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Abstract: The high operating temperatures of photovoltaic (PV) panels negatively affect both
electrical efficiency and material degradation rate. Combining both a water-cooling-based photo-
voltaic/thermal (PV/T) system and a phase-change material (PCM) with/without low concentration
(LC) represents a promising solution for boosting the overall energy conversion efficiency of the PV
system. This approach needs to be evaluated in harsh weather where the PCM should have a high
melting temperature. Therefore, this study experimentally investigates the performance of three
PV cooling systems, namely PV-PCM, PV/T-PCM, and LCPV /T-PCM, compared to a reference PV
without cooling, under the weather conditions of Riyadh. The results show that the PV/T-PCM
attained the highest daily average electrical and overall efficiencies of 14.24% (5% increase) and 42.7%,
respectively, compared to 13.56% electrical efficiency of the reference panel. The electrical efficiency
of the PV-PCM was 13.64% due to inefficient natural cooling in the afternoon. The LCPV /T-PCM
recorded the best performance during the two hours around noon, with an average increase in
electrical power and efficiency of 11.06% and a maximum overall efficiency of 70%. Finally, the
LCPV/T-PCM system can be only effectively used to support the higher demand for electricity and
thermal energy around noon; otherwise, a new design configuration with low concentration is needed
to establish a higher electrical efficiency in most hours of sunlight.

Keywords: photovoltaic cooling; photovoltaic efficiency; solar low concentration; phase change
material; high ambient temperature

1. Introduction

In recent years, Saudi Arabia’s energy utilization has been a significant indicator of
its financial progress. The requirement for energy has become one of the most significant
parts of the country’s development and growth. However, electric energy production has
become the biggest concern worldwide, mainly due to the increase in the cost of fossil
fuels, politically-driven energy markets, environmental aspects, global warming, and the
accessibility of fossil fuels versus demand. In 2030, energy utilization in Saudi Arabia is
anticipated to rise by 365.4 terawatt hours (TWh), as reported by reference [1]. The Ministry
of Energy is working on expanding the national energy utilization in power generation,
increasing the share of natural gas and renewable energy sources to roughly 50% by
2030 while diminishing the use of fossil fuels through the National Renewable Energy
Program (NREP) [2]. In 2020, 63.1% of the Kingdom’s annual electricity generation was
gas based, whereas 36.7% was oil-based electricity generation [3]. This has driven a lot
of researchers and scientists to consider the possibility of making amends for the energy
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generated by fossil fuels with unconventional, economic, and renewable resources to meet
the anticipated gigantic increase in energy demand by 2030. Among such resources, solar
energy has been found to be an auspicious resource of renewable energy in the Kingdom [4].

Photovoltaic panels retain a significant amount of solar energy. However, only a
tiny portion of the solar irradiance contributes to the direct transformation of energy into
valuable energy, whereas 75-80% of it is disseminated as waste heat, and around 4-8% is
reflected. Roughly 8-20% of solar energy is converted into electricity [5]. The remaining
portion of solar energy is converted into heat, which causes the solar cells to overheat.
The surface of PV panels can heat up to temperatures above ambient [6]. This increase
in temperature caused by solar-cell heating reduces the electrical efficiency of PV panels.
PV panel conversion efficiency decreases by 0.4% to 0.65% for every degree increase in PV
cell temperature [7]. Radziemska [5] concluded that the electrical efficiency of PV panels
falls by 0.08% for every increment in the temperature of the PV panels, thus diminishing
the power output of the PV panels by 0.65%. Therefore, cooling PV panels by utilizing
appropriate cooling strategies is essential for efficiency improvement and economic aspects.
Researchers have proposed numerous cooling approaches. These cooling strategies are
classified into two categories: active cooling systems and passive cooling techniques. PV
panel temperature can be controlled by utilizing phase-change materials (PCMs) as a
passive cooling method. PCMs will absorb thermal energy from PV panels needed for their
phase change from the solid to the liquid phase to maintain the panels at low temperatures,
preventing drastic drops in voltage and efficiency. Moreover, PV panels utilizing PCMs
(PV-PCM) do not require any additional power source to run the system.

