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Abstract

Extensive research has been conducted to address the issue of the reduced efficiency of solar photovoltaic (PV) cells at
high temperatures. To address this problem, a hybrid cooling system has been developed. This system uses a thermal
collector to convert waste heat into reusable heat. Selecting the best configuration and operational parameters for the
collector is crucial for maximizing system performance. To achieve this, we conducted computational fluid dynamics
(CFD) modeling using ANSYS. Various factors affecting the cooling of PV solar cells were analyzed, including the
collector design, mass flow rate, and concentration of the Al2O3z nanofluids. Results showed that the 12S finned thermal
collector system exhibits the lowest temperature for PV solar cells, at approximately 29.654 °C. The electrical efficiency
of PV solar cells is influenced by the concentration of Al2O3 nanofluids. We found that the 12S finned collector system
with 1% water/Al20Oz nanofluid achieved the highest efficiency (approximately 11.749%) at a flow rate of 0.09 kg/s. The
addition of finned collectors affects efficiency and variations in fluid mass flow rates, and there is no relation between the
connector type and different Al2Os nanofluid concentrations. In other words, the cooling system can be optimized to
enhance the efficiency of the PV solar cells under high-temperature conditions.
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1. Introduction

Photovoltaic (PV) solar cells have gained widespread popularity as viable alternatives for electricity generation.
They harness abundant renewable energy resources provided by solar radiation. These cells function by converting
incoming sunlight into electrical energy by utilizing the PV effect. The efficiency of PV cells typically falls within 10%—
16%. This efficiency range is influenced by various factors, including the specific wavelengths of light absorbed and
converted into electricity [1, 2]. However, a portion of solar energy remains unused, reducing the efficiency of the PV
solar cell. As the temperature increases, the electrical output of the cell decreases, leading to a decrease in cell efficiency.
When crystalline silicon PV solar cells operate at temperatures above 25°C, they experience a temperature-related power
loss with coefficients ranging from 0.4 to 0.65%/K [3, 4].

Over the last decade, extensive research has been conducted to address the negative effects of elevated temperatures
on PV cells. The increase in the solar cell temperature can be categorized in several ways, including radiant [5],
convection [6], and conductive heat extraction techniques [7]. To solve this problem, hybrid systems have been
developed by converting waste heat into productive heat using solar collectors [8]. These studies employed mechanical
and electrical mechanisms, with the mechanical solutions relying primarily on fluid circulation [9]. Fluid circulation
techniques include air [10], water [11], nanofluids [12], and phase-change materials (PCM) within the collectors of PV
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solar cell cooling systems [13]. Investigations were conducted under unconcentrated or concentrated solar radiation
using technical features such as the glass effect and finned channels [14, 15].

Similar to flat plate collectors, solar collectors can heat fluids to temperatures up to 100 °C higher than the
surrounding environment by converting sunlight into heat energy. These solar collectors account for approximately 35%
of the overall cost of solar cooling systems. Therefore, it is crucial to select an appropriate design and setting for the
collector while considering its compatibility and integration with the rest of the solar cooling system [16]. An
experimental assessment of the addition of a serpentine tube collector with three different cross-sections showed that
the addition of a cooling tube increased the electrical efficiency by almost 12% and provided an additional 22.6 W of
thermal power. However, changing the cooling tube configuration from circular to rectangular reduced the electrical
efficiency by 2%. Fins in collector tubes passively increase the convection heat transfer rate. These devices, such as
twisted tapes, fins, coils, cables, and spirally grooved tubes, create intense mixing between the near-wall and mainstream
flows, reduce the thickness of the thermal boundary layer, and increase the tangential velocity. These techniques increase
the thermal efficiency of the system, reduce absorbent tube losses, and improve the overall reliability [17].

In addition, adding nanoparticles to purified water as a coolant increases the overall energy and exergy efficiencies
by 6.6% and 0.7%, respectively [17]. Increasing the mass flow rate also shows a positive trend in PV performance with
collectors in terms of energy efficiency and exergy [18]. The choice of a suitable fluid depends on the operating
conditions of the application and the design characteristics. Ideally, the fluid should exhibit good thermal stability, safe
operation throughout the desired temperature range, good chemical compatibility with the tube wall material, low cost,
and environmental friendliness [19]. A high thermal conductivity, heat capacity, and heat transfer coefficient are
desirable for maximizing heat transfer effectiveness [20]. Nanofluids, which are dispersions of nanometer-sized solid
particles in a fluid, increase the thermal conductivity, resulting in increased heat transfer [21, 22]. Nanofluids that are
commonly used as solar panel coolants include Cu, Al,Os, and TiO,. An experimental investigation in Jordan found that
electrical efficiency increases with increasing mass flow rate from 0.5 kg/min to 5 kg/min, and AI203 nanofluids give
better electrical results than TiO, [23].

