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Abstract The solar radiation absorbed by photovoltaic panels is not
fully utilized in the production of electricity. When the photovoltaic panels
are exposed to solar radiation, part of the energy of the incident radiation
is transformed into heat accumulated inside these panels. The heat accu-
mulated inside the photovoltaic panels causes two types of losses. The first
type of losses is the increase in the operating temperature of the panels and
the deterioration of their efficiency and life span. The second type of losses
explains that part of the energy of the incident radiation is transformed
into heat inside the panels and does not contribute to the production of
electrical energy. There are several cooling systems that have been applied
to photovoltaic panels for the purpose of regulating their temperature in-
cluding air, water, and nanofluid cooling systems, which are mostly done by
placing a solar collector in the back side of the photovoltaic panels (PV/T).
There is also a recently used system that uses phase change material (PCM)
in cooling. This paper provides a comprehensive review of several cooling
methods and their improvements that researchers have focused on. Through
this review, it is clear that the best improvement in the performance of the
photovoltaic panel occurs when using PCM because of the high heat transfer
coefficient of these materials. Performance improves more when the addi-
tion of nanoparticles to the phase change material (PCM-Np) and also when
merging (PCM) with (PV/T).
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1 Introduction

The world is moving towards exploiting and benefiting from renewable en-
ergy as clean energy. This energy can be obtained from wind, water, earth
and sun. One of those clean energies is solar energy because it does not
contain harmful emissions (carbon dioxide, carbon monoxide, etc), and has
zero waste generation [1]. Solar energy provides the world’s energy require-
ments such as electricity, hot water, etc. to a limited extent, but it has
begun to escalate in recent years [2-6]. Photovoltaic (PV) panels consist
of solar cells that use solar energy to generate electrical energy from solar
radiation, and their use has spread greatly in recent years because they
are considered clean energy that has no side effects on the environment,
no fuel costs, and are inexpensive in terms of maintenance. This explains
the increase in global demand for solar energy. In addition to the fact
that photovoltaic systems can provide electrical energy at night in the ab-
sence of sunlight by using batteries and charging them during the day and
then using them at night. These features encouraged investors and global
energy producers to expand toward the production of electric energy uti-
lizing photovoltaic panels [7]. Photovoltaic cell consists of semiconductors,
usually silicon that are compressed into a specially treated wafer to form
an electric field positive at one end and negative at the other. When the
light energy reaches the cell, electrons are released from the atoms in the
semiconductor material. The electrons reach a higher energy state to gen-
erate electricity and the electrons are collected in the form of an electric
current [8]. Photovoltaic panels have been recognized all over the world
due to their inexpensive maintenance and operating costs [9]. The global
market of photovoltaic panels in 2019 released a report stating that there
was a 12% increase in the installation of photovoltaic panels from 2018 to
2019 [10]. Exactly at the end of 2019, a total of (720 GW) of photovoltaic
panels have been installed worldwide, and the capacity of photovoltaic pan-
els will be around (8500 GW) as expected by 2050 [11,12], as illustrated
in Fig. 1.

The disadvantages of the available photovoltaic units are that electricity
production is not high because they produce approximately 5% to 25%
of the electricity harvested from solar radiation [12], and because solar
radiation generates heat in the photovoltaic panels [13]. The generation of
heat resulting from solar radiation raises the photovoltaic panel operating
temperature, and this has a negative effect on its electrical performance [14]
and lifespan [15], and causes an increase in the recovery period [16].
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Figure 1: The growth of photovoltaic panel capacity globally [12].

Manufacturers of photovoltaic panels set their test temperature to oper-
ate optimally at 25°C. Practically the maximum efficiency of photovoltaic
panels is in the operating temperature range from 15°C and 35°C. Any
increase in the temperature of the photovoltaic panels leads to a deterio-
ration in their efficiency. It has been reported by the National Renewable
Energy Laboratory that the impact of high operating temperatures of pho-
tovoltaic panels outside the recommended range leads to a deterioration in
efficiency between 0.005-0.008 per year. To ensure that photovoltaic pan-
els operate at maximum efficiency, their temperature must be controlled
within 15-35°C, hence the idea of cooling photovoltaic panels [2].

Many researchers suggested multiple cooling solutions, such as taking
advantage of the heat absorbed from photovoltaic panels as useful thermal
energy, and this is named the hybrid photoelectric/thermal system [17].
The obtained heat from this system is used in heating domestic water [18],
drying food [19], ventilation [20], and some other applications. Hybrid sys-
tems need less space than photovoltaic panels to obtain the same amount
of energy [21]. Therefore, some researchers have placed a solar thermal col-
lector behind the photovoltaic panels to harvest most of the energy that is
disposed from the solar panels to avoid its loss and reuse it for productive
purposes [22,23], as illustrated in Fig. 2.

The photovoltaic panels will not operate in standard conditions but close
to them, with good productivity, and take advantage of the heat transferred
by refrigerants (air, water, and nanofluids) in many other applications [24].
This technique has several options in which more hybrid configurations can
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Figure 2: Solar photovoltaic system combined with solar thermal system in a hybrid
photovoltaic thermal (PV/T) system [23].

be considered [25] such as using silicon or non-silicon materials in manu-
facturing photovoltaic cells, or solar thermal collectors [26].

Researchers exploited the hybrid system of photovoltaic panels to de-
velop it using water in cooling with different techniques, whether through
copper tubes or spraying water, and others [27-30]. The other researchers
used a phase change material (PCM) to store heat such as paraffin wax,
sheep fat, etc. It was concluded that when nanoparticles are added to the
phase-changing materials (PCM-Np) in the photovoltaic panels cooling sys-
tems, the efficiency and the heat capacity of these systems improve. This
means that they can absorb larger amounts of heat accumulated inside the
photovoltaic panels and reduce their operating temperature, thus increasing
the efficiency of those panels [31-36].

This study provides a comprehensive review of the most prominent tech-
nologies used in photovoltaic solar panel cooling, such as cooling by water
or nanofluid or air through tubes, cooling by water spraying, and cooling
by using phase change material (PCM), etc., then, comparing these tech-
nologies and highlighting the advantages and disadvantages of each.