The PCM in a PV-PCM module absorbs heat and lowers the panel’s temperature.
Stropnik and Stritih [8] reported that the power generated by a PV module can be enhanced
by approximately 9.2% at a maximal solar irradiance of 571 W/m? by incorporating
RT28HC PCM on the backside of the panel. Rajvikram et al. [9] deployed PV-PCM panels
that had aluminum sheets attached to the backside of the modules as part of an experimental
investigation. They demonstrated that the PCM could enhance power efficiency by an
average of 2.2%, while dropping the PV module temperatures by an average of 4.4 °C [10].
Nada et al. [11] investigated experimentally the variation of PV panel efficiency and
temperature for three PV-PCM cooling cases. They found that the PV temperature decreased
10.6 °C when employing a PCM-AL203 nanoparticle compound. Baygi and Sadrameli [12]
used Polyethylene glycol 1000 as a PCM to cool PV panels. They investigated the effect of
using this PCM on the PV efficiency at different panel slope (0° and 15°). They observed
that the temperature of the panel cooled by the PCM decreased about 15 °C and its power
output increased by 8%. Huang et al. [13] carried out experimental and numerical studies
to investigate the cooling effect of using a stable paraffin (ZDJN-28) /Expanded graphite
composite on PV performance. The results of [13] indicated that the maximum temperature
of a PV-PCM panel decreased by 4.7 °C, and the suitable density of the PCM to achieve
high-temperature management performance was 900 Kg/m?. Bilgin et al. [14] studied the
effect of PCMs from an economical perspective and conducted numerical studies under
two Turkish cities” climate conditions. They reported that using PCM cooling decreased the
PV panel temperature by 10.26 °C, increased the efficiency by 0.48-3.73%, and improved
the average annual efficiency by 1.59%.

Wongwuttanasatian et al. [15] examined experimentally the performance of three 20W
PV panels cooled by using three different configurations of PCM containers. They reported
a 5.3% enhancement in electrical efficiency when they applied a finned container filled with
Palm wax-based PCM. They also noticed that the PCM may not be effective in late afternoon
with irradiance lower than 500 W/m?. Karthick et al. [16] studied experimentally the
performance of a building-integrated photovoltaic cooled by a Glauber’s salt-based PCM
with a 32 °C melting point, which is close to the ambient temperature of the experimental
location in India. They reported a 10% increase in electrical efficiency resulting from
a reduction in the PV surface temperature of up to 8 °C, compared to a reference PV.
Reddy et al. [17] investigated the depth of a PCM'’s container required for the optimal PCM
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quantity under different operating conditions. They reported that an increase in the ambient
temperature of 8 °C required an increase in PCM tank depth by 1.7 cm, and a large amount
of PCMs with a low-melting temperature, i.e., near ambient temperature. A hybrid PV
cooling system was introduced by Yang et al. [18] where a PCM container was integrated
into a photovoltaic/thermal (PV/T) system. Compared to the conventional PV /T system,
the data of [8] revealed that the PV maximum-temperature drop for the PV/T-PCM system
reached 15.8 °C and the output power increased by 7.4 W. This examination was for a
PCM with a transition temperature of 30 °C, which cannot be used with a higher ambient
temperature, such as in Riyadh. Elsheniti et al. [19] proposed a mathematical model for
predicting the performance of a PV panel cooled by a PCM with a melting temperature of
25 °C. They noticed that the passive strategies were insufficiently effective to guarantee
adequate cooling. The PCM was only able to ensure adequate cooling for the first few
hours, and it was only able to reduce the module’s operating temperature, on average, for
certain period of the day. As soon as the melting was finished, the PCM ceased to function,
which caused the panel temperature to quickly increase to a point where it exceeded that
of the uncooled panel.

