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Abstract: The thermal regulation of a silicon photovoltaic (PV) solar system is essential as the module
surface temperature beyond 25 °C deteriorates its Power Conversion Efficiency (PCE). The intensity
of solar radiation seems to have a crucial impact on the PCE of a PV solar system. The present
study aims to assess the effect of solar radiation variations on the PCEs of PV modules integrated
with and without passive cooling systems. The used passive cooling systems are (a) multi-pipe
copper frame filled with Phase Change Material (PCM) and (b) multi-pipe copper frame filled with
ZnO-doped PCM. The tests were conducted at the University of Jeddah in the month of March at
various local times. The results show that the ambient and module surface temperatures are directly
dominated by solar radiations. The conventional PV solar system presents a higher module surface
temperature as compared to that of a PV system integrated with ZnO/PCM. The enhanced module
surface temperature decreases the open circuit voltage (V) and slightly increases the short circuit
current (Is;) indicating its reduced electric efficiency.
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1. Introduction

The photovoltaic (PV) system generates electricity directly from sunlight by means
of the photovoltaic effect. However, a major part of the sunlight produces heat in the PV
module during this conversion process. The temperature of the module surface is enhanced
due to the generated heat. The Power Conversion Efficiency (PCE) of the PV module
is largely influenced by its module surface temperature [1] as well as solar radiation [2].
In recent years, several studies have been conducted to improve the Power Output (PO)
through mitigation of the PV module’s overheating problem by using various cooling
methods. The cooling methods used so far include natural and forced air cooling [3,4],
water cooling [5,6], hydraulic or refrigerant cooling [7,8], thermoelectric cooling [9,10],
integration of PCM [11,12], nano-fluids [13,14], etc. The efforts paid by different researchers
in increasing the PV efficiency through stabilizing the module surface temperature vary
not only within any specific window, such as active or passive cooling systems, but also
over a wide range of parameters. However, the sustainable achievement in stabilizing the
PV module surface temperature with different approaches seems far from being complete.

The active cooling systems require extra or parasitic energy to drive the heat transfer
fluids such as air, water, nano-fluids, etc., at the back or front of the PV module. It
needs proper design and temperature monitoring techniques. On the other hand, the
passive cooling system is driven by the nature, which is mostly based on air, liquid, and
PCM [15]. In this case, heat is transferred by natural conduction, convection, and radiation
mechanisms. Among others, the PCM-based passive cooling system shows some positive
features including PV temperature regulation, high heat absorption, high heat absorption
rate with small quantities of materials, no electricity consumption, no moving parts, and
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no maintenance cost. Hachem et al. [16] reported that the use of white petroleum jelly
with a PV solar system under the climate of Al-Khyara, West Bekaa of Lebanon, increased
electricity yield by around 3%. According to Hasan et al. [17], the use of paraffin wax with a
PV solar system under the climate of UAE improved 5.9% electric efficiency. Park et al. [18]
investigated the effect of the PCM on the vertical PV solar system under the climatic
condition of South Korea. They observed a 3—4 °C drop in PV surface temperature, which
ultimately results in 3% improvement in energy efficiency [19]. It is obvious that the
effectiveness of PCM depends on its physical properties as well as the PV system’s design,
location, and weather conditions.

Although many researchers have turned more attention to the PV/PCM technology
and published a good number of papers in this field, its practical application is far from
implementation because of some limitations with PCM. As stated by Qureshi et al. [20], the
low thermal conductivity of PCM may cause slow heat transfer as well as low heat storage
and release rate, which appear as major drawbacks for the practical applications. With an
interest to improve the thermal performance of PV/PCM, most of the studies conducted
so far have added different nanoparticles, metal powders, or fins in PCM. Wang et al. [21]
incorporated 1% TiO, nanoparticles in paraffin wax and observed the improvement of
latent heat capacity. A significant improvement of the latent heat capacity of PCM has also
been reported by Babapoor and Karimi [22] upon the addition of different metal oxides
nanoparticles such as SinO;, ZnO, Al,O3, Fe;O3. However, the technical difficulties, along
with encapsulation, materials selection, and design, have appeared as major challenges
in this regard. In the present study, two passive cooling systems have been developed by
using copper multi-pipe cooling frames, PCM, and ZnO powder. The aims of this study are
to determine and compare the PCEs of different PV modules integrated with and without
passive cooling systems at different times of the day under various solar radiations.