2 The temperature effect on the performance
of photovoltaic panels

When the photovoltaic panel is exposed to sunlight, energy is transmitted to
the electron resulting from the fall of photons generated from solar radiation
on the atom, and this energy enables the electron to move to the conduction
zone and release from the valence zone [37]. Raising an electron to the
conduction zone requires the least energy required, and this energy is called
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the gap energy. This energy is equal to the energy of a photon and can be
expressed by Eq. (1) [38]:

Eq=E=hf, (1)

where: E¢g — the bandgap energy (J), E — the energy of a photon, h — Planck
constant = 6.63 - 10734 Js, f — frequency of solar radiation photons (Hz).

The solar cells operating temperature (photovoltaic panel) increases due
to the thermal loss of electrons [13]. An electron releases energy when it
crosses the conduction zone when it returns to the same range. Heat is gen-
erated in the photovoltaic panel and its operating temperature increases
as a result of the energy emitted from the electron while crosses the con-
duction zone and returns to the same zone again [39]. In the event that
the electron does not have enough energy to cross the conduction zone, the
electron discharges energy on its way back to the valence zone. This energy
will lead to an increase in temperature [40]. A photon hits an electron with
energy equal to the band gap energy, this causes the electron to move to the
conduction zone from the valence zone. This means that when the photon’s
energy is greater than the bandgap energy, the excess energy results in the
heat for the materials. When the energy of a photon is less than the band
gap energy, the electron is excited to the conduction zone from the valence
zone and instantly back to the valence zone and electron energy is emitted
as heat, that heat called band gap losses [37,41].

The dependence of the temperature on the efficiency of the photovoltaic
panel obtained from the dependence of the open circuit voltage on the
temperature is as follows [41,42]:

Voo I
=G A (2)
dVoe) 1 Eq
dt Ty (V"C ) ' (3)

where: 7, — electrical efficiency of the photovoltaic panel, V. — open circuit
voltage (V), I —supplied current (A), G — incident solar radiation (W /m?),
A — panel area (m?), T, — photovoltaic panel operating temperature (°C),
q — heat losses (J).

E
Because —2 will be greater than V., the change in the open circuit volt-

d(V,
age < ( d:C)) will be negative due to the increase in temperature. There-

fore, when the operating temperature rises, the open circuit voltage of the
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photovoltaic panels decreases [43]. Figure 3 shows the change in voltage and
current at different temperatures and Fig. 4 shows the open circuit volt-
age and the power of the photovoltaic panel (Ppax) for crystalline silicon
solar cell. If the temperature is increased, the short circuit current (/) is
increased by a little [44,45].
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Figure 3: The change in voltage and current with temperatures as a parameter [13].
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Figure 4: The change of Vi, Pmax, and Is. with temperature [13].

The researchers had an active role in studying the effect of high temper-
ature of photovoltaic panels in different climatic conditions on their elec-
trical performance. Wysocki and colleagues [46] studied how photovoltaic
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energy from the sun converts to a semiconductor in the case of a different
bandgap from 0.7 to 2.4 V and at temperatures ranging from 0-400°C. In
the case of temperature increase, the electrical performance is significant
in high bandgap semiconductors. They found that gallium arsenide (GaAs)
performs well at temperatures less than 200°C.

Akhmad et al. [47] examined two different PV modules for their elec-
trical performance and used (amorphous silicon — polycrystalline silicon)
in outdoor conditions in Japan. The efficiencies of crystalline crystals and
amorphous silicon decreased by (92% and 89%), over 2 years from the be-
ginning of their installation because of the effect of its temperature increase
and ageing of modules.

Radziemska et al. [48] changed the temperature from 22°C to 70°C for
a monocrystalline PV panel and observed a 0.8% decrease in PV output
power. Radziemska et al. [49] and Meneses-Rodriéguez et al. [50] tested the
effect of increasing the temperature on a silicon crystal panel. The results
of the study explain that when the plate temperature was increased by one
degree Kelvin, the output power and efficiency reduction rate were about
0.65% and 0.08%, respectively.

Brinkworth et al. [51] and Usami et al. [52] studied the effect of in-
creasing the temperature on the photovoltaic panels (cadmium telluride)
made of stainless steel layer and showed that the OCV (open circuit volt-
age) decreases linearly in the case of increasing temperature with a slope
2.5 mV/°C.

Huang et al. [53] studied how different temperatures affect photovoltaic
panels behaviour and found a good result with the relationship as shown
in Eq. (4):

V;)c = Aoc - CT TJ ) (4)

where: A, — intercept coefficient, Cp — temperature coefficient (V/°C), T;
— solar cell junction temperature (°C). It is clear from Eq. (4) that the
open circuit voltage (OCV) in the photovoltaic panel decreases in the case
of increasing temperature.

Singh and Ravindra [54] conducted a theoretical study to investigate
the effect of temperature on the electrical properties of photovoltaic pan-
els. The study included an analysis of the performance of several types of
photovoltaic cells (GaAs, Ge, InP, Si, CdTe, CdS) for operating temper-
ature ranges between (273-523 K), a solar spectrum (0 AM and 1.5 AM)
found a direct relationship between the temperature increase and the re-
verse saturation current, while the relationship between the temperature
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and the performance of the photovoltaic panels is inverse. In addition, the
bandgap decreased with increasing temperature, which consequently led to
increase the current of the short circuit.

Bando et al. [55] conducted an investigation to study how the photo-
voltaic units are degraded after a long period of time up to (28 years) in
a desert area. After the detection procedure, the coating material was dis-
coloured and the glass was broken and scratched, discharged, discoloured
and hot spots formed; the energy decline rate for the year was 1.2%.

It is clear from the previously mentioned papers that the electrical per-
formance is affected when the operating temperature of photovoltaic panels
is changed, meaning that the electrical performance decreases with increas-
ing temperature and vice versa in multiple climatic conditions. High tem-
peratures shorten the life span of photovoltaic panels. Therefore, controlling
and managing high temperatures is necessary [56,57]. The researchers made
many attempts to improve the performance of the photovoltaic cell by us-
ing various techniques in its cooling, which will be discussed in the next
sections.