The potential for enhancing PV solar cell efficiency lies in modifying the collector of the cooling system by
incorporating a collector that employs a nanofluid as a medium. Research has explored alterations in collector design,
revealing that changes can influence performance through the expansion of the heat transfer surface area. Additionally,
the introduction of fins into the collector has been observed to impact the rate of convective heat transfer within the
system [24, 25]. Performance also increased with working fluids and flow rates with high thermal conductivity.
Therefore, we conducted a computational fluid dynamics (CFD) study on collector engineering in PV solar cell cooling
systems [22, 26, 27]. CFD modeling with ANSYS enables the examination of temperature reduction in PV solar cells
using a thermal collector. Simulations are employed to investigate the utilization of collectors with complex geometries,
cost reduction, and mitigation of the risk of errors in future research. [28, 29].

Several studies have shown that cross-sectional area has a significant effect on the rate of heat transfer. In addition,
nanofluids have become a topic of active research as working fluids in heat-exchange systems. Therefore, this study
aims to identify the collector shape and fins required to increase the contact area by utilizing nanofluid at specific
concentrations. Analysis was conducted using ANSY'S software to investigate the heat transfer phenomena within the
collector and solar panels. The mass flow rates were varied to determine the efficiency of the proposed system and to
aid in the development of an improved PVT (photovoltaic thermal) system.

2. Development And Application System

PVT collectors are hybrid systems that combine traditional PV solar cells with thermal collectors to generate
electricity and heat. The construction process involved selecting high-quality PV cells, designing the thermal
component, integrating the absorber plate, and encapsulating and insulating the PVT collector assembly. The PV cells
were mounted on the front surface of the collector assembly, facing the sun, and connected in series or parallel to achieve
the desired voltage and current output. The fluid connection and circulation system connect the HTF channels to the
pumps, heat exchangers, and control mechanisms. The PVT collector was mounted and installed on a suitable structure
to ensure proper orientation and tilt angles to maximize solar exposure. Electrical and monitoring systems track the
performance of the PVT collector by providing real-time data on electricity generation, heat production, and fluid
temperature. Regular maintenance is crucial for the optimal performance and longevity of PVT collectors.
Interdisciplinary collaboration among experts in PVs, thermal engineering, materials science, and construction is
essential to fabricating an effective and durable hybrid system that efficiently generates electricity and heat [30].

PV thermal (PVT) collectors combine PV solar cells with thermal collectors to create a more efficient and versatile
energy system. This hybrid approach offers simultaneous electricity generation and heat collection, thereby increasing
overall energy efficiency. The key considerations include material selection, compatibility, design optimization, heat
absorber integration, heat transfer fluid (HTF) system development, thermal insulation, electrical and thermal
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integration, integration with building structures, efficiency enhancement, monitoring and control systems, lifecycle
analysis, research and development, and testing and validation. Collaboration among experts in PVs, solar thermal
systems, materials science, and engineering is essential for the successful integration of PVT collectors. By focusing on
materials, design optimization, heat absorption, heat transfer fluids, thermal insulation, electrical and thermal
integration, and lifecycle analysis, PVT collectors can contribute to more sustainable and energy-efficient solutions for
power generation and thermal applications [31].

PVT collectors are versatile hybrid systems that combine PV solar cells with thermal collectors and offer numerous
benefits across various sectors. They can be integrated into residential and commercial buildings, industrial processes,
district heating and cooling systems, agriculture and greenhouses, off-grid applications, solar cooling and air-
conditioning systems, hybrid electric vehicles, renewable energy integration, urban infrastructure, research and
educational facilities, emergency and disaster relief efforts, and wastewater treatment plants. These systems generate
electricity and thermal energy, improve energy efficiency, reduce utility bills, and improve overall energy efficiency.
The application of PVT collectors varies depending on factors such as climate, energy requirements, available space,
and economic considerations. Overall, integrating PV solar cells with thermal collectors offers a multifunctional solution
that enhances energy efficiency and contributes to sustainable development across various sectors.

3. System Model Description

Figure 1 illustrates the cooling of PV solar cells by placing a thermal collector underneath them. The fluid flow
of the thermal collector was used for cooling. The power of a water pump was used to move the fluid. The temperature
of the cooling fluid increases with time. The capacity of the cooling fluid to absorb heat increases as its temperature
rises, resulting in a decrease in the solar cell temperature and an increase in the performance and efficiency of the
PV solar cell. A system that uses a PV solar cell cooling technique generates both electrical and thermal energy [22,
32].
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Figure 1. Schematic of a PV solar cell cooling system using a thermal collector

The study's model material used a PV solar cell module with dimensions of 660 x 540 x 4.33 mm and a temperature
coefficient of -0.4%/K. The design structure shows the PV geometric design. Table 1 lists the designs and characteristics
of the solar cells. Figure 2-b illustrates the design of a thermal collector using direct flow.

