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This study presents a new radiative cooling method to mitigate the radiation effect on a
photovoltaic panel using a glass cover consisting of two glass panels. The gap between the
perfectly sealed glass layers is filled with Argon gas as a heat suppressant. The assessment
of the new proposed idea is performed experimentally and numerically. An experimental
setup has been designed and fabricated to measure the required parameters for the system
performance evaluation. The research parameters included design parameters such as the
gap height between the glass layers at 10, 15, 20 and 25 mm. The tests were performed on
various solar irradiances over the day. The output voltage, current, and temperatures at
various locations were also recorded to permit performance evaluation. The investigations
were extended by computational simulation to visualize the thermal situation at various
design parameters. The results showed that there was a decrease in the panel surface
temperature of the photovoltaic panels after adding the glass cover. By installation of the
double glassing cover with a 20 mm gap, the surface temperature was reduced by between
5°C-9°C. Such temperature reduction demonstrates the success of the novel idea of an
Argon-filled double-glassing cover. The maximum efficiency was increased to 14.2% for
a panel with the added radiative cooler compared to 12.1% for a regular panel without
cover under the same operating conditions.

1. INTRODUCTION

Among various solar energy conversion techniques for
power generation, photovoltaics (PV) are mostly adopted in
solar-to-electricity applications. However, PV cells still have
some drawbacks due to the thermal effect and corresponding
heat accumulation. The excess heat raises the temperature of
the cell, causing a reduction in the conversion efficiency and
degradation of the PV module components. Many cooling
methods have been proposed and adopted, including water
cooling, air cooling, integration with phase change materials
in thermal energy storage, and selective and reflective coating,
i.e., radiative cooling to mitigate the accumulated heat
problem,

Photovoltaic cells receive about 8§0% of the incident solar
radiation on their surface. Still, only 15-20 % of the incident
radiation is converted to electric power depending on the
electrical efficiency of the photovoltaic cells. The rest of the
input solar energy is reflected in the ambient or accumulated
as heat. The accumulated heat causes increasing in PV surface
temperature [1], which may reach above its design temperature
by more than 35°C [2, 3]. Therefore, the biggest challenge that
dilutes the performance of solar cells is caused by the high

temperature [4], especially for first-generation PV modules [5].

The rise in the temperature of the cell negatively affects the
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open circuit voltage of the photovoltaic cell [6], thus
minimizing the output power. For crystalline silicon
photovoltaic cells, it is found that the power efficiency
decreases by 0.2%-0.5% for each 1.0°C rise in the temperature
of the PV module above its design temperature, 25°C [7, 8].
So, it is necessary to keep the temperature of the PV panel as
low as possible.

In general, possible solutions to regulate the heat
accumulated in the PV modules are based on cooling
technologies, including air cooling, water cooling, PCM
cooling, and special structure designs. Cooling strategies can
be divided into two types: active cooling systems and passive
cooling systems. An active cooling system requires an external
energy source in the process of heat reduction using an
electrical pump, fan, etc. A passive cooling system implements
fixed components that mitigate the radiation or a natural
source of cooling based on conduction or convection modes of
heat transfer.

Radiative cooling becomes a matter of interest for PV
productivity enhancement. It depends on the enhancement of
heat emission, the absorption capacity of the cell, and the
selectivity of the useful rays required for the solar units.
Radiative cooling is the key factor that enables our planet
(including buildings and objects) to satisfy a relatively
constant temperature by emitting excessive heat to the
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surroundings. The radiative cooling can be enhanced by
increasing the emittance of the reflective surfaces. Thus, it is
widely used as a method to cool and manage the heat for
buildings, electronics, and solar panels [9]. Radiative cooling
is based on the fact that the atmosphere transmits about 87%
of the radiation coming out of the earth to the sky window
region for a wavelength range of 8-13 pum [10]. Surfaces that
emit strongly in this wavelength limit and reflect strongly
outside this range witness an imbalance in outgoing and
incoming thermal radiation and achieve a constant temperature
lower than the ambient temperature [11].

Many studies have considered the passive radiative cooling
method and spectral selectivity of the solar spectrum. Zhu et
al. [12] designed a transparent coolant consisting of a two-
dimensional square lattice of silica pyramids and a uniform
silica layer of 100 um thickness. This coolant is optically
transparent and emits as a blackbody in the mid-infrared
wavelength range. The results of performance predictions
showed that even at a solar power of 800W/m?, there is a
temperature drop in the silicon solar cells with this design by
17.6°C, which subsequently leads to an improvement in the
relative electrical efficiency by 7.9%. Zhu et al. [13] extended
the work to include a transparent cooler manufactured by
drilling grooves for air holes with a depth of 500 um from a
double-sided polished silica wafer. Spectral characterization
showed that the grooved cooler has excellent heat emissivity
in the infrared wavelength range and has high transmittance to
the sun. The results have shown that the temperature of the
silicon can be reduced by 14°C.