3 Cooling of photovoltaic panels by water
and nanofluids

The simplest type of photovoltaic panel cooling system consists of a heat
exchanger installed on the back surface of the photovoltaic panels [58], as in
Fig. 5. The main component of the heat exchanger are tubes usually made
of copper through which the heat transfer fluid (water) passes. The heat
is absorbed from the photovoltaic panel through the pipes, then transmit-
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Figure 5: Cross section of photovoltaic panel water cooling [59].
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ted to the cooling medium to be removed to the outside or used in other
applications such as heating residential homes, for example. These systems
can be complicated by changing the composition of the heat exchanger by
changing the shape and type of material from which these tubes are made,
in addition to changing the heat transfer fluid (cooling medium), such as
using oils, phase-changing materials, or adding nanoparticles to these cool-
ing media. There are other techniques for cooling photovoltaic panels with
water like spraying and immersion.

Different researchers conducted different studies of water cooling photo-
voltaic cells using different heat absorber designs, for example, Huang et
al. [60] used different types of crystal heat absorbers aimed at increasing
the efficiency of photovoltaic panels, some of which consist of tubes in the
form of channels of tube spacing W and diameter D equal to 6.2 and 10,
respectively. The others consist of polycarbonate, this type showed the best
results in the thermal performance of the panels. The test was carried out
on a daily basis, the average solar radiation ranged according to the hours
of the day, starting from 250 W/m? in the early morning to 850 W/m? in
the middle of the afternoon; the readings were taken for several days. The
ambient temperature ranged from 25°C to 34°C, according to the days of
the test. The results showed a direct behaviour between the water temper-
ature and the PV panel temperature, and a daily electrical efficiency for
conventional PV was found at 9%.

Chow et al. [59] used an aluminum heat sink and its flow channels were
made in a rectangular shape, the readings were taken on one summer day
from 8:00 to 16:00, and recorded every 5 minutes. The absorptivity of the
photovoltaic panel was 0.8, the emissivity was 0.8, the intensity of solar
radiation was 800 W/m?, the ambient temperature was 20°C, and the wind
speed was 2.5 m/s, the daily thermal efficiency ranged from 37.6% to 48.6%,
and daily electrical efficiency ranged from 10.3% to 12.3%.

Ji et al. [61] studied the pipe size effect and water mass flow rate on ther-
mal and electrical performance. The test was conducted for three days to
check the performance of the electrical power and for 3 different flow rates.
Increasing the size of the tube led to a high heat loss from the outer tube
surface, in addition to an increase in the water mass flow rate to more than
0.03 kg/s. These led to a decrease in the operating temperature of the pho-
tovoltaic panel due to the increase in the rate of heat transfer by increasing
the conduction between the photovoltaic panels and the outer surfaces of
tubes on the one hand, and on the other hand, increasing the heat trans-
fer by convection between the inner surface of the tubes and the cooling
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medium that passes inside them. On days 2 and 3, it was observed that
the daily electrical energy output improved slightly, despite the increase
in the flow rate from 0.1 to 0.9 kg/s. On day 3, however, power output
only improved by less than 10 W. The highest solar radiation intensity was
432 W/m? and the ambient temperature was 25°C.

Ibrahim et al. [62] carried out simulations of different heat absorbers
and discovered that the so-called spiral type heat absorbers had a high
performance in general, this performance attributed to the hollow tubes
that are used, and these tubes are rectangular in shape. The tests were
at an ambient temperature of 25°C. It was observed in the results that
the design of the spiral flow gave the highest total efficiency (thermal and
electrical) of 68%, but the serpentine flow design gave the lowest total
efficiency of 45%, relative to the flow rate.

Bahaidarah et al. [63] made a performance test on a photovoltaic panel
cooled by water on the back surface (by canals), from 9 am to 4 pm during
one day. The surface temperature of the photovoltaic panel was 45°C, while
it decreased when using water to 34°C. The energy production of the PV
system with water was approximately four times higher than that of the
PV system alone. Also, the results showed a decrease in the operating
temperature of the photovoltaic panel and an increase in electrical efficiency
that reached 2.7% when using cooling technology.

Matias et al. [64] investigated the possibility of increasing the PV output
power by reducing the operating temperature, as their production increased
after using water at a flow rate of 0.6 1/s at an initial temperature of the
photovoltaic panel 25°C equal to the ambient temperature. The photo-
voltaic panel produced maximum power during test day 63.09 W without
cooling and in the case of cooling it produced 78.74 W.

Fakouriyan et al. [65] conducted an empirical analysis of the efficiency
of photovoltaic panels and they made a comparison in the case of pres-
ence or absence of the cooling system. During the test day at the ambient
temperature of 37°C, a power improvement of 10 watts was obtained, and
the panel surface temperature without and with cooling was 62°C or 44°C,
respectively. It was also concluded that the daily electrical efficiency of
photovoltaic panels without a cooling system was 10.9%, while the daily
electrical efficiency of the same panels with a cooling system improved
to 12.3%.

Moharram et al. [66] used the technique of spraying with water only
once and during a specified period of time to improve the performance of
the cell. They discovered through their studies that this method is useful
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and can be used in the regions where the weather is characterized by high
temperatures or is dusty. The PV panel temperature was 45°C and the
ambient temperature was 35°C. The test was conducted in two days, a day
in June and a day in July were chosen. They have concluded that the
cooling rate of the photovoltaic panels was 2°C/min and this led to an
improvement in efficiency and output power for these cells. The maximum
electrical efficiency of the PV panel improved from 10.5% to 12%; this
means that the electrical efficiency improved by 1.5% in July.

Nizeti¢ et al. [67] worked on regulating the temperature of the photo-
voltaic panel by using the technique of spraying water on PV front and
back surface with a flow rate of 225 1/h and a pressure of 4.8 bar, as shown
in Fig. 6. The test was conducted on a clear summer day, and the ambient
temperature ranged from 27°C to 30°C, and the solar radiation rate ranged
between 810 W/m? and 850 W/m?. It was noticed that cooling from the
back surface lowered the temperature more than what happened in the sur-
face frontal, therefore, the maximum electrical efficiency during the test im-
proved from 13.92% to 15.92%, and the maximum output power increased
by 4.9 W. It is worth noting that droplet size is a key parameter in cooling
effectiveness [68].
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Figure 6: Cooling the front and the backside of the photovoltaic panel [67].

Mehrotra et al. [69] used a water immersion cooling technique for photo-
voltaic panels, as shown in Fig. 7. The test was conducted in April during
6 days, the average intensity of solar radiation ranged between 670 and
1170 W/m? during the day, and the ambient temperature ranged between
33.5 and 38.4°C. They showed that there is an increase in the daily electri-
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cal efficiency of the photovoltaic panel by ~ 1% when immersed to a depth
of 1 cm.