2. Materials and Methods

The tests were conducted at the University of Jeddah in the month of March by using
PV modules integrated with and without passive cooling systems for various times over the
test day starting from 9:00 a.m. to 4:00 p.m. Two passive cooling systems were developed
by using two similar multi-pipe copper frames. One frame was filled with PCM, and the
other one was filled with ZnO (1 wt%) and PCM. The used copper pipe with a diameter
of 1.9 cm and wall thickness of 0.09 cm was cut to fit at the back of the PV module. Each
pipe was pressed diametrically around 2 mm along with its full length, and then one end
of each pipe was sealed by using silicone sealant. The multi-pipe copper frame shown in
Figure 1a was made by attaching the copper pipes in parallel with two similar law carbon
steel supports. High temperature adhesive was used to attach 12 pipes to the support by
keeping all the sealed ends at the bottom side. The PCM (paraffin wax) was melted and
poured into the pipes of the frame and then sealed at the pouring side too. The frame is
then attached at the back of the PV as shown in Figure 1b to make it a PV system integrated
with PCM. Similarly, another frame was filled with ZnO-doped PCM and then attached at
the back of the PV solar module to make it a PV system integrated with ZnO and PCM. The
specification of the used PV module (50 W each) is presented in Table 1. The other required
materials including paraffin wax, ZnO powder, copper pipe, high temperature adhesive
(glue), silicone sealant, glass beaker (6 mL each), etc., are purchased from a local market in
the Jeddah city, Saudi Arabia.

The PV system with single PV module is placed by facing south direction with a tilt
angle of about 25 °C. It is worth mentioning that the optimum tilt angle for the month of
March in Jeddah is approximately 25 °C [2]. The experimental parameters to be examined
include solar irradiation, air temperature, module surface temperature, wind speed, open
circuit voltage, short circuit current, output power, and electrical efficiency of each PV
setup. The accuracy level of used equipment is illustrated in Table 2.
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Figure 1. (a) Copper multi-pipe cooling frame, (b) PV integrated with passive cooling system.

Table 1. Specification of the PV modules supplied by the manufacturer.

Parameters Symbol Value
PV Dimension (mm) LxWxt 670 x 550 x 30
Maximum power Poax 50 W
Rated voltage Vinp 178V
Rated current Lmp 2.78 A
Open circuit voltage Voe 21.8V
Short circuit current Isc 311 A
Test condition (Irradiance and 2 Az o
Cell Temperature) 1000 W/m?, 25 °C
Table 2. List of the used equipment and their accuracy levels.
Equipment Measurement Accuracy
Solar meter Sun radiation +0.38 W/m?/°C
Voltmeter Open circuit voltage £0.05% V
Ammeter Short circuit current £0.05% V
Temperature sensor Panel surface temperature +0.14°C
Digital Anemometer Wind velocity +£0.1m/s
Digital Anemometer Atmospheric temperature +0.2°C

Each PV setup is operated over a wide range of voltage and current for finding the
maximum power output (P;,) and then PCE for a particular level of irradiation. The resistive
load at that particular irradiation is increased from zero (short circuit) to a significantly
high value (Open circuit) to determine the maximum power point by plotting I-V curve
as shown in Figure 2. The maximum power output (P;,) is obtained from the maximum
power point of the I-V curve. The value of PCE is determined by using Equation (1). The
incident power (P;) is determined by the product of the PV module surface area A,, in m?
and the incident solar radiation energy (E) in W/ m?. The value of solar radiation (E) is
obtained from solar meter. The short circuit current and open circuit voltage as shown in
I-V curve are denoted by I;c and V, respectively. The voltage and current at maximum
power point (P;;) are presented by Iypp and Vpp, respectively. The maximum power out
(Py) is the area of the product of maximum current (Iyspp) and maximum voltage (Vpp)
obtained at P,,. These values are used to calculate the fill factor (FF) by using Equation (2).
The final form of PCE is presented by Equation (3).

Power conversion ef ficiency () = % = EfimAm ()
Fill factor (FF) = P _ Vmpep X Impp @)

Ise X Ve B Ise X Voe
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Figure 2. The I-V curve for PV solar system.

3. Results

Figure 3 presents the variation of solar radiation, ambient temperature, and wind
speed with respect to time over the test day, from 9:00 a.m. to 4:00 p.m. The trend of
the ambient temperature change follows the change in solar radiation indicating direct
dominance of the ambient temperature by the solar radiation. However, the wind speed
shown in Figure 3b varies randomly over time and does not follow the pattern of solar
radiation. With the increase of solar radiation, the ambient temperature is found to increase
until 12:00 p.m., and then the temperature and the solar radiation decrease with similar
trends. The ambient temperature (33.3 °C) and the radiation (955 W/ m?) are found to be
maximized at 12:00 p.m. The variation in ambient temperature is directly caused by solar
radiation, whereas the wind speed, location, and season have indirect influence on it.
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Figure 3. Variations of (a) solar radiation, ambient temperature, and (b) wind speed in the month of
March in Jeddah.

