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Abstract

Current research aims to identify the finest phase change material container construction and tries to close the de-
sign gap for optimum photovoltaic panel thermal management. The phase change material is used as heat sink of
photovoltaic panel and heat source for thermoelectric generator. The latent heat of phase change material maximizes
the power generation from thermoelectric generator. The results show that the efficiency of the photovoltaic panel
was enhanced by 3% and steady for ten hours. The photovoltaic panel electrical output power was enhanced by 25%
under different weather conditions. The hybrid cooling system with capsules phase change material cavity shows
a significant enhancement and stability in thermal system management, photovoltaic efficiency, and system output

power.
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Introduction

Hybrid cooling system overall performance is always higher than
the passive and active cooling system performance when applicant
separately, [1]. Some applications of the hybrid cooling system use
the PV panel temperature as the TEG heat source. Other hybrid
cooling systems use the PCM temperature as the TEG heat source.
Heat removal by hybrid cooling systems is designing a system us-
ing both advantages of the passive and active cooling processes.
The passive cooling system is the most common cooling technique
according to the low running cost and high efficiency.

Many experiments were investigated the best phase change mate-
rial (PCM) in the passive cooling process. Kandilli and Uzel [2]
investigated the effect of paraffin wax, stearic acid, and natural ze-
olite on the energy efficiencies of PV thermal systems. As a result
of the analyzes, the average energy efficiencies were estimated as
33%, 40%, 37% and 32% for paraffin, natural zeolite, stearic acid

and conventional photovoltaic thermal (PVT) system, respective-
ly. Shastry and Arunachala [3] investigated the effect of OM47
PCM, which enhanced thermal management by 11.1%. Hassan et
al. [4] and Qasim et al. [5] investigated the cooling system en-
hancement using RT-35HC. They concluded that the cooling sys-
tem enhanced by 23.9% and 13.3%, respectively. Moreover, the
concentrated photovoltaic (CPV) implementation of mineral oil
with graphene fillers decreased the CPV panel by 40 °C, [6]. An
experiment held by different PCM materials (organic RT50, inor-
ganic C48. The results indicated that the PCM allowed power gen-
eration up to 30 % of the maximum power values in the unglazed
case. In the glazed case, the power generation was enhanced by
25% with 12% thermal improvement, [7]. In another investigation
performed in United Arab Emirates, the photovoltaic (PV) passive
cooling process was investigated to determine its energy-saving
and system efficiency throughout the year. PCM's cooling effect
was low due to un melting at low ambient
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NOMENCLATURE

A Area

Cp Specific heat capacity

g Liquid fraction of the PCM
Gpy Solar intensity

& Thermal conductivity

H Enthalpy

h Heat convection coefticient
L Length

Lis Latent PCM heat of fusion
Gy Convection heat transfer
Qraa Radiation heat transfer

Qin Absorbed heat by PV
4. Absorbed Solar heat

temperature and non-solidification at high ambient temperature,
but the annual PV electrical generation increased by 5.9 %, [8].

Meanwhile, Klugmann and Wcisto [9] tested a mixed system of
water and two separate PCMs to improve electrical parameters
and decrease PV panel temperature. The passive cooling system
on CPV was studied and subjected to a solar radiation strength of
670 W/m2. Simultaneously, the device was able to keep the av-
erage CPV cell temperature at around 5-6 ° C lower than usual.
Another finding was that for CPV/PCM systems with horizontal
Aluminum fins, the average temperature of PV cells was approxi-
mately 3°C lower than the CPV/PCM system's temperature with-
out fins and can sustain for more than 5 hours [10]. Otherwise, a
solar tracking CPV+PCM-T cooling system was investigated for
identifying the passive cooling effects. The results found that the
CPV+PCM-T cooling system increased the average electrical gen-
eration by 10 %, thermal efficiency by 5 %, and overall energy
efficiency by 15 % compared to the CPV-T with thermal cooling
[11]. Furthermore, paraffin wax RT42 was assessed with indoor
experience using a light source of 1000 W/m2 to improve the
building integration concentrated photovoltaic (BICPV) system's
performance through thermal regulation. Results were showed a
7.7 % improvement in electrical efficiency and an average 3.8 °C
decrease in module central temperature [12]. CPV+PCM cooling
system was also investigated in severely hot ambient temperatures,
[35]. For CPV+PCM cooling system, the evaluated CPV tempera-
ture was decreased by 28 °C [13]. In addition, the application of a
water jacket around CPV+PCM increased the electrical efficiency
to 17.7% [14].