Abdulgafar et al. [70] presented the study for the cooling of PV panels
through the water immersion technique. The tests are done on a small
polycrystalline silicon panel with different depths from 1 to 7 cm. On the
test day, conditions were as follows: the average solar radiation value —
700 W/mz, the ambient temperature — 36°C, and the water temperature
range was between 28-30°C. Through the results, it was observed that the
best power output was at a depth of 1 cm with solar radiation of 444 W /m?,
which reached 0.111 W.

Figure 7: Photovoltaic panel immersion technique [69].

The PV cooling system technology has been upgraded by using additives for
water such as nanomaterials and alcohols to create liquids with high thermal
properties to obtain the best rate of heat transfer between photovoltaic
panels and the solar thermal absorber. Several researchers presented studies
on the usage of nanofluids to cool photovoltaic panels. Aberoumand et
al. [71] used Ag/water nanofluid for cooling a PV /T system, by using 4
wt% nanofluids (with the turbulent flow), the test was conducted during
7 consecutive days in June, the average solar radiation ranged from 400-
850 W/m?, and the ambient temperature was 25°C. It was observed that
the electrical efficiency during daylight hours ranged between ~ 8.1—9.8%,
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~ 9.4—10.9% and ~ 10.3—12.2% for no cooling, water cooling and nanofluid
cooling, respectively.

Al-Ghezi et al. [72] used a nanofluid consisting of copper oxide nanopar-
ticles and surfactants dispersed in water with different weight concentra-
tions as cooling fluids. The test was conducted during one day, and the
ambient temperature was 25°C, the solar radiation rate ranged from 250—
1000 W/m?. The results showed that the daily electrical efficiency of the
photovoltaic panel was enhanced by 2.9% approximately when using the
prepared nanofluid (2.0% nano-CuO), compared to the use of water only.

Murtadha et al. [73] used titanium dioxide nanofluid with different weight
concentrations as a cooling fluid in two passes circulation as shown in Fig. 8,
to lower the PV panel surface temperature and improve the performance of
the photovoltaic/thermal system. Standard test conditions during test day
were: ambient temperature equal to 25°C and the solar radiation intensity
ranged from 501 to 866 W/m?2. It was discovered that the cooling system
reduced the surface temperatures by 19.0% at a higher weight concentra-
tion, the results showed that the increase in the daily electrical efficiency
was 1.26% compared to the use of water during the test day.
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Figure 8: Schematic diagram of two passes fluid circulation in PV/T system [73].

Sathyamurthy et al. [74] used a hybrid nanofluid (carbon nanotube & alu-
minum oxide/water) as a cooling fluid. The tests were conducted at an
ambient temperature ranging between 25-35°C. The intensity of solar ra-
diation ranged between 100-1050 W/m?. The maximum temperature of
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the photovoltaic panel was 56°C without cooling, and 30°C with cooling
during the test day. The electrical efficiency increased during the noon by
4.5% and 2%, compared to those without cooling and with water cooling,
respectively.

Ebaid et al. [75] used two types of nanofluids, namely AloOgz in a water-
polyethylene glycol mixture at pH 5.7, and TiO2 in a water-cetyltrimethyl
ammonium bromide mixture at pH 9.7 with three concentrations of weight.
Results showed on the test day that the nanofluid cooled PV panel in
both types caused a higher decrease in the average PV panel temperature
compared with the cooled cell with water and without cooling. In addition,
electrical analysis of power and efficiency showed that TiO2 nanofluid gives
better performance at all volume flow rates. The concentrations studied
were compared with water cooling and without cooling. The increase in the
daily electrical efficiency of photovoltaic panels in the presence of nanofluid
is 0.82% and for water cooling is 0.48% compared to the absence of cooling.

Kazem et al. [42] used a fluid consisting of water, copper oxide nanopar-
ticles, and ethylene glycol to cool a photovoltaic panel. The results showed
that the daily efficiency of the photovoltaic panel was enhanced by 2.5%
for the prepared nanofluid (2.0% nano-CuO) compared to the use of the
base fluid only (water).

4 Cooling of photovoltaic panels by air

In these cooling systems, the working fluid (cooling medium) is air. Air flows
under conditions of forced or natural flow. The fluid flows through openings
or channels at the top of the photovoltaic panel and at the bottom of it.
The fluid (air) flows up and under the photovoltaic panel, and the air cools
it by convection [76]. Adding fins behind the photovoltaic panel increases
convective heat losses from the photovoltaic panel [77], as shown in Fig. 9.
The heated air which is obtained can be used in several applications.
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Figure 9: Cross-sectional view of double-pass air photovoltaic panel with fins [77].
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The performance of air-cooled photovoltaic panels has been investigated
by numerous researchers using different heat sink designs by controlling the
flow of different masses of coolant (air). This process was done by Sopian
et al. [78] who studied the photovoltaic panel cooled by air at 0.046 kg/s
where the maximum enhancement in electrical and thermal performance
was obtained.

Air-cooled photovoltaic panel experimental analysis was performed by
Othman et al. [79] who combined a photovoltaic panel with a composite
parabolic collector and fins using forced air convection. The effect of in-
creasing the flow rate on the electrical efficiency was small in relation to
the amount of air entering where the best increase in electrical efficiency
did not exceed 1% at conditions of a flow rate of 2 kg/s in the test day, con-
stant solar radiation of 500 W/m? and an ambient temperature 31-32°C.
The thermal performance increased significantly under these conditions.

Tripanagnostopoulos [80] made a different development in the photo-
voltaic panel by using a thin metal plate in the centre of the channel and
embedded fins behind the channel’s back wall. This led to an increase in
the daily electrical efficiency to 1.9% at an ambient temperature of 20°C
during the test day.

Sopian et al. [81] improved the thermal efficiency of an air-cooled photo-
voltaic system using porous media in the bottom channel of the coupling.
The thermal efficiency was very close between the values obtained theo-
retically and experimentally for solar radiation of less than 570 W/m?, the
introduction of porous media into the second channel increases the heat
transfer area. At an ambient temperature of 33.5°C, at radiation intensity
from 546 W/m? to 614 W/m?, the thermal efficiency ranged from 70-90%.
It can also be seen that the thermal efficiency increases with the increase
in solar radiation.