Wang et al. [14] have investigated the behavior of solar
panels under concentrated radiation. They tested three
categories of radiative cooling for limited heat and ambient
conditions. The results revealed that the cooling methods may
improve the performance by 25%-61% depending on the
structure used. The obtained data explained the role of
coupling cooling in decreasing the surface temperature of the
panel by 35.9°C for a limited source of heat. Hence, the
voltage (Vo) has been enhanced by 27%. Li et al. [15] adopted
the idea of a full-spectrum thermal management system to cool
solar cells. This method improved radiative cooling with a
wide selective use of solar radiation. In the study, a

commercial silicon solar cell was chosen as the primary device.

The effective wavelength was measured to be 1.1 um. Using
materials such as silica, titanium dioxide, silicon nitride, and
aluminum dioxide, a multilayer optical coolant was created.
This coolant has a high transparency to effective photons and
is highly reflective of undesired energy. In addition, the heat
emission of the coolant was very high. The thermal simulation
results indicated that the temperature of the solar panels can be
decreased passively by more than 5.7°C with the generated
photonic coolant.

A coupled thermal-electrical modeling has been developed
by Perrakis et al. [16] to study the mechanisms of how a
radiative cooler affects the overall efficiency of commercial
PV modules. The results indicated that it is possible to reduce
the PV operating temperature by up to 10°C (ideally) and
achieve an increase in efficiency of up to 5.8% using a crystal
PV structure that consists of alternating layers of thin films.
The added alternating layers reduced the heat generation and
reflected the sub-bandgap (Sub-BG), ultraviolet (UV), and
infrared (IR) parts of the radiation band. Lu et al. [17]
developed a passive cooling full-spectrum synergistic
management technology for solar cells by deploying a
spectral-selective mirror and a radiation cooler in the cell
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cooling system to block sub-BG photons and enhance heat
emission. Since the BG of a silicon cell is about 1.1eV, it
should have a spectral-selective mirror with high reflectivity
throughout the wavelength region 0.3-1.1 um. This ensures
that photons with energies greater than the BG may be
reflected off the solar cells, which in turn generate electricity.
In addition, the spectral-selective mirror must have low
reflectivity in the wavelength region above 1.1 pm in order to
block sub-BG photons as much as possible. For the suggested
simulation conditions, the cell temperature has decreased by
7.1°C and the open circuit voltage increased by 38mV.

Suryanto and Firman [18] have studied the vacuum
technique for cooling PV cells. The research was carried out
using an experimental method by conditioning the PV module
under vacuum pressure (pressure < 1 bar). The PV cell has
been put inside a translucent enclosure that offers a certain
condition for the panel. The solar radiation can be passed
easily through the glazed pane from the upper side. Results
revealed that the vacuumed enclosure offered by the suggested
case enabled the PV panel to improve its efficiency by 30%
due to the reduction happened to the surface temperature of the
panel from 45°C to 30°C for the cases without and with the
enclosure, respectively.

Ahmadi Moghaddam et al. [19] have developed a CFD
model to estimate the efficiency of a building-integrated
photovoltaic (BIPV) system. Overheating of the panel was the
main factor investigated by the study. Many parameters should
be involved as well, such as the amount of radiation, the
contribution of the convection, and the conduction of heat via
the panel. The study assumed an emittance sheet upon the
building surfaces and under the panel to play the role of
radiative cooling. This mechanism offers a natural convection
as well. The surface temperature of the PV panel has been
reduced by 3°C, and the efficiency has improved by 21%.

From the previous works, it can be indicated that radiative
cooling is very effective in reducing the undesired rays, thus
decreasing the operating temperature of the solar cell by 6-
36°C and keeping its performance higher by 5-2%, depending
on the conditions and applications. The literature shows that
the optimum wavelengths for photoelectric conversion in solar
cells range from 0.3-1.1 um [20].