Mathematical Analysis

PV panel is under many energy forms according to absorption of
solar intensity and wind flows, creating an energy combination
from radiation and convection [15].

Q =q-(q +q +q) (D)
Where:

q=AhT-T (2)

q=AG 3)

q=¢e0AT-T @)

i conduction heat transfer to PCM
AT Temperamre difference

T Local temperature

Tewy Sky temperature

Totass PV panel glass surface temperature
j Ambient temperature

a Absorption coefficient

Brer Coefficient of PV efficiency

g Thermal expansion coefficient
2 Material density

N Real PV conversion efficiency

£ Seebeck coethicient

Po Constant density of the flow

Where ¢ emissivity of the glass surface and ¢ is Stefan-Boltzmann
constant. For the internal layers of the developed system are under
conduction, when there is no linear momentum and no velocity
gradient, the energy equation transfers [15] get

02T
_|_
0z?
PCM conduction heat depending on melting or solidification pro-
cess so an additional term must be included in the energy equation

[16], [17], and [18]. When f = 1 at liquid state and f = 0 at sol-
id-state.
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So, by Boussinesq expression the PCM density is described by
equation Eq.(7).

p=p(1-pBAT) (7)

The evaluation of PV panel efficiency can be determined as per the
next equation, [19].

= nref ( L= ﬁref (Tglass - Tref) ty 10910 (Gﬂ))

1000 (8)
Numerical Analysis
Hybrid cooling system model performed to use the latent heat in
PCM to cool photovoltaic panel and generates power from ther-
moelectric generator, as seen in Figure 1.
a. Flat plate collector glass cover and silicon photovoltaic cell im-
peded in aluminum plate frame [20].
b. Aluminum container have thickness of Imm and height of
30mm filled with PCM as seen in Figure 2. Organic paraffin wax
is commonly used in nearly 90% of the studies [21] . Based on
these criteria, a PCM RT-25 [22], [23] are selected with thermal
characteristics as shown in TABLE 1. The PCM container con-
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struction varied between four types of construction cavity volume
(CV), Cavity Finned (CF), Cavity CHannel (CCH), and Cavity
CaPsules (CCP) as shown in Table 2

c. Simple TEG products model with dimention of 40mmx 40mm
x3.5mm [20].

d. Aluminum Water container with thickness of 1 mm and 8mm
height have water flows under gravity at ambient temperature.

The PV model validated against the Zhou et al. [24] when the
PCM model validated against Huang et al. [23]. Comparing the
validation results found a variance of 0.18 K which is acceptable.
The study performed for twenty-four hours with transient 12 hours
solar intensity start from 6:00 AM to 6:00 PM in different weather
condition. Fair weather condition with 880 W/m2 maximum irra-
diation flux at noon and sunny weather condition with 1250 W/m2
maximum irradiation flux at noon. The ambient is assumed steady
at day with 301k and 292K at night when the forced convection
coefficient 4 is 9.89 W/m2 K at 1 m/s wind speed [24].

Figure 1:

Table 1: RT25 PCM Thermo Physical Properties [22].

Characteristics Value
Density (solid) (g/ml) 0.88
Latent heat (kJ/kg) 230
Melting temperature (°C) 26
Solidification temp. (°C) 22
Specific heat (kJ/kg K) 2
Thermal conductivity (W/m K) | 0.2
Viscosity (kg/m s) 0.0063
Volume expansion (%) 1.25
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(a)
S00mm .

Fins Z=15mm
Long Fins PCM channels 48x28mm

PCM capsules
4834828 mm

(d)

Figure 2: PCM Container Construction.

Table 2: PCM Container Construction.

Parameter (a) CV (b) CF (¢c) CCH (d) CCp
Material Alumenium

Thickness 2mm

Fins N/A Yes Yes Yes

Fin Type N/A Short Long Long
Fin direction N/A H H H/V

Fin hieght N/A 05L L L

Results and Discussion

Results are compared with an uncooled PV panel, which is only
under forced convection at ambient temperature. Comparison be-
tween different models at fair and sunny weather conditions offers
a wide range of simulation data. Results compare the PV cell tem-
perature, efficiency, and power generation enhancement. The peak
PV cell temperature was 362K in sunny weather when the efficien-
cy decreased to 11%. Otherwise, the peak PV panel temperature
at fair weather was 342K when the efficiency decreased to 12.5%.

a. PV Panel Thermal Management Enhancement
Any PV cooling process aims to keep the PV cell temperature at
a minimum. Figure 3 shows the PV cell temperature simulation

results for 24 hours in both fair and sunny weather conditions.