Mohd et al. [82] performed a study to investigate PV performance im-
provement using a grooved absorbent plate by a solar simulator with in-
tensities set at 386 W/m? and 817 W/m?. The study found an increase
in daily electrical efficiency by about 1% and thermal efficiency that may
reach 30% when using this type of absorbent plate. They found that the
electrical and thermal efficiency increase when the radiation intensity and
air velocity increase.

Hussain et al. [83] placed an aluminum honeycomb heat exchanger ab-
sorbent plate behind the monocrystalline photovoltaic panel and studied
the effect of different masses of air from the air. The highest daily thermal
efficiency achieved was 87% at an air mass flow rate of 0.11 kg/s and irra-
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diance of 828 W/m?. The system of honeycomb photovoltaic panels shows
better results for electrical efficiency at the same air flow rate. The daily
electrical efficiency improved from 7% to 7.13% compared to the case of
absence of the heat exchanger.

Mazén-Hernéndez et al. [84] conducted research on the effect of cooling
air freely as well as when it is forcibly passed on photovoltaic panels at
different velocities 2 m/s and 4 m/s. Air was projected into a channel of
variable height. The tests were conducted in one day under different ambi-
ent temperatures ranging between 5-30°C. Forced convection with an air
velocity of 4 m/s gave the best performance, as the daily electrical efficiency
improved by 0.8 to 1%. The operating temperature of the photovoltaic panel
was about 45°C, then decreased by about 15°C when subject to forced air
cooling.

Popovici et al. [85] used the heat sinks cooling method to improve the
efficiency of the photovoltaic panels that contain ribs set at different angles
(45°,90°, and 135°). The average operating temperature of the photovoltaic
panel was 41.87°C, while the maximum operating temperature was 56°C
during a clear summer day. The highest energy was obtained during the day
at an ambient temperature of 25°C where the maximum electrical power
of the photovoltaic panels increased from 6.97% to 7.55% relative to the
results of the base case for angles 45° and 90°.

5 Cooling of photovoltaic panels by using phase
change materials

Phase change materials (PCMs) offer an attractive solution because they
have a heat capacity several times greater than systems based on cooling
by air or water. This is because these materials are capable of absorbing
and releasing a large amount of latent thermal energy by changing their
state from one phase to another (solid to liquid) or vice versa within a cer-
tain temperature range [86]. Because of the low storage capacity of the
thermal photovoltaic system based on water and air, researchers were in-
spired to develop a thermal management system that stores latent heat
with phase change materials. These materials have the ability to absorb
heat and release it during the melting or solidifying process. Phase change
materials keep absorbing heat without an increase in the operating tem-
perature and when these materials solidify, they release latent heat to the
environment [87]. When using these materials in the heat storage process,
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the temperature of the storage materials is kept constant [88]. Consequently,
phase change materials are very convenient for the thermal control of pho-
tovoltaic panels [89]. In the 1980s and early 1990s, phase-change materials
found their way into solar energy applications [90].

5.1 Classifying phase change materials

Phase change materials are used in photovoltaic panels for the purpose of
storing thermal energy. These materials have three known states: solidifi-
cation, solubility, and gaseousness. The states of solidification and fusion
are considered among the basic properties [91]. These materials are energy
storage materials whose fusion temperature is high [92]. Phase change ma-
terials are classified into three types: organic, inorganic and eutectics, each
has merits and demerits [88], which can be distinguished on the basis of
the latent heat of fusion and temperature of the melt, as shown in Fig. 10.

Based on the
phase transition
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i
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Figure 10: Phase change material description chart [93].

5.2 Selection criteria for phase change materials

Several types of phase change materials are available that have been used
by many researchers. Therefore, care must be taken in choosing the phase
change materials because of their great importance. Sharma et al. [94], Ab-
hat [95], Sarbu and Sebarchievici [96] indicate that these materials have
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multiple properties that must be taken into consideration such as chemical,
thermal, physical and economic properties in order to reach the optimum
thermal performance. However, no substance possesses all of these proper-
ties [97].

In the case of selecting a phase change material, the temperature of the
phase transition is determined, which in turn is dependent on the melt-
ing temperature of the phase change material. The phase change materials
absorb heat after completing the melting phase without raising its temper-
ature. Moreover, thermal conductivity is a requirement for the selection of
phase-change materials as well as a heat storage density to complete the
melting phase. On the other hand, the main characteristics of the pho-
tovoltaic system based on phase change materials are uniform cooling of
the photovoltaic panel [98], high rate of heat absorption, long-term cyclic
stability with a greater mass density, absence of super-cooling, immobile
parts, significantly lower maintenance cost and ease of use for practical
applications [17]. It is assumed that phase change materials that are en-
vironmentally friendly are selected. It should be noted that most phase
change materials are very expensive materials in the commercial market.

5.3 Improving phase change materials

Researchers have been widely using phase change materials in controlling
the thermal control of photovoltaic panels. Many researchers recommended
that the melting temperature of these materials is 25°C, and this temper-
ature is suitable for the photovoltaic panel in terms of thermal control in
summer [99, 100]. Other researchers have chosen a high melting point for
phase change materials to suit the conditions of a warm climate [101]. The
melting point of these materials is the key factor that improves the thermal
performance of photovoltaic panels to obtain high electrical power. To have
good thermal control of the PV panel, the temperature of the PV panel
should be higher than the melting temperature of the phase change mate-
rials [102]. The operating factors of phase change materials, for example,
the layer thickness and melting temperature were improved in order to im-
prove the thermal management of the photovoltaic panel; the phase change
materials were improved by exposing them to different solar radiation and
temperature [103].

PCMs are installed on the back of the photovoltaic panel and placed in-
side a container as shown in Fig. 11 [104], the container in some cases made
of aluminum and isolated from the outside with a wooden box. One of the
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advantages of PCMs is that when they absorb heat from the photovoltaic
panel, the operating temperature does not increase but is regulated [105].
Some researchers studied the behaviour of heat absorption of phase change
materials with its temperature, as shown in Fig. 12. As the temperature of
the PCM rises as a result of heating, then heat absorption occurs by the
PCM, and at the same time, its temperature remains almost constant [106].
It is useful to control a constant temperature of the PCM to maintain a con-
tinuous heat sink and to avoid overheating it to its maximum capacity.

plate
(container)

Figure 11: PCM installation in PV panel [104].
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Figure 12: Thermal behaviour of PCM [106].