The parasitic absorption of wavelengths outside the
optimum range causes a rise in the temperature of the
photovoltaic cell, which leads to low photovoltaic conversion
efficiency. This is due to the large drop in the open circuit
voltage (Voc) and the marginal rise in the short circuit current
(Isc) [21]. The open circuit voltage is directly proportional to
the amount of light that enters the cell. It is strongly affected
when the temperature of the cell or unit increases. The
resistance of the circuit also increases with the increase in
temperature due to the increase in the speed of the electrons.
Other factors that affect the performance of a photovoltaic
system are humidity, wind speed, shading, orientation of the
panel, and accumulated dust (Agyekum et al. [22]).

Excessive heat accumulated in the solar PV panels due to
high irradiance reduces the performance of the PV. Then, heat
dissipation is essential to maintain the level of PV production
performance and maximize electric power generation.
Previous approaches for mitigating the excessive heat in a PV
panel are passive and active water, air, and PCM cooling, i.e.,
PV/T approaches. The state-of-the-art is the radiative cooling
techniques.

The main objective of this research is to introduce and
assess the effectiveness of a novel radiative cooling approach



using an Argon-filled double-glazing unit situated on the
upper surface of the PV panel. The propped approach has been
investigated experimentally and numerically at various gap
heights and operational solar irradiance. The computational
simulations further assisted in understanding the thermal
distribution in the PV module at various design and solar
conditions.

2. MATERIALS AND METHODS

The main idea of the current research is to evaluate a new
radiative cooling by a glazing unit consisting of two glazed
panes separated by an Argon filled gap. The glass-Argon-glass
(G-Ar-G) system works as a mitigating unit for the incident
radiation or as a filter to reduce the undesired rays that cause
the overheating of the PV module. The operational strategy of
the proposed radiative cooling unit is presented in Figure 1.

The evaluation of the proposed Argon-filled double-glazing
to reduce the PV temperature by radiative cooling and enhance
the PC panel performance is performed experimentally and
computationally.

SUN
solar radiation
Reflected
radiation.
Air
Glass |
Absorbed Ar Gas
radiation.
Glass
Net radiationl transmitted to the PV.
(0.3 - 1.1 um)
Air

Figure 1. Schematic diagram of the glazing unit adopted in
the experimental measurements

2.1 Experimental methodology

In this section, the development of the proposed radiative
cooling unit, the design and construction of the experimental
setup, and the experimental measurement procedure are
detailed and discussed.

2.1.1 Development of the Argon-filled double-glazing unit

The proposed radiative cooling unit was constructed from
two 4-mm-thick glass sheets with a perfectly sealed gap
between them. Four units have been constructed with different
gap thicknesses, as shown in Figure 2. The selected gaps for
the current investigations are 10, 15, 20, and 25 mm.
Accordingly, four units have been fabricated. Two valves are
installed for filling and emptying the Argon in the space
between the glass layers. The surface area of the unit is 500
mm wide and 670 mm long.
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Figure 2. (a) Schematic of the Argon-filled double-glazing
unit, and (b) Physical photo of the Argon-filled double-
glazing unit for radiative cooling

2.1.2 Construction of the experimental setup

The experimental setup consists mainly of two PV panels
and a set of measuring instrumentations, as shown in Figure 3.
One is the bare PV used as a reference, and the radiative
cooling unit covers the second. Having two units allows
simultaneous measurements for proper comparison of the
system performance and highlights the enhancement caused
by the radiative cooling, properly. The PV panel used was an
FRS-50W multi-crystalline solar cell with specific features
shown in Table 1. The experimental setup was placed on the
terrace floor of a typical building in Baghdad. The panels have
been orientated toward the south and tilted by 300 as an
optimum choice, as recommended by Al-Shohani et al. [5].
The experimental setup is equipped with several instruments
to record the experimental variables. The temperatures of the
surfaces have been measured in four Type-K thermocouples
connected to a data logger (Reed-947SD). A solar power meter
(SM-206) has been used to measure the solar irradiation. A
solar panel multimeter has been used to measure the voltage
and current of the PV panel.

The research program lasted for around five months, from
May - September 2023. The measurements have been recorded
on an hourly base and repeated for many days to reduce the
uncertainty of results, where the mean of the multi-days is
considered. Each experiment started at 08:00 AM and ended
at 04:00 AM. The entire operational conditions related to the
current study are shown in Table 2.
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Figure 3. The experimental setup consisted of a bare PV panel and modified PV with an Argon-filled double-glazing unit with
the measuring instruments
Note: 1: Structure; 2: Data logger; 3: Electrical reader; 4: Solar panel multimeter; 5: Anemometer; 6: Solar meter; 7: Optical transmittance meter; 8: Double
glazing unit; 9: Thermocouple

Table 1. Specification of the photovoltaic panel used in the current study

Item Features
Module type FRS-50W
Peak power (PMax) 50W
Maximum power voltage (VMP) 18V
Maximum power current (IMP) 2.78A
Short circuit current (Isc) 2.97A
Open voltage (Voc) 22.05V
Tolerance 3%
Application class A
Fuse rating 15A
Dimensions 50>67>3.5cm?®

Standard test condition (STC)

AML1.5, 25°C, 1000W/m?

