 11:00 PM. Meanwhile, at nighttime applying RT25 PCM
keeps ATTEG > 1K at nighttime until sunrise. TEG power output is a function of ATTEG, so applying the RT35 PCM
generates more power during the day than other PCMs. Meanwhile, applying RT25 PCM generates less TEG power
output than RT35 at daytime, but at night, applying RT25 conserves more power generation, as seen in Figure 11.
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Figure 3. PV panels efficiency enhancement
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Figure 11. TEG electrical power output

5.5. System performance enhancement

Figure 12 shows that the hybrid cooling system's electrical power output is enhanced compared to the individual PV
panel's electrical power output. In the case of the RT25 PCM, it is higher than other PCMs. Applying RT25, RT35, and
lauric acid PCMs enhances the PV power output at noon by 22%, 16%, and 13%, respectively. Otherwise, using RT35
and lauric acid generates less power than individual PV panels by 2—-4 % after 4:00 PM, when RT25 PCM provides the
best performance. The hybrid cooling system performance was improved using RT25, RT35,5 and lauric acid
b 20.76%,16.92% and 11.79%, respectively.
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Figure 12. COP Hybrid cooling system performance enhancement

The simulation results optimized the best PCM properties in the PV panel hybrid cooling system. The hybrid cooling
system depends on using PCM as a TEG heat source and water flow as a TEG heat release. Hence, with the application
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of a hybrid cooling system with passive and active devices, the system performance is affected by the PCM melting
temperature and latent heat.

First, a twenty-four-hour simulation shows the low melting temperature PCM (RT25) has the highest heat convection
factor, the lowest PV panel temperature, and the best PV panel output power performance. Meanwhile, the TEG hot side
temperature is at its maximum and generates more power than other PCM types under the same conditions due to a short
time melting and a high heat transfer coefficient.

Second, a high melting temperature PCM (lauric acid) required more energy to transfer from solid to liquid and initiate
natural convection. Because of, PCM’s low thermal conductivity, which makes it difficult to transfer heat from the PV
panel to the TEG module, natural convection is the most important heat transfer form in the application of PCM.
Finally, the PCM selection in the hybrid cooling system (PCM+TEG) must be as per two conditions. If (a) the PCM
melting temperature is close to the ambient air temperature and (b) the PCM solidification temperature is close to the
water flow temperature, the PCM selection provides the best performance

NOMENCLATURE
A Area Qin Absorbed heat by PV
Cp Specific heat capacity qc conduction heat transfer to PCM
f Liquid fraction of the PCM AT Temperature difference
Gpy Solar intensity T Local temperature
k Thermal conductivity Toxy Sky temperature
H Enthalpy Tyiass PV panel glass surface temperature
h Heat convection coefficient Tomb Ambient temperature
L Length a Absorption coefficient
Ln Latent PCM heat of fusion Pret Coefficient of PV efficiency
PCM Phase change material r Material density
PV Photovoltaic pane n Real PV conversion efficiency
qy Convection heat transfer e Seebeck coefficient
Qrad Radiation heat transfer Do Constant density of the flow

Data Availability Statements

The datasets generated during and/or analyzed during the current study are available under request from the
corresponding author. Also, all data in this published article available under the web of science with DOI number as
mentioned in references. Data sharing applicable to this article from the authors upon request.
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