5.4 The most prominent studies to increase
the performance of PV panel using PCM

Most researchers in this field (cooling by PCM) have used Rubitherm (RT)
which is an organic phase change material. The solid-to-liquid fusion process
(and vice versa) is utilized for these materials in order to store and release
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heat at a temperature depending on their melting point due to their specific
purity and composition. These phase-change materials exhibit a remarkable
latent heat capacity in narrow temperature ranges. They are chemically
inert and have an indefinite lifetime. It has many types such as RT25-RT20
(paraffin wax), GR40 (Rubitherm GmbH 2000), etc. [107].

Simulations were made for three models of different metals to preserve
the phase-changing materials, and fins were added to the metals, as done
by Huang et al. [108] who found that using this system with fins would well
regulate the operating temperature of the photovoltaic panels. The radia-
tion intensity was 1000 W/m? and the melting point of the paraffin wax
(PCM) was 32°C. Aluminum and copper fins were used in it. The average
temperature for aluminum was 38.3°C and for copper was 37.6°C for the
test time. The time taken in the test was from 0 to 100 minutes. The ambi-
ent temperature was 20°C. Simulation and theoretical analysis of paraffin
wax and its thermal behaviour were made, showing that it had a signif-
icant effect on reducing the temperature of the photovoltaic panel, and
storing heat and keeping it in aluminum containers (aluminum is consid-
ered a good material for container manufacturing and has a low cost). The
photovoltaic panel temperature was controlled under 38°C for 1.5 hours
during the day.

Huang et al. [109] introduced various shapes of fins such as straight, wire
matrix, ribbon matrix, and a container filled with phase change materials
RT25 and GR40. The solar radiation was 750 W/m? and the ambient tem-
perature was 23°C. It was found that the temperature of the photovoltaic
panel can be kept below 29°C if the type of fins called wire-array is used
for a long time with the RT25. It is proved that RT25 has a better temper-
ature control of the PV panel and thus may provide a potential increase in
electricity.

Hasan et al. [99] made four systems of phase change photovoltaic mate-
rials: system 1 of aluminum, having an internal width of 5 cm; system 2 of
perspex, having an internal width of 5 cm; system 3 of aluminum, having
an internal width of 3 cm; system 4 of the perspex, with an inner width
of 3 cm, using five different phase change materials (RT20, capric palmi-
tate, capric lauric acid, calcium chloride and salt hydrate commercial blend
SP22). The melting temperature for PCMs was 25 +4°C and the radiation
intensity was 1000 W/m?2. The temperature of the photovoltaic panels was
reduced by 10°C as a maximum.

Huang et al. [110] studied and evaluated the thermal performance of the
photovoltaic phase change system by using three different types of phase
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change materials such as WaxsolA, RT27 and RT35. Note that the temper-
ature was reduced by 21°C compared to a regular PV panel when using the
RT27 at a radiation intensity of 750 W/m?. Its melting point is 25-28°C,
and the ambient temperature is 19°C.

Huang et al. [111] manufactured photovoltaic phase change material sys-
tems by placing and mixing the phase change materials: RT21, RT24, RT27,
RT31 and RT60 in a container. Mixing the two materials RT27 and RT24
contributed to the effect of decreasing the temperature of the photovoltaic
panels, and reduced the temperatures to 21°C and 25°C. The largest re-
ceived electrical energy was 1.9 kWh/day with respect to the reference PV
panel in one-day performance in June.

Japs et al. [112] mixed an aluminum polymer complex with paraffin-
based phase change materials in variable-material bags. These bags are
well-wrapped and glued behind the photovoltaic panel. The readings were
stable for a period of time at the temperature of the photovoltaic panel
compared to the normal panel, and this period was 5.5 hours. During the
test day, which was on July 21, the maximum temperature of the ordinary
PV panel reached 53-55°C, while the maximum temperature of the pho-
tovoltaic module containing phase change materials reached 45-48°C. It
can be concluded that the high heat capacity of the PCM storage leads to
a higher output of electrical energy, and the higher thermal conductivity of
PCM results in a lower operating temperature of the PV panel.

Hasan et al. [113] used three types of phase change materials to reduce
the temperature of the photovoltaic panel (cool it), and these materials
are salt hydrates, fatty acids, paraffin wax, and RT22. It was pointed out
that the phase change material used should have a melting temperature
close to the operating temperature of the photovoltaic panel. The fusion
temperature of the mixtures is high, however, the mixture is easy to melt
and has a melting temperature and a solidification temperature between
19°C and 25°C. The mixture has a melting point temperature that is close
to the temperature of the photovoltaic panel (25°C). Eventually, this is
good for controlling the temperature of the photovoltaic panel.

Hasan et al. [114] conducted an empirical study in Ireland and Pakistan,
and as it is known that the climate of Ireland is cold and the climate of
Pakistan is hot and dry, they used two measuring devices of phase change
materials to evaluate the performance of capric palmitate and salt hydrate.
The use of salt hydrates in the photovoltaic phase change material system
lowered the temperature of the photovoltaic panel by 10°C and 21.5°C
in Ireland and Pakistan, respectively. The experiments were conducted in
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3 days with solar radiation ranging between 400-950 W/m?. The melting
point of PCM with CaCl26H20 was 8.29°C. An improvement in electrical
energy by 3% was found when using PCM with CaClysHao.

Indartono et al. [115] used yellow petroleum jelly as a phase change ma-
terial which was contained in an aluminum rectangular tube and located at
the back part of the photovoltaic panel. This study compared the perfor-
mance of two photovoltaic panels; the first one used PCM, and the second
one was without PCM. The result was that the photovoltaic panel sur-
face with PCM has lower temperature compared to PV without PCM, and
the daily electrical efficiency of the photovoltaic panel increased by (2-3)%
during test day.

Hasan et al. [116] enhanced the PV efficiency and avoided heat transfer
to the inner spacing by using RT42 in the system based on adding phase
changing materials to photovoltaic panels. This contributed to lowering the
photovoltaic panel temperature by 12.3°C and 22.6°C from the front and
back surfaces of the panel. An increase in the daily electrical efficiency of
the photovoltaic panel was observed between 5.5-7.2%.