Numerous studies on active cooling techniques have been conducted in this area to
enhance PV electrical efficiency by regulating the temperature of PV panels in hot climate
regions. Bahaidarah [20] used a jet cooling approach under a PV panel and reported
maximum temperature drops of 33.1 °C and 16.5 °C for June and December, respectively,
under the hot weather conditions of Dhahran, Saudi Arabia. Using water directly to
cool PV panels requires makeup water, and this will increase in dry weather conditions.
Additionally, pumping power is required which should be evaluated to determine the
net advantage of such approaches. Teo et al. [21] carried out an experiment to investigate
the efficiency of PV panels with and without active cooling. Without active cooling, they
discovered that the module’s temperature was high, and the efficiency of the solar cells was
in the range of 8-9%. Meanwhile, the temperature of the PV was diminished significantly
when the module was cooled by forced convection, leading to an increase in the efficiency
by 12% to 14%. In another experiment by Parupudi et al. [22], they indicated that, when
compared to an asymmetric compound parabolic concentrator (ACPC) with no cooling
impact, the total energy output and the conversion efficiency of an ACPC with active
cooling was enhanced by 31%.

Although active cooling techniques have better cooling efficiency, the energy needed to
operate the cooling equipment, and the high cooling-equipment operating and maintenance
costs may prevent them from being applied to large-scale solar power plants. To minimize
the levelized cost of energy, integration of passive cooling with active cooling can result
in a better solution where waste thermal energy can also be utilized to support other
applications, such as a thermal membrane distillation [23]. Therefore, the main goal of this
research is to experimentally assess the impact of using a passive—active cooling strategy
to maintain a PV panel’s optimal operating temperature and improve the overall solar
energy conversion efficiency, under the environmental conditions of Riyadh, KSA. The
current investigation is based on the performance comparison of four PV panels installed
in the same location. The first one is used as a reference without any cooling approach,
the second is a PV-PCM system, the third is a combined passive—active cooling system
(PV/T-PCM), and the fourth is an integration of low solar-concentration sheets to the
PV/T-PCM (LCPV/T-PCM). In most of the previous studies on PV cooling using PCMs,
the phase transition temperatures were in the range of 25-30 °C for different PCMs. In the
current study, the ambient high-temperature conditions of Riyadh city are considered in
evaluating the proposed hybrid systems. Therefore, new experimental data are explored
and discussed to compare and examine the workability of integrating these systems with a
PCM with a high transition temperature of 41-48 °C.
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2. Materials and Methods

The experimental system layout, as shown in Figure 1, consists of four 120W monocrys-
talline photovoltaic panels [24]; eight solar batteries (Gel Battery, 12V); two batteries each
connected in series to obtain 24 V [25]; a 120W DC floodlight as an electric load for dis-
charging the batteries; four PWM solar charge controllers [26]; an OMB data logger [27];
seventeen BST-TP01 [28] thermocouples; a pyranometer [29]; a multimeter [30]; a PV ana-
lyzer (PROVA 200A) [31]; a 0.15 HP pump; and a 100 L tank. Figure 2 shows the on-site
experimental facilities, including the PV panels, loads, and control and measuring devices.

PV1: Reference PV

PV2: PV-PCM

PV3: PV/T-PCM

PV4: LCPV/T-PCM

T1-T17: K-Type Thermocouples

Pyranometer
Wy

OMB Data Logger

=] ==

Multimeter ~a
________________ PV Analyzer

R * ehe i vae 4 J .
Solar Gel Batteries PROVA 200A

Figure 1. Schematic diagram of the system.

LCPV/T-PCM

PV/T-PCM

........

@ (b)

Figure 2. Pictorial views of the experimental layout: (a) outdoor facilities, and (b) indoor load, control,
and measuring devices.

The following are the descriptions of the components used in the experimental setup
and approaches for the design or selection of each one.
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PV panels: Four identical monocrystalline Maysun solar PV panels with an area of
0.694 m? each were purchased from the local market due to their availability and cost [24].
The specifications of the opted PV panels are given below in Table 1.

Table 1. Specifications of the PV panels used in the experimental tests [32].

Model No.