Figure 4 illustrates the impacts of PCM and ZnO-doped PCM on I-V curves (a,c,e) and
power outputs (b,d,f). The presented data are obtained at (a,b) 10:00 a.m. under 27.8 °C
ambient temperature and 773.4 W/m? solar radiation, (c,d) 12:00 p.m. under 33.3 °C
ambient temperature and 955 W/m? solar radiation, (e,f) 3:00 p.m. under 31.4 °C ambient
temperature and 759 W/m? solar radiation. The maximum output power (43.04 W) of the
PV system integrated with ZnO-doped PCM at 12:00 p.m. is found to be higher than those
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of the conventional PV system (40.47 W) and the PV system integrated with PCM (41.68 W).
This indicates that the presence of ZnO in PCM has enhanced its cooling capability. Similar
effects are also observed at 10:00 a.m. and 3:00 p.m.
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Figure 4. Plots of I-V curves (a,c,e) and variation of power outputs (b,d,f) for the PV systems in
the presence and absence of PCM and ZnO-doped PCM at 10:00 a.m. (a,b), 12:00 p.m. (c,d), and
3:00 p.m. (e,f).
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Figure 5 illustrates the variation of the module surface temperature with respect to
the test time for different PV systems. It is seen that the surface temperature is gradually
increased from 9:00 a.m. to 12:00 p.m. and then reduced until 16:00 p.m. The maximum
surface temperatures of the PV system and the ZnO-doped PCM integrated PV system
are found to be 53.6 °C and 50.8 °C, respectively, at 12:00 p.m. This demonstrates that the
attachment of a copper multi-pipe system with ZnO-doped PCM decreases the tempera-
ture by around 2.8 °C, which is an approximately 5.22% reduction from the PV module
surface temperature.
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Figure 5. Variation of module surface temperature of the PV, PV with PCM, and PV with ZnO-
doped PCM.

Figure 6 reveals that the efficiency of the conventional PV module is 12.69% under the
radiation of 773.4 W/m? at 12:00 p.m. Under similar conditions, the PV system integrated
with ZnO/PCM shows an electric efficiency of 12.94% with a filling factor, FF = 73.33%,
an open circuit voltage, V,c = 20.95V, a short circuit current, Iy, = 2.91 A. The high value
of the electrical efficiency observed for the PV system integrated with ZnO-doped PCM
demonstrates that the ZnO/PCM-integrated PV system can effectively reduce the adverse
effect of module surface temperature. Although the ambient temperature and module
surface temperature were found to be high at 12:00 p.m., the efficiencies at this noon time
presented in Figure 6 are found to be higher than those at 10:00 a.m. and 3:00 p.m. In fact,
this feature leads to a better and controlled thermal output during the application period of
the PV solar system.
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7//////////%
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Figure 6. Conversion efficiency of different PV systems obtained at 10:00 a.m., 12:00 p.m., and
3:00 p.m.
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Table 3 presents the values of module surface temperature (Ts), open circuit voltage
(Voc), short circuit current (Is), and efficiency (1) determined for a photovoltaic (PV) system
and a PV system integrated with ZnO-doped PCM under various solar radiations at three
different times, viz., 10:00 a.m., 12:00 p.m., and 3:00 p.m. At 10:00 a.m., 12:00 p.m., and
3:00 p.m., the solar radiations are found to be 773.4, 955, 759 W/ m?, and the module
surface temperatures of PV system are identified as 43 °C, 53.6 °C, and 42.4 °C, respectively.
Under these conditions, the electric efficiencies of PV systems are observed to be 11.48%,
12.69%, and 11.88%, and the power outputs (PO) are found to be 33.02 W, 40.47 W, and
32.93 W, respectively. This clearly demonstrates that the conversion efficiencies, module
surface temperatures, and power outputs are directly controlled by the solar radiations.
Similar trends are also found for the PV system integrated with ZnO-doped PCM. As
the temperature of the PV module increases under a particular solar radiation, its power
generation and efficiencies are dropped significantly.

Table 3. Ambient temperature (T,;), module surface temperature (Ts), open circuit voltage (V,), short
circuit current (Isc), and efficiency (1) of photovoltaic (PV) and PV integrated with ZnO-doped PCM
at 10:00 a.m., 12:00 p.m., and 3:00 p.m. under different solar radiations (R).