Hachem et al. [117] regulated the temperature of the polycrystalline
photovoltaic panel by using pure phase-change materials, petroleum jelly,
and impure phase-change materials such as copper and graphite in different
amounts. Pure petroleum jelly lowered the temperature by 6.5°C resulting
in a 3% increase in electrical performance compared to a conventional PV
panel. Copper and graphite lowered the temperature of the PV plate by
6.3°C for a longer period of time compared to petroleum jelly, and the
electrical performance increased to 5.8%.

Lim et al. [118] carried out a two-dimensional thermal analysis, using
a computer program to evaluate the thermal behaviour of two impure phase
change materials: petroleum jelly and coconut oil. These materials were
placed in a container made of steel of aggregate type in a bag of plastic. The
maximum temperature drop was 4°C and a 6% enhancement in electrical
efficiency when petroleum jelly was introduced into the disc container.

Karthik et al. [119] used NagSO4.10H5O as a phase change material for
the thermal management of a photovoltaic panel. The test was conducted
on a day in May. The photovoltaic panel peak temperature was 8°C lower
compared to no phase-change material, which enhanced its electrical effi-
ciency by 4% at noon.

Ezan et al. [120] developed a computer program to study natural convec-
tion and its effect on a photovoltaic phase change material system. One of
these models was a photoelectric phase change material system whose ther-
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mal conductivity is controlled, heat transfer does not occur naturally, and
the second is a photoelectric phase change material system whose convec-
tion is controlled (natural convection). Increasing the solar radiation from
400 to 800 W/m? led to an increase in convective heat transfer in the liquid
phase change material. The thickness of 10 cm achieved the highest electri-
cal efficiency, increased by 3.11% as compared to the no-phase condition of
the materials.

Some researchers developed the technology of a PV cooling system by
combining two or more phase change materials (hybrid PCM) for the pur-
pose of using them to cool photovoltaic panels.

Karami et al. [31] studied how to increase the electrical efficiency of
a photovoltaic unit by using graphite, paraffin, and coconut oil compound
as phase change materials. They proved that when adding graphite powders
to coconut oil increases the thermal conductivity of the photovoltaic panels,
and when using coconut oil and paraffin together by half each, leads to
a uniform distribution of temperatures on the surface of the photovoltaic
panel compared to pure beef tallow and paraffin. The average temperature
was 64.02°C and the resulting power reached 4.875 W.

Zohra et al. [121] conducted a numerical study where they combined two
types of phase change materials RT42 and RT62. These two materials have
different melting points. Through simulations, the authors noticed a signif-
icant improvement in the behaviour of thermal systems and a decrease in
the production and storage time by about 20 minutes, where the storage
time was reduced by 10%.

Other researchers carried out additional experiments on photovoltaic
panels by adding nanoparticles to phase change materials (PMC-Np) and
learning their effect on the performance of the panels. Nada et al. [122] con-
ducted a study to improve the thermal performance and electrical efficiency
of photovoltaic units using a phase change material with AloO3 nanopar-
ticles. The test conditions on the test day were as follows: the ambient
temperature between 30-39°C and the solar radiation was 1100 W/m?. Af-
ter analyzing the results, it was found that integrating PCM with the PV
module reduces and regulates the module temperature, which leads to an
improved module power and efficiency. The addition of AlsOs nanoparti-
cles to PCM increases the temperature-regulating potential. It reduced the
temperature of the units by 8.1°C and 10.6°C, and it increased their effi-
ciency from 15.1% to 15.95% and from 15.1% to 17.1%, respectively. The
voltage open circuit (VOC) increased in the case of PCM compared to the
normal case by 0.5 V, and the power increased by 5 W.
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Siahkamari et al. [35] conducted an experimental investigation that fo-
cused on using a new phase change material in a photovoltaic panel to
increase its cooling. This material absorbs heat from the surface of the
photovoltaic unit well and controls its heat capacity and raises the overall
efficiency of the system. To delay the dissolution of PCM, they used sheep
fat as a phase change material; to increase the efficiency of this material,
copper nanoparticles were added to it. The authors found from their re-
search experiments that using lipids and copper nanoparticles (PCM-Np)
the maximum temperature of the photovoltaic panel during the examina-
tion day reached 87°C in the absence of refrigeration, and when using PCM
sheep fat and copper nanoparticles, it is decreased to 60°C. The highest
electrical energy obtained during the 1.5 hour test period at a water flow
rate of 31 ml/s was 26.2%, compared to 24.6% electrical energy obtained at
a flow rate of 6 ml/s. In the case of sheep fat alone, the efficiency improved
from 18.2 to 19.5% when the flow rate was changed from 6 to 31 ml/sec,
and in the case of paraffin wax, the efficiency improved from 11.8 to 13%
at the same flow rates.

Jamil et al. [123] conducted an experimental study of cooling PV panels
using PCM and three different types of nanoparticles with different concen-
trations 0.25% wt and 0.5% wt blended with PCM. The test was conducted
within one day. The results showed that the use of PCM-Np was better
compared to PCM by lowering the temperature and increasing the elec-
trical efficiency, and the high concentration of nanoparticles yielded better
results compared to the low concentration in PCM-Np. The maximum elec-
trical efficiency at the highest concentration, for PV-PCM (MWCNTS) was
12.07%. For PV-PCM (GNPs), the max. electrical efficiency was 12.10%,
for PV-PCM (MgO) - 11.9%, for PV-PCM - 11.74% and for PV - 10.98%.

Some researchers conducted studies on thermal photovoltaics combined
with phase change material (PV/T)/PCM system and others developed
this system by adding nanoparticles to the working fluid such as water
or others. Malvi et al. [124] performed a numerical study and simulation
on a thermoelectric system with PCM. The performance was evaluated in
relation to the various thermal and physical properties of PCM in addition
to the water flow change. Copper tubes were used inside PCM behind the
photovoltaic panel. The photovoltaic panel combined with PCM absorbs
heat during the day and extracts the heat stored in PCM at night by
running water through the copper tubes. The heat storage capacity is better
compared to normal PCM. The radiation intensity was 1000 W/m? and the
melting point of PCM was 28°C. The data was recorded within 24 hours.
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The operating temperature was 36°C and the water flow rate was more
than 51/h. The performance of the photovoltaic panel increased by 2.3%
from 1.46 to 1.49 kWh/day.