Rated

Maximum Tolerance

Power

Open Short Normal
Voltage  Current oy uit Circuit ~ OPCTAfing  Operating ., sion

at Pmax at Pmax Voltage Current Cell Temp.
Temp.

MS120M-36

120 W

0t 1020 x

0~+5% 182V 6.67 A 2151V 719 A 47 +2°C 680 x 30

+85 °C
mm

PCM selection: The experimental study was conducted at King Saud University in
Riyadh, KSU, where the average ambient temperature is above 40 °C throughout the
summer season. Therefore, the PCM melting temperature should be greater than the
recorded ambient temperature of the location to stay in a solid phase. Consequently, the
PCM subjected to the ambient air will perform its function only when the PV panel has a
temperature higher than ambient. The PCM should also have high latent heat to maintain
the PV panel’s temperature around the melting point as long as possible. The second reason
to consider a relatively high PCM melting temperature is to recover heat at a relatively high
temperature when applying the combined passive—active approach in this study. Hence,
Rubitherm RT-47 [32] was the best option for the current investigation based on its melting
point temperature, which matches the ambient temperature in Riyadh. In addition, it has
acceptable thermophysical properties that can lead to a better performance for the current
system. The specifications of the obtained PCM are given in Table 2.

Table 2. The specifications of the RT-47 PCM used in the present work [32].

Melting
Point

Heat
Storage
Capacity
+7.5%

Specific Density Density Heat Max

Heat Solid at Liquid at Conductivity _Volume Flash Point  Operating

. N o (Both Expansion
Capacity 15°C 80 °C Phases) Temp.

41-48 °C

160 kJ/kg

2kJ/kg K 0.88 kg/L 0.77 kg/L 02W/mk 12% >180 °C 65 °C

Tube configuration: A copper tube with an outer diameter of 12.5 mm and an inner
diameter of 10.4 mm was designed in a U-bend rectangular shape to cover the whole
back side of the PV. The pipe configuration was made from one piece without any use of
external fittings.

LCPV design: The operation of PV cells under concentrated irradiance offers two
main advantages: First, fewer solar cells are needed due to the objectification of an optic
system to concentrate incident irradiance from the sun onto a smaller area of conventional
solar cells. Second, the increase in the solar irradiation density incident on the PV cells
increases their electrical output. A challenge in LCPV is the design and construction of an
optical system that creates an invariant radiation profile. The electrical performance of PV
cells is largely dependent on the uniformity of the solar irradiance profile, as non-uniform
irradiance may lead to PV cell mismatch as well as power loss. The design of the LCPV is
shown in Figure 3 and described by the following equations [33].
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Figure 3. LCPV cross-sectional view.
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where a is the input radius; r is the exit radius; L is the LCPV length; 6y, and 6/, are
the external and internal output angle, respectively; and 6, and 6, are the external and
internal acceptance angle, respectively.

Reference PV (PV1): For PV1, the PV panel obtained from the market was used
without modifications as a reference PV panel, and three BST-TP01 K-type thermocouples
were fixed at the middle line of the PV panel’s back and used to measure the back surface
temperature. Similarly, three thermocouples were fixed at the same position on the back of
each of the other three panels. The average of the readings of the three thermocouples was
considered to represent the PV temperature.
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PV-PCM (PV2): In this case, after fixing the thermocouples, the back side of the PV2
panel was filled with 12.5 kg of Rubitherm RT-47 PCM, as shown in Figure 4a. Then, it was
completely sealed from the back with an acrylic sheet of 5 mm thickness.

Figure 4. Pictorial views of equipping the PV panels with PCM and LCPV: (a) PV2, (b) PV3, (c) PV4,
and (d) PV4 with low-concentrator.

PV/T-PCM (PV3): Here, after fixing the thermocouples, a copper tube coil in rectan-
gular shape was fixed to the back surface of the panel, assuring a good contact to eliminate
the thermal contact resistance as shown in Figure 4b. Then, 11 kg of Rubitherm RT-47 was
used to fill the back of the panel. After that, an acrylic sheet of 10 mm was used to cover
the opening.