Table 1. Coating specifications for PV solar cells with thermal collector cooling [33]

Density Specific heat capacity ~ Thermal conductivity ~ Thickness

Layers (kg/m?) (I/kgK) (W/mK) (mm)
Glass 2450 790 0.700 3,20
EVAs 960 2090 0311 0.50
PV cells 2330 677 130 021
EVAs 960 2090 0311 0.50
PVF 1200 1250 0.150 0.30
Collectors 2719 871 202,400 1
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Figure 2. Geometry (a) PV solar cell (b) thermal collector (unit: mm)

Several researchers have attempted to identify an ideal collector design for PV solar cell cooling to achieve the
highest electrical efficiency. A previously published research collector design was modified for this study. As illustrated
in Figure 3-a, the collector has a straight-flow design with input dimensions of 30 x 30 mm. In this study, the collector
design was changed by adding fins. Aluminum was used as the collector material, and the pipe thickness in the
simulation was 1 mm. Figure 3-b illustrates the finned collector design.

30

1,50

@ (b)
Figure 3. Thermal collector input geometry (a) Without 0S-Fin (b) 12S-Finned (unit: mm)

The mixing of working fluids was made more efficient and effective by the addition of nanoparticles. In particular,
mixing can increase the thermal conductivity, increase convection heat transfer, and decrease thermal losses. In addition,
the nanoparticle content of the base fluid contributes to a considerable reduction in the effective thermal stress on the
collector [34]. The high thermal conductivity of Al,Os makes it interesting to investigate [35]. The properties of the
Al>O3 nanofluid and water as the primary working fluid are listed in Table 2.

Table 2. Characteristics of the Concentration of Water/ Al2O3 [35]

Concentration density, p  Specific heat,c ~ Thermal conductivity, Viscosity, 4
Water/Al,O; (kg/m?®) (I/kgK) c, k (W/mK) (kg/ms)
©0=0% 998,2 4182,0 0.600 0.001003
0=1% 1007,4 4194.7 0.765 0.000612
¢ =3% 1059,8 4086,2 0.798 0.000642
0=5% 1112,2 4017,8 0.828 0.000672
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The following assumptions and elements were used to simplify the numerical modeling: the collector is perfectly
isolated. Very little PV radiation is lost. The system does not have an energy generator. In the fluid flow under steady-
state circumstances, the PV system alone experiences convection losses, and all heat transmissions occur. The area
surrounding the system was maintained at a constant ambient temperature. The thermophysical characteristics of each
solid layer of a solar device are believed to have fixed values. The simulation's highest temperature was utilized to
calculate the PV solar cell efficiency for each modification; convection, thermal conductivity, and specific heat are all
examples of thermal characteristics tested in this study. The mass flow rate, viscosity, and other kinematic characteristics
of a straight-through collector indicate that turbulent flow occurs at the interface of the collector area with the PV cell
[22, 26].

4. System Equations

In this study, the fluid flow and heat transfer within the collector were simulated primarily through the application
of continuity, momentum, and energy equations. In addition, various assumptions were incorporated into the analysis,
including the incompressibility of the working fluid. Moreover, when calculating the absorption power, it is assumed
that the PV cell absorbs the entire incoming heat flux because the only type of heat loss from the panels is stationary
convection loss. Hence, the three governing equations in this research are the mass Equation 1, momentum Equation 2,
and energy Equation 3 [36].

V(pnf:“nf) =0 (1)
V(pnfhingbing) = =YD + VT + pnrg @
V(pnf:“nfcp,nfT) = V(kanT) (3)

where the parameters include the nanofluid's density (p,,f), viscosity (i, ), thermal conductivity (k,,), and specific heat
(Cpny), PV solar cell temperature (T) and pressure (p). The numerical solutions of the aforementioned equations were
used in a three-dimensional computational fluid dynamics model to estimate the temperature distribution of the PV cell
and water collector. In the PV cell, only the top surface was exposed to heat flow. Therefore, heat transfer and wind
were assumed to exist only in the topmost layer of the PV cell. The external temperature was maintained constant
throughout the simulation. The boundary condition for the water inlet was set at an absolute pressure, and the conditions
for the water inflow and outflow were identical. In other words, during the simulation, environmental parameters such
as the external temperature, inlet water pressure, and water conditions at the inflow and outflow were maintained
constant according to predefined parameters.

When solar radiation is absorbed, the operating temperature of PV solar cells increases significantly, which is
inversely related to their electrical efficiency. Equation 4 describes how to represent electrical efficiency (ner) [37].