Table 2. Operational conditions for the current study

Item Value or Description
Two PV panels:
PV modules 1. Without glazing cover, bare case.
2. With double-glassing Argon-filled cover.
Dimensions of each PV panel 500-mm-wide, 670-mm-long, 35-mm-thick

Features of a glazing unit
Gas gap thickness

Argon-filled double-glazing

10, 15, 20, and 25 mm

Ambient temperature conditions  Summer, Max. Temperatures on the experiment days are 35-50°C
Solar conditions The lowest peak is 750W/m? and max. peak 1080W/m?
Location On the terrace floor of a typical building in Baghdad

2.2 Computational method

2.2.1 Computational model

The numerical investigation has been carried out using
ANSYS FLUENT commercial software. The specifications
and physical properties of both the PV module and the

suggested Argon-filled double-glazing unit are specified and
modeled, as shown in Figure 4. The specifications of the PV
module and the physical properties used in the computational
simulation are shown in Table 3. The specification of the
Argon-filled double-glazing unit, and the physical properties
are shown in Table 4.

Table 3. Specifications of photovoltaic unit [23]

Material Thickness (mm) Density (kg/m3%) K (W/ m-K) Cp (J/kg-K) Absorptivity A Reflectivity 6 Transmissivity T Emissivity ¢

Glass 3.0 3000 2.0 500 0.04 0.04 0.92 0.9
EVA 0.5 960 0.35 2070 0.08 0.02 0.9 -
Solar cell 0.3 2330 148 677 0.9 0.08 0.02 -

Tedlar 0.1 1200 0.2 1250 0.13 0.86 0.012 0.9

Table 4. Specifications of double-glazing system [24]

Thickness Density Thermal Conductivity Cop

Absorptivity  Reflectivity Transmissivity Emissivity

Material = "oy [kg/md) W/ m-K] [J/kg- K] » 6 T e
Glass 4 3000 2.0 450 0.4 0.03 0.93 0.9
Argas 1025 178 0.018 5203 0.67 0.04 0.2 ;
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2.2.2 Generation of the computational models

The 3D model was represented in ANSY'S software, where
the PV panel consists of five layers, as shown in Figure 4(a).
Two layers of glass were placed above the PV upper surface.
The gap between the double-glazing sheets was filled with
Argon, as shown in Figure 4(b).

Top Glass Cover
Fval
Solar cells

Evaz

Glem Cover

FVAS0.08 men]

.

(012 %mm)

-
* EVA2{0.08 mm]

|

* | Tuddler |0.08mm)

i

Figure 4. (a) Geometries of PV standard model; (b)
Geometries of modified PV with double glazing (DG-gas)
model

2.2.3 Mesh generation

N

(a) Three-dimensiona view of

T ot
(b) Hexahedral mesh elements simulated geometry

with 5 mm element size

Figure 5. Geometry and mesh of the computational model

The mesh generation is the most essential step in ANSYS
FLUENT model creation. There are three types of mesh in
common: structured, unstructured meshing, and the
combination of them. Structured mesh elements can be
hexahedral, while unstructured mesh elements can be
tetrahedral, prismatic, or pyramidal. In order to check for the
best mesh generation, an analysis of network independence is
performed on the PV system covered by an Argon-filled
double-glazing unit. As depicted in Figure 5, the simulation
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results of the system are compared for various degrees of
network accuracy. It can be seen that the hexahedral network
with a 5 mm element size yields the most acceptable results
with no significant variation in accuracy.

In contrast, the time required for network generation and
analysis is nearly cut in half when compared to the case of
tetrahedral elements. This is because the geometry is
straightforward, and it is always advised to use a hexahedral
grid when the geometry is straightforward (Tadepalli et al.
[25]). In total, the suggested mesh has 4640413 nodes and
442368 elements.