LCPV/T-PCM (PV4): The panel is identical to the PV3 panel as shown in Figure 4c,
but a low-concentration frame was designed for this case and fixed in the frame structure
of the system, as shown in Figure 4d.

The performance of the PV panels in this study are expressed by the instant electrical
power and the daily average electrical and overall efficiencies. The maximum electrical
power output that could be generated from each PV panel was traced by the PV analyzer
and recorded every 10 min. The PV analyzer applied a load on the PV panels for a few
seconds to record the maximum power, while the solar batteries were connected to the PV
panels to ensure continuous loading on the panels over the day. The typical equation used
to calculate the daily average electrical efficiency can be written as follows:

Pelectrical
Helectrical = % (5)

where Pyjectricar and I are the daily average electrical power and solar irradiance over the
investigated period, respectively, while A is the panel area. The PV3 and PV4 panels also
provide thermal power output that can be used to drive an external system. Therefore, the
daily average thermal and overall efficiencies of the PV3 and PV4 panels can be written as
follows [34,35]:
My Cpw (Te — Tj
Mthermal = - pZ; (Ae l) (6)

Hoverall =electrical + Nthermal (7)

where 711, is the thermal fluid mass flow rate; ¢, is the specific heat capacity of the thermal
fluid; and T; and T, are the inlet and exit temperatures of the thermal fluid. The water
pump was operated from the grid as it was used for both the PV3 and PV4 panels, and its
power consumption was not considered in the performance evaluation.
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Table 3 depicts the details of the instruments used in the experimental tests. The
uncertainty in the performance parameters is calculated based on the given information in
Table 3 for the independent readings and according to Equation (8) [36]. The uncertainty
in each of the performance parameters is summarized in Table 4. Since electrical power is
directly taken from the PV analyzer, accordingly, its uncertainty is +1%. The uncertainties
of the electrical and overall efficiencies are £0.004 (£2.8% of the efficiency value) and
£0.0344 (+8% of the efficiency value), respectively. These uncertainties were calculated
based on the daily average experimental data of Day 3 of the PV /T-PCM, where the average
inlet and outlet temperatures were 23.09 & 0.84 °C and 24.16 & 0.91 °C, respectively, and
average solar irradiance was 730.68 W/m?. The five days were in the same month where
the averages recorded for the minimum and maximum solar irradiance were 730.68 W/ m?
on Day 3 and 774.4 on Day 5, respectively. The average measured minimum and maximum
inlet cooling temperatures were 20.38 °C on Day 1 and 23.64 °C on Day 5, respectively. The
variation in the ambient temperatures is shown in Figure 5a, which is limited to a maximum
of 3 °C or 4 °C at each given time. These close experimental conditions make some kind
of verification of the results and using the data of Day 3 to calculate the uncertainty
seems reasonable.

371{ 2+ 87Rw 2+...+ ai 2|’ (8)
dxq “1 dxo 2 dxy @n

Table 3. The models” name and accuracy of the apparatus used in the experimental setup.

WR =

Apparatus Model Name Accuracy
Pyranometer HUKSEFLUX-LP02 <4+1% (100-1000 W /m?)
PV Analyzer PROVA-200A +1%
Thermocouples (K-Type) BESANTEK-BST TP01 +0.4 %

Solar Controller EURONET-10A +1%
Gel Batteries EURONET-EUR6512 (65AH) -
Pump HYUNDAI-HWP0024 (0.15HP) -
Floodlight (DC 12-24V) SHAHPAN-GRTGDY 120W -

Tamb {"C)

Table 4. The uncertainty in the performance parameters.