Yin et al. [125] used a similar material (phase change material) called
functionally graded material for the PV modules. This material is a mixture
of aluminum and polyethylene with a high density. Copper tubes are placed
behind the photovoltaic panel. The flow rate for water with different masses
was 33 ml/min and 66 ml/min. The temperature was 50 and 55°C for the
photovoltaic panel without water flow with irradiation of 850 W/m? and
1100 W/m?. In the case of cooling, the temperature of the photovoltaic
panel decreased and stabilized at 32°C and 38°C with a flow of 33 ml/min
and 66 ml/min. The daily electrical efficiency of the photovoltaic panel
increased to 14.5% from 13.1%.

Browne et al. [126] conducted an experimental study on a thermoelectric
system in which water is used and a phase change material is added to
it. In this pilot study, the water pipe is integrated with the phase change
material in the photovoltaic panel back wall. The melting point of the PCM
was 22.4°C, and the radiation intensity ranged between 200-1000 W /m?.
The test was conducted over a period of 7 days. It was found through
the simulation conditions that the improvement was in the first three days
of the test, the difference in the temperature of the inlet and outlet was
approximately 8°C.

Sardarbadi et al. [127] studied the effect of using water and zinc ox-
ide/water with and without a phase change material as coolant mediums for
a photovoltaic panel, in terms of increasing their efficiency and decreasing
their temperature. The radiation intensity ranges from 600 to 1000 W /m?
during the test day. The temperature absorption in the photovoltaic panel
occurs by the phase change material PCM, as a result of which the panel
surface temperature is reduced and its temperature is stable. Also, a high-
temperature absorption occurs by the ZnO nanofluid/water due to its high
thermal conductivity value due to the addition of nanoparticles. This heat
absorption also led to an increase in thermal energy. The best increase in
average power output is about 13% while using PCM in the PV /T system
compared to the normal photovoltaic system.

Al-Waeli et al. [32] performed modelling to experimentally verify the
thermal system of photovoltaic panels using coolant nanofluid and nano-
phase change materials. A mathematical model for the energy balance of
the nanofluid system and the thermal regime of the photovoltaic panel
using nanophase change materials was proposed and tested. The deviation
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between the calculated and measured electrical and thermal efficiencies was
found 3.72% and 5.05%, respectively. The temperature was measured at
different stages to confirm the results. It was shown that the temperature
of the liquid increases through heat transfer in different phases with the
highest temperature being 60.45°C. Finally, the overall efficiency of the
thermal photovoltaic system improved to 85.7%, which is very good for
high temperatures.

Al-Waeli et al. [36] conducted a performance evaluation of the ther-
mal system of the photovoltaic panel using improved paraffin and nanoflu-
ids, which helps in optimizing the heat transfer process. The permeable
nanofluid will gain more heat, as shown in Fig. 13. The cooling of the
photovoltaic panel led to maintaining its electrical efficiency. While using
nanofluids for cooling, the efficiency was about 13.7% compared to the tra-
ditional photovoltaic panel about 7.1%.

Heat exchanger -
Storage tank o PV/IT

\ \

Nano-PCM

=

Figure 13: A schematic diagram of the PV/T system and a cross-section of the
collector [36].

6 Advice for future research

As mentioned in the previous research on the thermal management of pho-
tovoltaic panels and methods of cooling them and increasing their electrical
efficiency, multiple methods and techniques were used to cool photovoltaic
panels, including air cooling (forced convection and free convection), water
cooling (pipes, spraying, and immersion), in addition, technical additives to
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water, and also using phase change materials (pure and impure). Recently,
researchers relied in their studies on the use of phase change materials
added to them with nanofluids or nanomaterials to improve the electrical
efficiency of photovoltaic panels via reducing their temperature.

Here are some tips on how to develop future research.

1. Most of the research and studies conducted on photovoltaic panels
based on phase change material showed positive results, but it was
for a short time, so it is better to conduct experiments over a longer
time for the purpose of evaluating phase change materials and their
thermal management with photovoltaic panels.

2. It is recommended to design and develop new types of solar thermal
systems and to use new and different materials to study their impact
and effectiveness.

3. The nanofluid, when it acts as a medium in the photovoltaic panel
system, can improve heat transfer when combined with phase change
materials.

4. Consider the solidification process and not just focus on the melting
process. Sometimes secondary cooling of phase change materials leads
to incomplete solidification that reduces the performance of these
materials in a short period.

5. Integrate phase change materials with the thermal system of pho-
tovoltaic panels. Such a (photovoltaic thermal) system depends on
the phase change material and the addition of nanoparticles to the
phase change material or working fluid, to obtain the best results. It
is recommended to conduct further research in this aspect.

7 Conclusions

The previous literature discussed numerous studies on the thermal control
of photovoltaic panels using several cooling methods that are still under re-
search, study and development. The experiments that are being conducted
on this topic are still in place so as to reach the best results. Some exper-
iments are sometimes expensive for researchers, and others are not. It has
been noted from the presented studies that the best of these methods is
the one using phase change materials (PCMs) because they absorb heat
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from the photovoltaic panel at a high rate, and this is what makes these
materials a great solution in the present time for thermal management.
PCMs regulate the temperature of the photovoltaic panel depending on
their thermal properties and the addition of nanomaterials enhances these
properties. These materials are characterized by their good storage density
and thermal conductivity, which enables them to regulate the temperature
of photovoltaic panels. These are essential features to achieve better ther-
mal performance. However, the use of these materials is expensive and their
storage capacity is limited in case the maximum storage capacity is reached,
when the temperature increases and this is a negative trait of the photo-
voltaic panel. In the second place, the use of nanofluids comes as a great
solution for cooling photovoltaic panels, but it is more expensive compared
to water, which in turn is considered better than using air in the process of
cooling photovoltaic panels. The main focus of researchers is to reach the
best results to improve the efficiency of photovoltaic cells, as they generate
clean energy, and the topic is still under testing and development, so it
is possible that the currently costly technologies will be inexpensive in the
future, just as photovoltaic cells were very expensive in the past. Therefore,
it is difficult at the present time to determine the best technology for use
in terms of both: performance and cost.
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