2.2.4 Boundary conditions and governing equations
Choosing the relevant set of environmental conditions is
important to evaluate the potential of a cooling strategy. In fact,
the expected temperature drop attributed to radiative cooling
varies greatly depending on the level of solar and atmospheric
radiation, ambient temperature, and wind speed. Defining
reference climatic conditions is also essential to compare
capabilities between technologies. To demonstrate the
potential in terms of temperature reduction and power
enhancement, we need these conditions to be conducive to
radiative cooling while remaining close to real operating
conditions.
For proper thermal modelling, the following assumptions
are taken into account.
e  The temperature of the different layers of the PV
module remains the same everywhere.
. It is assumed that their thermophysical properties do
not change with changes in temperature.
. It is assumed that ohmic losses in photovoltaic cells
are negligible.
. The boundary conditions applied to this study are
assumed to be.
. Based on commercial PV module.
*  The sidewalls are opaque as the aluminium frame
covers the sidewalls of most commercial PV modules.
e The sides of the gas filter are opaque due to the
adhesive present between the upper and lower layers
of glass.
. The effect of convective heat transfer is not taken into
account for all PV cell walls.
. The calculated radiative heat flux is introduced as the
boundary energy source into the energy equation.
. The mesh is created using a quad mesh type.

2.2.5 Governing equations

Navier-Stokes equation is introduced to describe the airflow
field and thermal behaviour of the PV module. The differential
equations governing heat transfer, including conservation of
mass, momentum, and energy, are presented. Local thermal
equilibrium was used to model the thermal field around the PV
module. All equations are displayed in Cartesian coordinates.

*  Conservation of mass:

The mass change within a control volume must equal the
sum of the mass inflow and outflow through the control
volume surface. This can be mathematically expressed as
follows for an incompressible fluid:

8u+6v+6w_0 |
ox dy 0z M

where u, v, and w are the three components of velocity
corresponding to the x, y, and z directions, respectively.



. Momentum equations in x, y, and z directions;
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. Energy equation
The energy equation for the fluid and solid domains is:
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e Short circuit current (Isc) and Open circuit voltage,
Voc, Shen et al. [26]:

Ic = Iref [1 + Oper (Tsc - Tref)] (6)
Voc = ref[l - Bref(Tsc - Tref)] @)
Prax = Pref [1- Tref (Tsc - Tref)] (8)

where the subscript, “.” represents the condition at a
temperature of 25°C, which is the optimum operating
temperature of PV modules at the rated power. Tsc is the solar
cell operating temperature. Isc is the short circuit current. Voc
is the open voltage. Pmax is the peak power. The symbols ¢,
S and y denote the coefficients assigned for the variation with
temperature for current, voltage, and power, respectively.

The fill factor (FF) displays the maximum power output that
can be achieved. The following equation can express this
factor, Smets et al. [27]:

Pmax

‘/OC ISC

FF = )

The solar efficiency of a photovoltaic panel, .. can be

defined as the ratio of electrical energy output to incident
radiation and could be expressed as [27]:

Pmax ISC * l/OC
=64~ ca (19
In terms of temperature, as follows [28]:
Nge = nref(l - Bref(TSC — Trer)) (11)
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where,
nret 1S the reference efficiency of the PV module (y7rer = 0.12).
,Bref is the temperature coefficient (,Bref =0.0045°C1).

Tsc is the solar cell temperature.
Tref is the reference temperature (25°C).

3. RESULTS AND DISCUSSION

This section discusses the verification of the experimental
measurement procedure, the validation of the computational
procedure, and the experimental and numerical results. Most
of the experimental results have been presented in graphical
format to point out the effectiveness of the added double
glassing with different gap thicknesses that are filled with
Argon. The CFD results are mostly presented as temperature
contours.

3.1 Analysis of experimental results

The experimental results consisted of verification, testing
conditions, and experimental measurement analysis.

3.1.1 Verification of the experimental procedure

The experimental procedure has been verified by
comparison with previous experimental results reported by
Jaffar et al. [29], as shown in Figure 6. The results of the
current study agree satisfactorily with the experimental
measurements of the study [29]. The mean relative percentage
of difference is 7.5%. In terms of trend, both experimental
works show the same trend of transient temperature increase
in the morning and gradually after 11:00 AM. The comparison
of results demonstrates the verified experimental procedure of
the current work.