Parameter Uncertainty Value Uncertainty Percentage
Electrical power 0.722W +1%
Electrical efficiency +0.004 +2.8%
Overall efficiency +0.0344 +8%
1200
—a—Day1
1000
£
I 3 80
s - =" 9}
o 1
$ 600
—a—Dayl £ 400
—a— Day2 5
Day3 5
Day4 il
—— Day5 0
11:30 12:30 13:30 14:30 1530 16:30 9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30
Time Time

@) (b)

Figure 5. The weather conditions during five days in October 2022 in Riyadh from 9:30 to 16:30:
(a) ambient temperature, and (b) total solar irradiance.
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3. Results and Discussion

The electrical and thermal performances of the four PV panels were experimentally
evaluated during the days of 12, 13, 15, 16, and 17 October 2022 at the Mechanical Engi-
neering Department, Kind Saud University, Riyadh, KSA. The ambient temperature and
total irradiance at the same inclination angle of the PV panels are depicted in Figure 5, for
the five investigated days from 9:30 to 16:30. The average ambient temperatures of Day
1 to Day 5 were 33.36 °C, 32.69 °C, 31.87 °C, 33.54 °C, and 31.77 °C, respectively, while the
average irradiances were 739.53 W/ m?2, 754.77 W/m?, 730.68 W/m?, 760.58 W/m?Z, and
774.37 W/m? for the five days, respectively. The recorded average ambient temperature
in October was moderate compared to the average maximum temperature of 43 °C in
August, while the solar irradiance in October was the highest over the year in Riyadh. This
condition helped in examining the effect of the melting temperature of the PCM that was
selected for the summer season on the PV performance in other seasons. In addition, the
reference PV (PV1) panel was not surrounded by a higher ambient temperature which
allowed natural cooling to play a role in managing the PV1 panel’s temperature. Although
the speed and direction of the surrounding air might affect the results, the simultaneous
comparison of the four PV panels at the same location made the comparison independent
of the air movement.

The mass flow rates of the circulated cooling water at the back of the PV/T-PCM
(PV3) and the LCPV/T-PCM (PV4) were identical on the same day. They were 0.3703,
0.96246, 1.93014, 1.93014, and 3.9049 1/min for the five days starting from Day 1 to Day
5, respectively. The same flow rate was repeated for Day 3 and Day 4 because this value
is very close to the typical one used for solar collectors. The effect of cooling water was
minimal on the temperatures of the PV3 and PV4 panels during Day 1 compared to the
other days, while increasing the cooling-water flow rate decreased the average temperature
of the PV3 and PV4 panels, which was affected by switching from a laminar flow scheme
to a turbulent flow scheme after Day 2, according to the given water mass flow rate. The
differences in the three temperatures measured for each PV panel were minimal for the
reference PV (PV1) panel, while there was a noticeable difference in the remaining panels
that employed the PCM, between the top and bottom ones. This was attributed to the
variation in the time required to start the melting of the PCM between the top and bottom
of the PCM-based panels, particularly in the PV2 panel.

The PCM played its role in controlling the panel temperatures to be mostly less than
47 °C for the PV3 and PV4 panels with the help of active cooling. However, using only
the PCM effectively reduced the PV2 panel’s temperature compared to the PV1 panel’s
temperature until noon at around 13:30 for the five days. After that, with the reduction
in solar irradiance, the heat stored in the PCM along with its low thermal conductivity
hampered natural cooling from taking place, which was different to what was noticed
with the PV1 panel’s temperature after noontime. This observation highlights the impor-
tance of coupling PV-PCM systems with active cooling or a mechanism for effective heat
releasing. It is important to mention that the average inlet cooling-water temperature was
21.87 °C coming from a tank under the basement over the five days, and the minimum and
maximum temperatures were 18.91 °C and 24.55 °C, respectively. This low temperature
noticeably reduced the PV3 and PV4 panels’ temperatures with the higher flow rate used
on Day 5. The LCPV/T-PCM recorded the lowest average temperature due to the shading
from the reflectors at the early and late hours of each day, and this can be noticed at 9:30 for
all days in Figure 6. Generally, the average temperatures of the four PV panels over the
investigated 5-day period for the PV1, PV2, PV3, and PV4 panels were 45.56, 46.29, 42.31,
and 39.45 °C, respectively.
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Figure 6. The average temperatures of the four PV panels measured at the back of the cells for 5 days
in October 2022.