In fair weather, PCM cavity volume (CV) decreases the PV cell
temperature to 315K at noon and 298K at sunset. Otherwise, PCM
cavity finned (CF) enhances the PV cell cooling process by 8K at
noon when the PV cell temperature is 298K at sunset. Meanwhile,
applying a hybrid cooling system with PCM cavity channel (CCH)
and PCM cavity capsules (CCP) controls the PV cell temperature
under 297K for eight hours start from 9:00 AM to 5:00 PM. Af-
ter sunset, the cooling system with CCH and CCP decreases the
PV cell temperature until it reaches the ambient air temperature
at sunrise. However, the cooling system with CV and CF keeps
the PV cell temperature 6 K higher than other systems at sunrise
according to stored latent heat in the PCM module.
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In sunny weather, the cooling system with CF decreases the PV
cell temperature to 327K at 2:00 PM when the CV decreases the
PV cell temperature to 325K at 2:00 PM. Otherwise, the cooling
system with CV and CF decreases the PV cell temperature to 298K
at sunset. Meanwhile, the effect of the cooling system with CCH
and CCP keeps the PV cell temperature at 300K from 11:00 AM
to 3:00 PM with 14% temperature enhancement, and the PV cell
temperature decreases to 295K at sunset. After sunset, the cooling
system with CV and CF decreases the PV cell temperature to 297K
when CCH and CCP system keeps the PV cell at 294K. The simu-
lation results present a PV panel temperature drop by 30 °C in the
application of PCM/CV and 45 °C in the application of PCM/CCP.
Malvi et al. [25], Hassan et al. [4], Xu et al. [26], Maatallah et al.
[27], and Preet et al. [28] results using the application of paraffin
wax and water with an average temperature drop of 25 °C matches
with current study results. The simulated hybrid cooling system
enhances the PV cell temperature because of the low melting tem-

perature PCM (RT25), the PCM cavity geometry CCP and CCH
with long fins, and water convection with a steady temperature.

b. PV Panel Efficiency Enhancement

The PV panel efficiency is a major character in the estimation of
the PV panel output power. The PV panel's high temperature de-
creases the PV panel efficiency. Figure 4 shows the PV panel effi-
ciency enhancement from sunrise to sunset at both fair and sunny
irradiation flux.

Simulation results under fair irradiation flux show that the PV
panel efficiency is significantly enhanced by 3.5 % by applying a
cooling system with CCH and CCP. The efficiency enhancement
is continuing all day long. Application of the cooling system with
CV and CF enhances the PV until 9:00 AM. The PV panel efficien-
cy starts decreased below 15% up to sunset.
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Figure 3: PV Panel Temperature at (a) Fair Weather and (b) Sunny Weather
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Figure 4: PV Panels Efficiency Enhancement at (a) Fair Weather and (b) Sunny Weather

Sunny irradiation flux increases the PV panel temperature, which
decreases the PV panel efficiency. The cooling system with CV
and CF increases the PV panel efficiency from sunrise to 9:00 AM
and decreases until it reaches the minimum efficiency of 13.5%
by 2:00 PM, then increases up to sunset. The cooling system with
CCH and CCP keeps the PV panel efficiency above 15% and
steady from sunrise to sunset.

¢. Geometry Effect on Heat Transfer

The PCM Cavity geometry affects the amount of heat transfer rate
and PCM melting process. Figure 5 and Figure 6 show the PCM
liquid fraction in fair weather at noon and 4:00 PM, respectively.
The liquid fraction of the cooling systems with CV and CF are in
the solid stage at the bottom and complete liquid at contact with
the PV panel. Otherwise, the cooling systems with CCH and CCP
are in the solid stage according to the high thermal conductivity
of aluminum fins. The long fins enhance the heat transfer rate be-
tween the PV panel and the TEG.
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layer
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Table 5: Ultimate tensile strength of Zn-Co-Ni alloy coatings at different concentration of Co
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Figure 6: Fair Weather PCM Liquid Fraction at 4:00 PM
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Figure 7 and Figure 8 show the PCM liquid fraction in sunny
weather at noon and 4:00 PM, respectively. At noon, the PCM lig-
uid fraction in the CV cavity is solid from the bottom and liquid
from the top layer. Also, the CF cavity's PCM is melting complete-
ly from the top and upper sides when it is solid from the lower side.
The PCM CCH cavity has a 50% liquid phase in the top layer and
solid from the sides and bottom. In addition, the PCM in the CCP
cavity is completely solid. At 4:00 PM, the CV and CF cavity's
PCM is completely in the liquid phase, except a small amount on
the lower side is still in a solid phase. The CCH cavity's PCM is on
the liquid phase at the upper side and 50% solid at lower side and
bottom. The CCP cavity's PCM is 50% liquid at the upper side and
solid at the bottom and lower side.