The main reason for the small difference of 7.5% is the
weather data, as Jaffer et al. conducted the measurement in
July. The average solar irradiance was recorded at a maximum
value of about 980W/m? at 12:00 PM, and the maximum
average ambient temperature was 48°C. In contrast, the current
experimental measurement that is compared to Jaffer et al. was
performed in May with a maximum solar irradiance of
720W/m? and ambient temperature of 38°C.
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9 20 4 —&~ Jaffar et al., 2022
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g o

7 9 11 13 15

Time (hour)

Figure 6. Verification of the experimental procedure by
comparison with measurement data reported by Jaffar et al.
[29]

3.1.2 Experiment environment conditions
The recorded ambient temperature and solar irradiation
during the measurement period are shown in Figure 7. The



maximum ambient temperature is 32°C in May and 49°C in
August. The maximum temperature is usually recorded
between 1-2 PM. On the other hand, the solar radiation ranged
between 750W/m? in May to 1080W/m? in July. The
maximum irradiation is usually recorded around 12:00 to
01:00 PM.

60 1300
Pl b 1200 &
<55 9 -
,g a 1100 2
E 50 1 &s”"t’: y = P 1000 &
= Z — o o °‘9‘: . q”'gm §
45 4 Y B-g 5 o
g (5 o w 800 C
E 40 1 g Max Ambient Temp [ 700 g
%35 y S I 600 @
%, 54 o #—Max Rad o0 3

G . -

30 400

A © & o R
S!;a \:\o Q\,\‘ \_vo \90
& & Date © o

Figure 7. Recorded values for ambient temperature and
radiation during the summer

3.1.3 The effect of the cover unit on the PV temperature

The installed cover unit has a direct effect on the surface
temperature of the solar panel. This is mostly due to the
attenuation of the incident radiation, where the photons
responsible for the overheating, especially when the rays are
outside the optimum range of the solar spectrum (0.3-1.1 pm).
The more solar radiation outside the mentioned range, by
reflection, the faster the panel temperature will drop.

The reason behind the reduction of temperature is attributed
to the glazing unit in mitigating all modes of heat transfer:
conduction, convection, and radiation. When the incident
radiation lies on the external pane, heat can move directly
through the glass via conduction. However, the light that
passes through the glass gets reflection and refraction as well.
Additionally, as light moves from the air into the dense glass,
it slows down Liu [30]. In a double-glazing system, the
movement of gas within the gap can also contribute to heat
transfer via convection. Warm gas near the inner face of the
external pane may circulate to the internal pane via natural or
free convection. Also, the Argon in the gap reduces both
conduction and convection. Argon has a lower thermal
conductivity than air (Cuce [31]), so it inhibits heat transfer by
conduction. Additionally, Argon is denser than air
(Sismanoglu et al. [32]), which means a reduction in the
natural movement of gas and minimizes heat transfer through
convection.

The results, shown in Figure 8, represent the PV surface
temperatures of the panel during daytime hours (8:00 AM-
5:00 PM) without and with coverage by the Argon-filled
double-glazing unit. The surface temperature that was
measured experimentally reached its maximum value around
1:00 PM. Initially, the maximum temperature of the PV panel
without the glazing unit (GU) was 65.9°C. By incorporating
the glazing unit with a gas thickness of 10 mm, the temperature
of the PV panel has decreased to 60.4°C, i.e., the difference is
5.5°C, as shown in Figure 8(a). When the thickness of the gas
space was 15 mm, the PV maximum temperature was
decreased to 59.1°C, i.e., the difference was 6.0°C, as shown
in Figure 8(b).

Moreover, with a 20 mm thickness, the maximum
temperature of the PV panel has decreased to 56.7°C, as shown
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in Figure 8(c). This represents the optimum case, where the
difference in maximum surface temperature is 9.2°C compared
to the bare case. By further increasing the Argon gap thickness
to 25 mm, the maximum temperature of the PV panel
decreased to 58.8°C, i.e., the difference is 7.1°C, as shown in
Figure 8(d).
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3.1.4 The effect of the glazing unit on the performance of the
PV panel

The performance of using the glazing unit has been
evaluated by measuring the variation happened to the current,
the voltage, and the fill factor (FF) for different gas gap
thicknesses. The characteristics of open circuit voltage, Voc,
short circuit current (Isc), and maximum power, Pmax, can be
represented for a typical solar cell with respect to the solar cell
temperature, Tsc, according to the Egs. (6)-(8).