Net = nref[l - ﬁref(Tc - Tref)] (4)

CFD simulations were performed to determine the PV's ultimate average temperature and to compute the magnitude of
M Using Equation 4, where S is the temperature coefficient of the PV solar cell, s is the PV solar cell reference
efficiency, and Tref is the PV starting reference temperature. For silicon-based PV solar cells, the 5rerand Sres are 0.12%
and 0.0045/°C, respectively, when the T is 25 °C. Meanwhile, equation 5 may be used to get the thermal efficiency

(Men) [22].

mcp(To—T;)

Ntn = 0A

where Ty is the output temperature generated by the fluid CFD simulation, C, is the specific heat capacity of the heat
transfer fluid, and m is the mass flow rate. T; is the initial temperature of the incoming fluid collector; A is the collector
cross-sectional area and Q represents the solar irradiation intensity/heat flux value.

In this study, statistical analysis was employed to gain insight into the relationships between the variables.
Specifically, we utilized a two-way analysis of variance (ANOVA) without replication to investigate how changes in
the means of the quantitative variables were influenced by the values of the two categorical variables. ANOVA was
used to determine whether there were significant differences between two or more groups or treatments within a single
analysis. This helps identify the effect of independent variables on the dependent variable [38]. ANOVA can provide
information about the statistical significance of differences between groups. ANOVA was performed after the
simulations were validated, as shown in Figure 4.
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Figure 4. Research flowchart

ANOVA can help researchers draw stronger conclusions about whether the differences are real or merely the result
of random variation. This analytical approach allowed us to assess the interactions between the two independent
variables and the dependent variable. A significance level of 0.05 was chosen to determine the statistical significance of

our findings in the research [39].

5. Computational Fluid Dynamics Study Procedure

The most recent method for examining the performance of PV solar cells with added thermal collectors involves
modeling and simulation using a coupled ANSY'S system. To enable the development of all the PV layers, as in Arifin's
study on PV cooling with heat sinks (2020), the simulation uses only one layer of PV cells [40]. A more significant fluid
mass flow is linked to improved electrical and thermal efficiency, according to Rosli's study from 2018, which also

reports on this topic [27].
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The development process involved modeling PV solar cells by designing the fluid input, mass flow rate, and
collector. Fins can be added to thermal collectors to improve collector engineering. Water and Al Oz nanofluids at
varying concentrations were used as the flowing fluids. The total mass flow rates in the reference studies were 0.03,
0.05, 0.07, and 0.09 kg/s.

The k-¢ re-normalization group (RNG) turbulence model and steady-state simulations were both employed by the
ANSYS Fluent program. With a temperature of 28 °C, a turbulence intensity of 5%, and a hydraulic diameter of 0.027
m, the mass flow rate of the input fluid was modified. The coupled Green—Gauss cell-based settlement technique was
employed. The set convergent criteria were 10 for the pressure, velocity, and continuity equations and 10-° for energy
[22].

By contrast, the ANSYS Steady-State Thermal program employs a steady-state simulation. Using a heat flux (Q)
module, solar radiation of 1000 W/m? was modeled. The PV cell surface receives solar radiation in a controlled direction,
whereas convection losses affect the surfaces of the other domains. On the entire surface of the PV solar cell, at 10
W/m?°C, it is expected that little heat transfer or convection losses (h) take place. A solid-interface fluid was applied to
the PV surface. The boundary conditions employed in the CFD simulations are shown in Figure 5.

Tambient = 32 °C
Q = 1000 W/m?
h =10 W/m°C
Tin=28°C
Fluid In

Tin

h

Photovoltaics

Collectors

Fluid Out
Tout
.

Figure 5. System boundary conditions in this study

The quality of the mesh determines the accuracy of the simulation. More precise findings are obtained with more
minor, denser webs, while more extended simulation periods and an excessive number of meshes may degrade computer
performance [41, 42]. The default mesh design was employed, with the curvature determined by the global metric and
the fineness of the mesh level adjusted to fine. By default, the PV geometry utilizes a mesh, whereas the collector
geometry employs proximity. Mesh independence testing was performed to determine the ideal mesh size for a specific
shape. Mesh testing was performed using a radiation dose of 1000 W/m? and a mass flow rate of 0.09 kg/s. Mesh
variation was accomplished by altering the mesh body size, which ranged from 3 mm to 11 mm.

6. Computational Fluid Dynamics Study Procedure Validation

To ensure that the simulation results based on the research produced the same outcome values, a validation was
carried out. This was demonstrated by equating the system temperature distribution data using a benchmark research
model. The validation criteria were based on an error value of less than 10% when the study findings were compared
with the reference research. Based on the study conducted by Rosli (2018), this research was validated in a CFD
study [27].