Figure 7 and Figure 8 show the PCM liquid fraction in sunny
weather at noon and 4:00 PM, respectively. At noon, the PCM lig-
uid fraction in the CV cavity is solid from the bottom and liquid
from the top layer. Also, the CF cavity's PCM is melting complete-
ly from the top and upper sides when it is solid from the lower side.
The PCM CCH cavity has a 50% liquid phase in the top layer and
solid from the sides and bottom. In addition, the PCM in the CCP
cavity is completely solid. At 4:00 PM, the CV and CF cavity's

Mlags Fracoon

Pivs
. 000 =000
T 500001
B 5000e-001
2 500D
0 000000

Solid PCM
(a) CV

N
-

(¢) CCH

/ 50% Liquid PCM

PCM is completely in the liquid phase, except a small amount on
the lower side is still in a solid phase. The CCH cavity's PCM is on
the liquid phase at the upper side and 50% solid at lower side and
bottom. The CCP cavity's PCM is 50% liquid at the upper side and
solid at the bottom and lower side.

Figure 9 shows the PCM velocity contours in fair weather at noon
and 4:00 PM. At noon, the CV cavity's PCM has a high velocity at
the top layer and no motion at the bottom layer, so free convection
heat transfer is applied at the top, and heat is transferred to TEG by
conduction only. The CF cavity's PCM has no motion on all sides,
so heat is transferred by conduction only. At 4:00 PM, the CV cav-
ity's PCM has high velocity in the top and bottom layers when the
CF cavity's PCM has no motion on all sides. Figure 10 shows the
PCM velocity contours in sunny weather at noon and 4:00 PM.
The CV cavity's PCM has a high velocity at the top and bottom
layers. The CF cavity's PCM has a high velocity at the fin edge, so
free convection is applied at the bottom layer. The CCH and CCP
cavity's PCM are in the solid phase, so the heat transfers by con-
duction and the advantage of PCM free convection are not applied.

(b) CF

Solid PCM n
.- lower side

\~‘

.
A
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Figure 7: Sunny Weather PCM Liquid Fraction at noon.
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d. TEG Thermal Management

TEG temperature difference between the hot side temperature
(TH) and cold side temperature (TC) significantly affects the cool-
ing system's selection. Error! Reference source not found. shows
the cooling system with CCH and CCP keeps the TEG temperature
difference at 4.5K and 5.5K in fair and sunny weather, respective-
ly. Otherwise, the CV and CF applications have the minimum

TEG temperature difference in all weather conditions, providing
a TEG temperature difference of 2K and 3.5K in fair and sunny
weather, respectively. The effect of PCM thermal storage keeps a
TEG temperature difference at night by 2K in CV and CF cavity's
application. Otherwise, the TEG temperature difference decreases
from sunset through the night until sunrise in the CCH and CCP
cavity application.
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Figure 11: TEG Temperature Difference (TH-TC) at a) Fair-Weather b) Sunny Weather

Conclusions

The current study studied the photovoltaic panel's thermal man-
agement using the hybrid cooling system and the effect of PCM
cavity geometry on the PV thermal management, PV efficiency,
PV performance, and cooling system performance. The simulation
was optimized under fair and sunny irradiation flux to present a
wide range of results and system performance.

The PV hybrid cooling system uses the PCM thermal storage as a
TEG heat source and water flow as a TEG heat sink.

The study is performed using four different PCM cavity geometry
CV, CF, CCH, and CCP. The hybrid cooling process keeps the PV
panel at a steady temperature for ten hours and increases the PV
efficiency by 2.5% and 3.5% at fair and sunny weather, respective-
ly. The cooling system CV and CCP decreases the PV temperature

by 30 °C and 45 °C, respectively. The addition of short fins in
CF geometry increases the PV temperature and decreases the PV
efficiency.

The cooling system with CCH and CCP enhances the PV perfor-
mance by 20% and 28% in fair weather. In sunny weather, the
cooling system with CCH and CCP enhances the PV performance
due to the PV panel efficiency enhancement. The TEG effect in the
hybrid cooling system is maximized with CCH and CCP cavities
geometry because of long aluminum fins. The CV and CF decrease
the effect of TEG in system performance because of low PCM
thermal conductivity and low free convection. The hybrid cooling
system with PCM cavity capsules (CCP) significantly improves
the cooling system performance and stability of PV temperature,
PV efficiency, and PV performance.
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