10:00 a.m. (T, = 27.8 °C) 12:00 p.m. (T, = 33.3 °C) 3:00 p.m. (T, = 31.4 °C)
PV PV/PCM/ZnO PV PV/PCM/ZnO PV PV/PCM/ZnO
Ts 38.3°C 38 °C 53.6 °C 50.8 °C 42.4°C 40.1°C
Voe 207V 21.75V 205V 2095V 2094V 2148V
Ise 25 A 24 A 299 A 291 A 232 A 225 A
1 11.48 % 11.9 % 12.69 % 12.94 % 11.88 % 12.38 %
PO 33.02 W 33.72 W 40.47 W 43.04 W 32.93 34.82
R 7734 W /m?> 955 W/m? 759 W /m?

4. Discussions

As per Figure 6, the PV module surface temperature is enhanced from 38.3 °C to
53.6 °C when the time is increased from 10:00 a.m. to 12:00 p.m. The surface temperature
of the PV system is then reduced to 42.4 °C at 3:00 p.m. The observed V., s, and # for
the PV system are found to be 20.7 V, 2.5 A, and 11.48% at 10:00 a.m.; 20.5 V, 2.99 A, and
12.69% at 12:00 p.m.; and 20.94 V, 2.32 A, and 11.88% at 3:00 p.m., respectively. It is clearly
noticed that the enhancement of the module surface temperature decreases the V,, and
slightly increases the I;.. These changes consequently reduce electrical efficiency as a result
of increasing the module surface temperature. However, the module surface temperature is
found to be directly dominated by the solar radiation. Similar phenomena are also observed
for the PV systems integrated with ZnO-doped PCM.

It is also noted from Figure 5 that the PV system’s surface temperature at 12:00 p.m.
is reduced from 53.6 °C to 50.8 °C due to the integration of 1% ZnO-doped PCM at
the back of the PV module. As a result, the electrical efficiency of the PV system is
improved from 12.69% to 12.94% when the PV system is integrated with ZnO-doped PCM.
Senthilraja et al. [23] observed an increment of electrical efficiency for a PV system from
7.5% to 8% at 12:00 p.m. due to the integration of the air-cooling system with a 0.011 kg/s
mass flow rate. Similar trends are also reported by Liang et al. [24] and Sardarabadi
et al. [13]. In such cases, the reduction of the cell temperature is one of the important
contributing factors for enhancing electrical efficiency. An increment of the module surface
temperature after passing a certain value leads to a reduction in the open circuit voltage
and a slight increase in the short circuit current. The reason for this slight increment of the
short circuit current with the temperature could be due to the reduced band gap energy and
an increased number of photons with the required energy which create electron-hole pairs.
However, the open circuit voltage decreases with the increase of temperature. According
to Senthilraja et al. [23], the diffusion length of the semiconductor at higher temperatures
is increased due to more output current and less output voltage, and ultimately, electrical
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efficiency is reduced. Solar radiation is a major influencing factor in changing the ambient
temperature and the module surface temperature. It is important to understand the
mechanism in decreasing the voltage and increasing the current with the increase of the
module surface temperature. Further studies should be conducted to investigate the effect
of the temperature and the diffusion length of the PV materials on the voltage and current
variations. Among others, the important factors that may influence the PV efficiency are
wind speed, air temperature, solar peak time, air-mass, zenith angle, slope angle, dust
level, and the materials of the solar module. It is worth mentioning that wind speed has
a positive impact on the electrical efficiency of the PV system as it helps reduce surface
temperature.

5. Conclusions
The following conclusions are drawn from the present study:

(i) The module surface temperature is significantly dominated by solar radiation. Under
any specific solar radiation, the PV efficiency and power output are improved when
the module surface temperature is reduced by integrating the cooling system.

(if) The reduction in module surface temperature due to the addition of PCM is found to
be low. This could be attributed to its low heat conductivity. However, reduction of
module surface temperature is found to be high when PCM is doped with ZnO.

(iii) Atnoon, the PV system integrated with ZnO/PCM drops the module surface temper-
ature approximately 2.08 °C, indicating a 5.22% temperature reduction. It enhances
electrical efficiency from 12.69% to 12.94%.

(iv) The enhancement of the module surface temperature decreases the V,. and slightly
increases the I; current. The absolute value of the voltage change is more than that of
the current, and, thus, it reduces the electrical efficiency of the PV system.

(v) The mechanism of voltage reduction and current increment with the enhancement
of the module surface temperature is not clearly understood. Further studies should
be conducted to understand the effect of temperature and diffusion length of the PV
materials in changing voltage and current.
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Abbreviations

c-Si Crystalline silicon

FF Fill factor

Isc Short circuit current

MPP Maximum power point
PCE Power conversion efficiency
PCM Phase change material

PV Photovoltaic

PV/PCM PV integrated with PCM
PO Power output

Voc Open circuit voltage
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