Figure 6 shows the results of the simulation and the reference research. Based on the trend generated for each
fluid mass flow rate to the PV temperature, the study results exhibited the same trend as the reference study. The U -
Flow collector had the lowest temperature for research studies as well as for reference research. There is no
significant gap in the research studies conducted with reference research, where the lowest PV temperature was
produced using the U-Flow collector and the highest PV temperature was produced using the serpentine collector
for each fluid mass flow rate.
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Figure 6. Changes in PV temperature for each mass flow rate based on the reference study

The contours produced in the research studies have a contour shape that resembles the results of the reference study
in the temperature range of 300 K to 307 K, as shown in Figure 7. Serpentine collectors have a red contour in research
studies and reference study, where the red contour indicates high-temperature solar cell PV. Meanwhile, the lower the
PV cell temperature, the more dominant the blue contour color. The dominant blue contour in the PV solar cells was
found in collectors with a U-shape in this study and the reference study results. This indicates that the color contours
resulting from the research studies have values close to those of the reference research.
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Figure 7. Contour PV temperature simulation results (a) Rosli et al. (2018) [27] (b) Reference study

The difference in the percentage error of the PV temperature between the simulation results of this study and those
of the reference research simulations varied between 0.3% and 4.3%, as listed in Table 3. The largest error difference
was 4.3% when the U-flow collector was used at a fluid mass flow rate of 0.005 kg/s. Therefore, the method used in this

study has a valid value and is assumed to be applicable to the cases in this study.

Table 3. Percentage of error PV temperature research validation

Mass flow rate (kg/s)

Design
0.003 0.004 0.005
Serpentines 0.8% 0.4% 1.3%
U-Flow 0.3% 3.2% 4.3%
Spiral 2.9% 2.7% 2.3%
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7. Results and Discussion

The characteristics affecting the cooling of PV solar cells using a thermal collector were successfully determined by
CFD modeling and simulation. The design of the collector with fins, fluid mass flow rate, and nanofluid water/Al,Os
was examined for each primary working fluid concentration. The optimization simulation was performed using ANSYS
Fluent and Steady-State Thermal 18.2. The findings of the optimized simulation are discussed in this section. All energy
exchanges with the thermal collector and the PV solar cell efficiency (both electrical and thermal efficiency) were
estimated after CFD modeling using the comprehensive ANSYS software for all parameters. Based on these results, the
effect of each factor was observed using ANOVA.

7.1. Temperature Simulation Results

Simulations were successfully performed using ANSYS Steady-State Thermal on PV solar cells for a radiation
intensity or heat flux of 1000 W/m? with a natural convection of 10 W/m?°C and an ambient temperature of 32 °C. The
thermal collector system was coupled using ANSYS Fluent with working fluid Al>O3 nanofluid (0%, 1%, 3%, and 5%)
and mass flow rates (0.03, 0.05, 0.07, and 0.09 kg/s). An input temperature of 28 °C was input for the fluid as a riser
collector configuration without fins (0S) and with collector fins (12S). The final PV temperature and fluid output were
generated for electrical and thermal efficiency analyses.

The temperature of the PV solar cell decreased when an Al,Os nanofluid was used on a 12S-finned collector, as
shown in Figure 8. In addition, increasing the mass flow rate of the fluid decreased the temperature of the PV solar cell.
The addition of fins to the thermal collector widened the heat transfer area between the thermal collector and the working
fluid. By adding nanoparticles in the form of Al,Os, the working fluid changes its characteristics by increasing its specific
heat. Increasing the mass flow rate of the fluid accelerated the heat exchange in the working fluid. The lowest PV solar
cell temperature, 29.654 °C, was generated using a 12S-finned thermal collector system with 1% water/Al>O3; nanofluid
at a mass flow rate of 0.09 kg/s.
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Figure 8. PV temperature at different mass flow rates and nanofluid concentrations for each PV using a collector (a) with
fins-0S and (b) without fins-12S
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The fluid output temperature can be reduced by adding the self to the thermal collector, increasing the mass flow
rate of the fluid, or adding a mass fraction to the Al>O3 nanofluid, as shown in Figure 9. The use of fins in the collector
affects the fluid flow path to the collector, thereby affecting the fluid output temperature. With a stable fluid input
temperature, the addition of a nanofluid weight fraction can increase the specific heat of PV solar cells during heat
transfer. In addition, increasing the fluid mass flow rate significantly affected the output temperature of the fluid. The
lowest fluid output temperature (29.994 °C) was also generated in a system that uses a 12S-finned thermal collector with
1% water/Al,O3 nanofluid at a mass flow rate of 0.09 kg/s.
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()
Figure 9. Fluid output temperature at different mass flow rates and nanofluid concentration for each PV using a collector
(a) with fins-0S (b) without fins-12S