The maximum electrical power value that was recorded over the investigated 5-day
period for all the PV panels is reported in Figure 7. It can be noticed that the highest
electrical power was extracted from the LCPV /T- PCM system (PV4) compared to other
systems, and this was only for about 2 h around noon. During these time periods, the
PV4 panel produced electrical power that was, on average, 6.30% and 11.06% higher than
the counterparts produced by the reference PV panel on Day 1 and Day 2, respectively.
This was a direct result of using solar low-concentration system along with the combined
effective cooling for the PV4 panel, and that was more pronounced on Day 5. However, in
the hours outside noon times, the performance of the PV4 panel dropped dramatically due
to the shading from the solar reflectors and the high dissipation of the reflected irradiance
over the cells of the PV4 panel.
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Figure 7. The maximum electrical power recorded by the PV analyzer over five days in October for
the four PV panels.

Parupudi et al. [22] highlighted the importance of coupling the active cooling sys-
tem when a LCPV system is applied and that can increase the power by 31% if the cell
temperature is kept at 25 °C at high solar irradiance. In the present study, the average
ambient temperature over the five days was 32.66 °C, while, in the summer season of
Riyadh, the ambient temperature reaches 46 °C for several days with also a higher ambient
temperature over the night. Therefore, the PCM melting point should be slightly higher
than the expected ambient temperature over the year to perform its function in the daylight
and solidify over the night. This higher temperature level prevents the PV panel in the
PV-PCM system in Riyadh to work close to the standard condition of 25 °C and receive the
ultimate benefits of using a solar low-concentration PV panel.

The PV /T-PCM system (PV3) showed better performance over the investigated period
compared to the PV1 and PV2 systems. The average daily electrical power of the PV3 panel
increased by 4.26, 4.22, 5.03, 4.50, and 3.92 % compared to the PV1 electrical power for
Days 1 to 5, respectively. Despite the noticeable decrease in the temperature of the PV3
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panel in comparison to that of the PV1 panel, the nonuniform temperature distribution
over the relatively large surface area of the cells of the PV3 panel led to power losses. This
limited further increase in the performance of the PV3 panel to higher than 5% under
the investigated cases. On the other side, the PV2 panel attained a slight increase in the
produced power by 0.77, 0.16, 0.61, 0.37, and 0.23% over the corresponding power produced
from the reference PV panel during Days 1 to 5, respectively. The PCM used in the PV2
panel needed much more time to release the gained heat to the surrounding air in the
afternoon, compared to the case of the PV1 panel. This demolished the positive effect of
using the PCM when the comparison extended over an average of 7 h in the daylight under
the given investigation.

The average daily electrical efficiency of the PV3 panel was recorded as the best one
among the PV panels during the five days of investigation, with a maximum increase of
about 5.03% on Day 3 over the efficiency of the reference PV panel. This efficiency for the
PV2 panel had a negligible increase over the PV1 panel, while it declined considerably for
the PV4 panel based on the average over the day, as shown in Figure 8a, where it was in
the range of 8.1 to 9.17%. Over two hours at midday, the solar concentrator enhanced the
PV4 panel’s performance to be the best at these hours and attained a maximum average of
14.38% electrical efficiency compared to 12.94% for the PV1 panel on Day 5, as shown in
Figure 8b. This can be helpful when the LCPV/T-PCM system is used to cover a higher
electricity demand at this short time of the day. The LCPV /T-PCM system can provide
an 11.06% increase over the conventional (reference) one if used in similar conditions to
the case under study during an approximately two-hour period around noon. Otherwise,
the PV/T-PCM system can represent the best choice to produce more electricity over
the day combined with thermal power output. The enhancement of 5.03% in electrical
efficiency of the PV /T-PCM system is consistent with what was reported in reference [15],
which used only a passive cooling system with a PCM of 52 °C melting point filled in a
finned container.