The short circuit current is highly dependent on light
intensity; therefore, the most sensitive parameter of the solar
cell to the temperature variation is the voltage [33]. The I-V
curves are shown in Figure 9 for different cases. The current
is mostly constant at 3A for a wide range of the working
voltage. The values of the voltages have shown improvement
by increasing the thickness of the gas space. Initially, without
a glazing unit, the maximum current was 3.0A, and the
maximum voltage was 18.0V. The voltage increases in the
presence of the glazing unit to be 19.5, 21.8, 24.1 and 22.4V
at a thickness of the gas space of 10, 15, 20, and 25 mm,
respectively. The optimum increasing in the voltage was 24%
for the case of 20 mm. Since the cell efficiency relates directly
to the voltage, the increase in the voltage enhances the cell
efficiency.
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Figure 9. Variation of the voltage with different thicknesses
of the glazing unit

The fill factor displays the maximum power output that can
be extracted from the short circuit current to the open circuit
voltage at the maximum power. Thus, this factor can be
expressed by Eq. (9). Figure 10 shows the variation of FF with
the thickness of the gas space. The maximum FF was 76.3%
when the glazing unit was present with a gap of 20 mm, while
the maximum FF in the absence of the glazing unit was 73%.
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Figure 10. Variation of the fill factor with different
thicknesses of the glazing unit (on 15 August 2023)
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The solar-to-electricity conversion efficiency of the system
has been calculated in the daytime period for the conditions
with and without a glazing unit, as shown in Figure 11. In
general, there is an enhancement in the overall efficiency when
the Argon-filled double-glazing unit covers the PV. It is 8%
higher at the peak time when the Argon gap is 20 mm. The
system with a glazing unit showed a mean daily efficiency of
14.9%, which is higher than the case without a glazing unit,
12.8%. Hence, the PV system showed an improvement in
efficiency by 13.7% for the same operating conditions.
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Figure 11. Variation of the efficiency with time for the PV
panel, with and without GU (on 15 August 2023)

3.2 Numerical results

3.2.1 Validation of the computational procedure

To prove the correctness of the numerical results, both
geometric and parametric conditions were used quite similar
to the experimental test rig. The measured and predicted PV
surface temperatures are compared, as shown in Figure 12.
Comparison results show a satisfactory convergence between
the numerical simulation and the experimental experimental
measurement results. Maximum discrepancies between
numerical and experimental results were 10.4%, 11.8%,
13.1%, and 9.7% for the cases 10, 15, 20, and 25 mm,
respectively. The trends of all cases are similar as the PV
temperature increases and reaches the peak around 01:00 PM,
and then reduces till the end of the measurement period. The
experimental results of the PV temperature are slightly higher
than the simulation prediction. The reasons for the difference
between the experimental and the numerical results are due to
the measuring devices used and the accuracy of some material
properties assumed in the simulation. However, there is a
satisfactory convergence between the results obtained from the
computational simulation and the experimental measurements.
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Figure 12. Comparison between the experimental and the
numerical results for the case of 20 mm Argon-filled double
glassing



3.2.2 Temperature distribution over the PV panel

b. QVith 10 mm Argon-filled
double glazing

Temperature
Contour 1

57.960
57518

-

-

54.422 L—

3 c. With 15 mm Argon-filled
double glazing

21 .

-

d. With 20 mm Argon-filled
double glazing

~

e. With 10 mm Argon-filled
double glazing

Figure 13. The temperature distribution over the upper
surface of the PV panel

Figure 13 shows the distribution of temperatures over the
entire PV panel extracted from the numerical simulation. The
figures are assigned for different thicknesses of Argon-filled
gaps ranging between 10-25 mm at 01:00 PM on 25 August
2023. The panel without the glazing unit appeared mostly at
extremely high temperatures at the peak time between 62°C to
65°C. By the installation of the Argon-filled double-glazing
unit, the range of PV temperatures was reduced to 50°C-58°C,
47°C-55°C, 45°C-53°C, and 49°C-56°C for 10, 15, 20, and
25mm Argon gap thickness, respectively. The optimum
decrease appeared when the Argon gap thickness was 20 mm,
where the mean PV module surface temperature was around
48°C. The experimental results showed a 9.2°C PV maximum
temperature reduction in the case of 20 mm Argon gap
thickness, while the numerical results showed a reduction of
around 11°C.
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3.3 Comparison with previous techniques

Table 5. Comparison of the PV cooling techniques

Remarks
The emissivity
spectrum of a PV
module surface hardly
contributes to the
enhancement of the
radiative cooling
performance for wide-
ranged climate
conditions. The
reduction is ~ 1°C.
1.0°C lower than that
in the commercial
structure.

PV temperature could
only be reduced by
1.75 K, even in the

ideal case.
Experimental and
simulation results
show no specific
potential for cooling
solar cells.