A mesh independence test was performed to optimize the computational accuracy and process of the modeling
simulation. This test was conducted on the system that produced the lowest PV temperature and output fluid. The system
using a 12S-finned thermal collector with 1% water/Al,O3 nanofluid at a mass flow rate of 0.09 kg/s was investigated
while the other boundary conditions remained the same. The meshing process was varied with different mesh body sizes
(3, 5, 7, and 11 mm) with the other mesh boundary conditions remaining constant. As shown in Figure 10, the
temperature results for the PV solar cell and fluid output for each mesh body size exhibited similar trends. The difference
between the minimum and maximum values generated in the mesh-independence process had an error value of 2.51%.
The mesh body size of 5 mm had nodes and mesh elements 47325 and 226234, with an average skewness value of 0.25.
Therefore, the mesh was of good quality and produced accurate simulations.
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Figure 10. Independence of simulation study mesh

7.2. Simulation Result Temperature Contour

Figure 11 shows the difference in temperature distribution in PV solar cell systems using a thermal collector without
fin (0S) and with fins (12S). The temperature distribution of the PV solar cells had color contours that were similar to
those with and without fins, with a temperature range of 27.4 to 33 °C. The contour distribution of the PV solar cells
using the 12S-finned thermal collector was smoother and did not break. This is due to the broader and faster absorption
of heat, marked by the distribution of the collector fluid contours, which have more dominant green contours on the
fluid side after entering the collector. In addition, the use of fins on the collector affects the direction of fluid flow in the
absorption and heat transfer processes. Different fluid-flow directions were identified based on the temperature
distribution at the fluid output. The temperature distribution at the output of the fluid with thermal collector fins has a
color contour that is less regular than that of the thermal collector without fins.
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Ina PV solar cell system with a thermal collector, the mass flow rate of the fluid is vital for reducing the temperature
of the PV solar cell. As shown in Figure 12, the temperature distribution of the PV solar cell has a different color contour
for each increasing fluid mass flow rate. The contour distribution of the PV solar cell temperature was obtained from
the simulation results using a 12S-finned collector with a working fluid of 1% water/Al,O3 nanofluid. The temperature
distribution of the resulting PV solar cells was in the range of 27 to 38°C. Based on the figure, the highest fluid mass
flow rate, which is 0.09 kg/s, has a blue color contour that is more dominant than the others, with no yellow or red
contour. The dominant blue contour indicates the low temperatures of the PV solar cells.
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z
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i

(d)
Figure 12. PV solar cell temperature distribution for each fluid mass flow rate (a) 0.03 kg/s (b) 0.05 kg/s (c) 0.07 kg/s (d) 0.09 kg/s

Using water/Al,O3 nanofluid as a working fluid produces a distribution of color contours at different temperatures,
as shown in Figure 13. The color contours of the PV solar cells using a 12S-finned thermal collector at a fluid mass flow
rate of 0.09 kg/s were obtained. The temperature distribution of the resulting PV solar cells ranged from 28.5 to 33[1C.
It can be seen that the 1% water/Al,O3 working fluid has more dominant blue and green contours. In addition, there was
no yellow or red contour, which indicate high temperatures. The temperature distribution of PV solar cells with a
working fluid of 1% water/Al,O3 had better specific heat than the other working fluids.

7.3. Performance of PV Solar Cells Using a Thermal Collector

The effectiveness of the generated power provides insight into the functioning of the PV solar cells. Compared with
water-based fluids, the use of Al,O3 nanofluids at various concentrations affects the fluid production and temperature
variations in PV solar cells. Consequently, the electrical and thermal efficiencies are different. The resultant temperature
differential from the reference temperature provides insight into electrical efficiency. Simultaneously, the specific heat
of the fluid has a significant impact on thermal efficiency.

The nominal reference efficiency was 0.12 with a temperature coefficient of 0.0045 /°C at a reference temperature
of 32 °C. As shown in Figure 14, the use of a 12S-finned thermal collector and water/Al,O3; as a working fluid can
increase the electrical efficiency of the PV solar cell owing to the decrease in the temperature of the PV solar cell. In
addition, the electrical efficiency increased with the mass flow rate of the fluid. As with the lowest PV solar cell
temperature value, in the 12S-finned thermal collector system with 1% water/Al>O3 nanofluid at a mass flow rate of
0.09 kgfs, the system produces the highest electrical efficiency of 11.749%. The lower the temperature of the PV solar
cell, the higher the electrical efficiency, which approaches the reference efficiency.
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Figure 13. PV solar cell temperature distribution for each working fluid water/Al203 (a) 0% (b) 1% (c) 3% (d) 5%
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Figure 14. Electrical efficiency and PV temperature of different mass flow rates and nanofluid concentrations for each PV
using collectors (a) without fins (0S) (b) with fins (12S)
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The resulting thermal efficiency is one of the advantages of using a thermal collector system to cool PV solar cells.
It can be seen that the thermal efficiency is affected by the specific heat of the working fluid, water/Al,Os, and the output
temperature of the resulting fluid. As shown in Figure 15, the thermal efficiency increased after using a 12S-finned
thermal collector system with water/Al,Os; nanofluid. The highest thermal efficiency was 68.796% in the 12S-finned
collector system using 5% water/Al,O3 when the mass flow rate of the fluid was 0.09 kg/s.
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Figure 15. Thermal efficiency of PV temperature on different mass flow rates and nanofluid concentrations for each PV
using (a) 0S-finned and (b) 12S-finned collectors