TR

Day 3 Day 4 Day 5 Day 1 Day 2 Day 3 Day 4 Day 5

(a) (b)

Figure 8. The average electrical efficiency of the four PV panels: (a) over the day from 9:30 to 16:30,
and (b) around noon from 11:00 to 13:00.
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One of the objectives of this study is to augment the overall efficiency of PV panels by
utilizing them as solar collectors in PV /T systems. The effect of combining these systems
with a PCM with/without solar low concentration on overall efficiency is reported in
Figure 9a for the five days under the investigation. Both PV/T-PCM and LCPV /T-PCM
systems showed higher average day-based overall efficiencies, attaining a maximum of
51.2% and 46.5%, respectively, on Day 4, as a result of the higher mass flow rate. Moreover,
the relatively lower inlet temperature of the cooling water contributed to these higher
efficiencies along with the role of the PCM in releasing the stored heat during the afternoon
to the thermal fluid. This minimized the heat loss from the PV /T collector at higher solar
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flux by storing the extra heat by changing the phase of the PCM and recovering it when the
solar irradiance started to decline in the afternoon.
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Figure 9. The average overall efficiency of the four PV panels: (a) over the day from 9:30 to 16:30,
and (b) around noon from 11:00 to 13:00.

The solar low concentration magnified the thermal heat recovered from the PV4 panel
at noon to reach a maximum overall efficiency of 70.3%, compared to 61.6% for the PV3
panel on Day 5, as shown in Figure 9b. The cumulative effects of low cooling-water
temperature, high mass flow rate, use of the PCM, and solar low concentration contributed
to reaching this higher overall efficiency.

4. Conclusions

This study reports a new experimental evaluation carried out during daylight for
five days in October in Riyadh to investigate the performance of a PV-PCM, a PV/T-PCM,
and a low-concentration PV /T-PCM when compared to a PV panel without cooling. The
chosen PCM was Rubitherm RT-47, which has a melting temperature of 41-48 °C and is
suitable for the ambient temperature of Riyadh. This study revealed that the combined
passive—active cooling system, namely the PV/T-PCM, attained the best daily average
electrical efficiency with 5% increase compared to the reference PV panel. The additional
thermal power recovered from the PV/T-PCM brought up the overall efficiency of the
PV /T-PCM to 42.7%. Coupling low solar concentration with the PV /T-PCM system was
very effective for about two hours around noon, resulting in an 11% increase in electrical
power, while the average electrical power over the day was the lowest. However, using the
LCPV/T-PCM attained a maximum daily average overall efficiency of 46.5% on Day 5.

October is one of the best months in Riyadh in terms of higher-than-normal irradiance
and moderate ambient temperatures which can lead to a good performance for a PV panel
without cooling, compared to the summer season. This study reveals that, even within
months beyond the severe conditions, there is a need for an efficient cooling approach to
boost PV system performance. In addition, the present study shows the workability of
using an active—passive cooling approach that uses a PCM with a high melting point even
on off-summer days to improve the PV system performance. The solar low concentration
coupled with the PV/T-PCM system needs further experimental investigations that may
include different configurations and/or simple tracing systems to avoid shading effects
and extend the higher-performance period.
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Nomenclature

A Area (m?)

Cp Specific heat (J/ kg K)

D Diameter of tube (mm)

DC Direct Current (A)

HP Horsepower

1 Current (A)

I Irradiance (W/m?)

L Concentrator length (mm)

m Mass flow rate (kg/s)

P Power (W)

Re Reynolds number

T Temperature (°C or K)

\% Voltage (V)

Abbreviations

ACPC Asymmetric compound parabolic concentrator
BIPV Building-integrated photovoltaic panel
LC Low concentrations

LCOE Levelized cost of energy

LCPV Low concentrated photovoltaic
NREP National Renewable Energy Program
PCM Phase-change material

PV Photovoltaic

PV/T Photovoltaic tube/thermal
PWM Pulse-width modulation

Greek Letters

o Internal angle

0 External angle

1 Efficiency (%)

U Fluid viscosity (Pa. s)

P Fluid density (kg/m?%)
Subscript

a Input radius

acc LCPV acceptance angle

e Exit

Electrical Electrical efficiency

i Inlet

max Maximum power

out LCPV output angle

Overall Overall efficiency

r Exit radius
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