High transparency to

effective photons and

is highly reflective of
undesired energy.

Results indicated that

the temperature of the

solar panels could be
decreased passively
by more than 5.7°C.
Experimental and
simulation showed
that the temperature
of the silicon solar
cell decreased by
17.6°C at 800W/m?
irradiation.

Radiative Technique Author(s)

Sato and
Yamada
[34]

Glass cover
Single 3 mm

Zhao et al.
[35]

Glass cover
Single 3.2 mm

Glass cover Single 3.2
mm coated with a
polydimethylsiloxane
film

Zhao et al.
[35]

Selective coating by
silica, titanium dioxide,
silicon nitride, and
aluminum dioxide

Lietal.
[15]

PV cooler consisting of a
two-dimensional square
lattice of silica pyramids

Zhu et al.
[12]

Transparent cooler with
grooves for air holes with
a depth of 500 um from a

double-sided polished
silica wafer

14°C could reduce the
temperature of the
silicon PV.

Zhu et al.
[13]

PV maximum
temperature reduced
by:
5.5°C with a gas gap
of 10 mm
6.0°C with a gas gap
of 15 mm
9.2°C with a gas gap
of 15 mm
7.1°C with a gas gap
of 15 mm
Overall efficiency
improvement of 12%

PV is covered by double
glassing with a gap filled
with Argon and has 10,
15, 20 and 25 mm height.

Current
work

Dwivedi et al. [36], in their review papers, and Al-Waeli et
al. [37], in their book, have covered a wide range of PV
cooling technologies. It could be concluded from the
presentation in the studies [36, 37] that PV cooling is known
to be either active or passive, using fluid, nanofluids, and PCM
as mediums for heat dissipation. However, the new trend,
which is adopted in the current study, is radiative cooling, also
named photonic cooling, which is categorized under the



passive cooling technique.

Active cooling requires a coolant, like air or water, which
typically involves fan or pump power, whereas passive cooling
requires no special power to cool PV cells [38, 39]. Passive
cooling might include extra components, like heat pipe or sink
or exchanger to drive natural convection cooling [40].
Radiative cooling, like passive cooling, does not require
circulation. Passive cooling technologies are, therefore,
considered to be effective in reducing the temperature of PV
cells, as they are relatively easy and cost-effective to produce.
Radiative cooling has been reviewed by Sato and Yamada [34],
and some comparative data were presented.

Radiative cooling may be achieved by glass coverage of the
PV or surface modification to manage the absorbed,
transmitted, and reflected wavelength. The current study
adopted radiative cooling with a new reflective technique by
Argon filled double glassing cover. The new verified approach
is compared to other radiative techniques, as shown in Table
5.

The most effective PV radiative cooling technique is surface
modification to limit the spectrum of solar radiation that
penetrates through the upper surface. However, the production
technology is a challenge. Also, the cleaning of the
accumulated dust is a major setback in the surface
modification. In contrast, the Argon-filled double-glazing
cover is easy to manufacture, low cost, and easy to clean.
Further investigations with other gases and various gap heights
may demonstrate more temperature reduction that may make
it competitive to the surface modification radiative cooling.

4. CONCLUSION

An Argon-filled double-glazing coverage unit is suggested
and investigated experimentally with various Argon gap
thicknesses to assess its effect on enhancing the performance
of PV modules by reducing the temperature by radiative
cooling. The newly introduced radiative cooling unit is tested
with Argon gaps of 10, 15, 20 and 25 mm thicknesses. Results
show that the suggested unit is capable of reducing the PV
panel surface temperature, thus enhancing its performance
during extreme hot conditions. This thickness allows
transmission of the solar spectrum within acceptable
wavelengths and reflects or dissipates the remaining. With its
optimum conditions, the proposed Argon-filled double-
glazing reduced the temperature of the PV panel by 5°C-9.2°C,
improved the voltage by 24%, and increased the fill factor
from 73% for the case without glazing to 76.3% with a 20 mm
Argon gap. The system efficiency is improved by 12%
compared to the PV panel without cover. The optimum
thickness of the Argon gap is 20 mm,

It is recommended to investigate the idea of the Argon-filled
double-glazing radiative cooling with another type of gas. Air
is recommended to be tested with various air gap thicknesses.
In addition, a feasibility study of using the newly introduced
technique of radiative cooling is recommended to be estimated
and compared with other PV cooling techniques, counting for
the costs of materials, maintenance, payback years, and
production LCOE.
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