7.4. The Effect of Fluid Mass Flow Rate and AlI203 Nanofluid Concentration on the Electrical Efficiency of PV
Solar Cells

Based on the generated electrical efficiency data for each mass flow rate and nanofluid concentration variation in
the system, the results were grouped in Table 4. The data were grouped to determine the effect of system variations and
their relationship with the increase in the performance of the PV solar cells based on the generated electricity efficiency.
The analysis was performed using a two-way ANOVA method without replication, with a significance value of 0.05.
The p-value of the mass flow rate was 7.98E-09; therefore, the mass flow rate affected the efficiency of the generated
electricity. Simultaneously, the Al,O3 fluid concentration had no effect on the electrical efficiency because the P value
was 0.293. Additionally, 1.18E-06, as shown in Table 5.
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Table 4. PV solar cell electrical efficiency data for each fluid mass flow rate and water/ Al.O3 nanofluid concentration

SUMMARY Count Sum Average Variances
0.03kg/s 4 0.464688 0.116172 4.89E-09
0.05kg/s 4 0.467248 0.116812 9.21E-09
0.07kg/s 4 0.468712 0.117178 1.76E-09
0.09kg/s 4 0.469691 0.117423 7.01E-09

0% 4 0.467374 0.116844 2.22E-07
1% 4 0.467797 0.116949 3.24E-07
3% 4 0.467594 0.116898 3.56E-07
5% 4 0.467576 0.116894 2.97E-07

Table 5. ANOVA results of PV solar cell electrical efficiency for each fluid mass flow rate and water/Al203 nanofluid
concentration

Source of Variation SS df Ms F P-values Fcrit
Mass flow rate 3.55E-06 3 1.18E-06 230,315  7.98E-09  3.862548
Al,Os Fluid Concentration 2.23E-08 3 7.44E-09 1447711  0.292629  3.862548
Error 4.63E-08 9 5.14E-09
Total 3.62E-06 15

7.5. The Effect of Fins on Collector and Concentration of Al2Os Nano Fluid on the Electrical Efficiency of PV
Solar Cells

Table 6 shows the PV solar cell electrical efficiency data generated for each collector type and water/Al.O3 nanofluid
concentration. Data were analyzed using a two-way ANOVA without replication, with a significance value of 0.05. An
analysis was conducted to determine the effects of the variables. Table 7 shows that the type of finned collector does
not change the response to the Al.Os fluid concentration, and vice versa. This was because the MS error value was
smaller than the MS error value for the two variations, which was equal to 1.8E-09. Finned collectors are known to
influence the electrical efficiency of PV solar cells, with a P value of 0.033.

Table 6. Electrical efficiency of PV solar cells for each collector type and nanofluid concentration

SUMMARY Count Sum Average Variances
No Fin-0S 4 0.469242 0.117311 1.11E-08
Finned-12S 4 0.469691 0.117423 7.01E-09
0% 2 0.234503 0.117251 4.83E-09

1% 2 0.234941 0.11747 5.43E-10

3% 2 0.23477 0.117385 1.25E-08

5% 2 0.234719 0.11736 1.27E-08

Table 7. ANOVA results of PV solar cell electrical efficiency for each collector type and nanofluid concentration

Source of Variation SS df Ms F P-values F crit
Collector Type 2.52E-08 1 2.52E-08  13.96813  0.033404  10.12796
Al,O3 Fluid Concentration 4.89E-08 3 1.63E-08 9.03711 0.051762  9.276628
Error 5.41E-09 3 1.8E-09
Total 7.94E-08 7

7.6. The Effect of Fins on Collectors and Fluid Mass Flow Rates on the Electrical Efficiency of PV Solar Cells

The interaction between the type of collector and mass flow rate of the fluid on the electrical efficiency of the solar
cells was studied using a two-way ANOVA without replication, with a significance value of 0.05. The analysis was
performed by grouping the PV solar cell electrical efficiency data for each collector type and fluid mass flow rate, as
listed in Table 8. Based on the analysis results in Table 9, the collector type does not interact with the differences in the
mass flow rate of the fluid used. This was because the MS error value was 1.19E-08, which was smaller than the MS
value for each variation used.
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Table 8. PV solar cell electrical efficiency data for each collector type and fluid mass flow rate

SUMMARY Count Sum Average Variances
No Fin-0S 4 0.466821 0.116705 4.43E-07
Finned-12S 4 0.467576 0.116894 2.97E-07
0.03kg/s 2 0.232011 0.116005 5.7E-08
0.05kg/s 2 0.233342 0.116671 3.73E-08
0.07kg/s 2 0.234325 0.117162 1.14E-10
0.09kg/s 2 0.234719 0.11736 1.27E-08

Table 9. ANOVA results of PV solar cell efficiency for each collector type and fluid mass flow rate

Source of Variation SS df Ms F P-values F crit
Collector Type 7.12E-08 1 7.12E-08 5.961724  0.092363  10.12796
Mass flow rate 2.19E-06 3 7.28E-07  60.95936  0.003464  9.276628

Error 3.58E-08 3 1.19E-08
Total 2.29E-06 7

This study analyzed the electrical efficiency of PV solar cells based on system variations in the mass flow rate and
nanofluid concentration of Al,Os. The interaction of the electrical efficiencies of the solar cells was studied using a two-
way ANOVA without replication. The results showed that the mass flow rate affected the efficiency of the generated
electricity, whereas the Al,O3 fluid concentration had no effect on efficiency. The type of finned collector does not
change the response to the Al,O3 fluid concentration, but the finned collectors influence the electrical efficiency of PV
solar cells. The collector type did not affect the differences in fluid mass flow rates.

This research is comparable to the experimental research conducted previously by other researchers using nano-
water/magnetite fluid in finned collectors to improve the performance of PV solar cells [14]. This improvement is
achieved by engineering the expansion of the fluid heat transfer surface and improving the fluid characteristics to
accelerate heat transfer. Engineering results in an increase in the performance of solar PV cells while simultaneously
improving thermal performance.

Simulation research allows for complex designs, saving time and money during experimental research. In addition,
simulation reduced the impact of fatal errors in the experimental research process. After the CFD simulation using
ANSYS software was completed for all factors, all energy and efficiency interactions of solar PV cells with thermal
collectors (electrical and thermal efficiencies) were calculated. However, the results and analyses of the research using
CFD must be validated. Experimental validation of PV solar cell hybrid systems using Al,O3z nanofluid-based finned
thermal collectors under actual environmental conditions must be conducted.

8. Conclusion

CFD modeling and simulations were conducted to identify the parameters affecting the cooling of PV solar cells
using a thermal collector. The factors analyzed included collector design, fluid mass flow rate, and the concentration of
Al>O3 nanofluid. The results were evaluated using ANOVA to optimize the cooling system and enhance the performance
of the solar cells in converting solar energy into electricity. The 12S-finned thermal collector system achieved the lowest
PV solar cell temperature at 29.654 °C. Fins, mass flow rate, and Al,Os nanofluid fraction were adjusted to lower the
fluid output temperature. The 12S-finned thermal collector with 1% water/Al.O3; nanofluid reached the lowest fluid
outlet temperature of 29.994 °C. The electrical efficiency of the PV solar cells is influenced by the Al;O3; nanofluid
concentration. The reference efficiency is 0.12, with a temperature coefficient of 0.0045/°C at 32 °C. The 12S-finned
thermal collector and water/Al,Os; working fluid increased electrical efficiency by reducing the cell temperature. The
electrical efficiency improved at higher fluid mass flow rates. The 12S-finned thermal collector system with 1% water/
Al>03 nanofluid at 0.09 kg/s achieved the highest electrical efficiency at 11.749%, close to the reference efficiency. The
12S-finned thermal collector system with a water/Al>Oz nanofluid achieved the highest thermal efficiency, reaching
68.796% at a flow rate of 5% water/ Al,O3; working fluid at 0.09 kg/s.

This study analyzed the electrical efficiency data of various proposed systems, including variations in the mass flow
rate and concentration of the Al,O3 nanofluid. The results indicate that the efficiency is influenced by the mass flow
rate, whereas the concentration of the Al.O3; nanofluid does not have a significant impact. The type of finned collector
also affects the efficiency, but the collector type does not interact significantly with various variations in fluid mass flow
rates and concentrations of Al,O3 nanofluid. Thus, the selection of the mass flow rate and collector type can be crucial
factors in designing a more efficient system to address the high temperatures in PV solar cells. This study is expected to
contribute to the development of hybrid PVT systems related to the trending issues of nanofluid utilization in modern
industries.
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