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Active cooling technology of photovoltaic thermal (PVT) system allows lowering the
working temperature to increase the efficiency of photovoltaic (PV) solar cells. In addition,
the absorbed heat produces thermal energy simultaneously through the working fluid in the
collector. Therefore, in this study, the modeling of the riser configuration of the PVT
collector for cooling PV solar cells was carried out using a working fluid and varied mass
flow rates. It is used to find the effect of working fluid and mass flow rate on the resulting
efficiency. ANSYS 18.2 system analysis software is used to simulate phenomena that
occur. The natural convection phenomena of the PV cell layer were explored using ANSYS
Steady State-Thermal. The simulation of the heat transfer phenomenon between the PV
cell layer and the liquid was done using ANSYS Fluent. The improvement in energy
generation efficiency achieved by utilizing a thermal collector system to cool PV solar cells
reaches 49.8%. The maximum PV solar cell electrical efficiency value comes when the
rectangular collector riser arrangement is modeled with SiO2 nanofluid working fluid and
a mass flow rate of 0.01 kg/s. Each variation used was not significantly different from the

efficiency of the PV solar cells produced.

1. INTRODUCTION

PV Thermal Collector System (PVT) is a photovoltaic solar
cell active cooling technique. Installing a collector underneath
the solar cell accomplishes this strategy. As a result, while it
generates energy, it is cooled by the heat transfer medium in
the collector. PVT systems simultaneously generate electricity
and heat. Air PVT and water PVT are two of the most
prevalent cooling techniques for photovoltaic solar cells.
Refrigerants, water, nanofluids, air, and a mix of liquid and air
can all be used for liquid cooling. The advantages of air
cooling include increased overall efficiency, no financial
limits, and hot air that may be used to heat buildings in the
winter. However, the resulting efficiency is lower than water
cooling [1, 2].

PVT is built with a different way to disperse heat on the PV
surface, resulting in more electrical energy. Much research has
been conducted to investigate the elements that influence PVT
performance in simulations or experiments. Design
parameters, operating parameters, and climate parameters are
all variables that can impact performance [3, 4]. Various
designs have been examined to improve photoelectric
performance, and PVT collectors have been presented as a
solution. A high thermal conductivity between the heat
absorption unit and the solar module can improve both
electrical and thermal efficiency [5].

The critical functional part is the PVT solar cell collector,
which transmits the photovoltaic laminate that has collected
sun-induced heat transfer to the fluid. The heat from the solar
cell must be able to travel through the fluid due to the flow
design [6]. The straight flow design has been claimed to be the
best flow design. A direct flow pipe has a higher efficiency of
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64% than a single-pass pipe [7]. The collector's specific heat
capacity should be below to respond quickly to changing
climatic conditions (such as in the case of fluctuating
conditions) and to optimize the management of the available
thermal energy, even in small quantities. Thermal conductivity
and specific heat capacity are the two most important
properties. PVT collectors usually use metals such as copper,
aluminum, or stainless steel [8]. Experiments were carried out
on the sort of aluminum pipe used by the researchers. When
water or nanofluids pass through aluminum pipes, the effect is
that they are not eroded. The collector's top provides optimal
adherence to the PV cell or laminate, enhancing heat
dissipation of the photovoltaic components [9, 10]. The
forming process used to make different types of plates
influences the material used and the channel design. The
contact area between the collector surface and the PV affects
heat transmission [11, 12].

Nanofluids are suspensions of nanoparticles in fluids that
significantly enhance their properties at modest nanoparticle
concentrations [13, 14]. Decade research on nanofluids has
solidified the claim that they have excellent heat transfer
properties. Nanofluids have been widely used in various fields
because of their unique thermal conductivity [15, 16]. In
addition to their application in solar collector thermal
collectors, nanofluids are also used in photoelectric systems.
In order to better convert solar energy into electric energy, the
photoelectric photovoltaic system must keep the battery's
temperature at a specific temperature because the conversion
efficiency will be too low if the battery temperature of the
battery is too high [17].

The CFD (Computational Fluid Dynamic) approach may be
used to estimate the performance characteristics of the PVT
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solar collector based on an examination of the riser
arrangement on the PVT collector for cooling PV solar cells
using a working fluid varying mass flow rates [7]. The
working fluid is an essential part of PVT systems. Air, water,
and refrigerants are common working fluids used as a coolant
in PVT systems [18]. Therefore, people began to add
nanofluids to the PVT collector to absorb waste heat and fully
use its vitality. Compared to other cooling technologies,
nanofluid cooling improves thermal performance and
improves total power generation [19, 20].

CFD is a branch of fluid dynamics that solves and analyzes
issues with a fluid flow connected to the distribution of
temperature and pressure. CFD aims to make it easier to grasp
fluid flow characteristics by displaying the findings in Figures,
vectors, contours, and 3D animations [6, 21]. From this basis,
it is necessary to simulate the collector performance using the
CFD method with ANSY'S software to obtain its performance
characteristics [22, 23].

Given the progress made in the design of photovoltaic
thermal collector systems. The main concern in this study is
the application of PVT systems to generate more electrical
energy. CFD simulations compare the best working fluids used
to conduct heat on the panel. The study also analyzed the
variance (ANOVA) test to determine the difference in the

mean data between treatment variations on the resulting
efficiency.

2. METHODS
2.1 Material

In this experiment, we used PV with materials and their
properties, as shown in Table 1.

2.2 Modeling

The heat flux delivered to the PV solar cell surface
influences the research's modeling and simulation, with only
convection losses occurring. Fluid flows from the intake to the
photovoltaic (PV) solar cell's exit. This procedure reduces
temperature and is used to test the efficiency of PV solar cells.
Figure 1 (a) depicts a flow diagram of the procedure. The
material studied in this study is a 660 x 540 x 4.33 mm
photovoltaic solar cell module with a temperature coefficient
of -0.4% /K [24]. Table 1 and Figure 1 (b) depict the
architecture and parameters of solar cells. While the design of
the 15 x 30 mm thermal collector indirect flow refers to the
research as shown in Figure 1 (c¢) [25].

Table 1. Specifications of layers on PV cells [26]

Layers Density(kg/m® Specific heat capacity(J/kgK)

Thermal conductivity(W/mK)  Thickness(mm)

Glass 2450 790
EVA 960 2090
PV cell 2330 677
EVA 960 2090
PDF 1200 1250

0.70 3.20
0.31 0.50
130 0.21
0.31 0.50
0.15 0.30
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Figure 1. (a) PVT model schematic (b) PV (c) Thermal collector (in mm)



2.3 Simulation

ANSYS FLUENT and ANSYS-STEADY STATE
THERMAL were used to model the collector system. Figure 2
depicts a simulation in which the heat transfer between the PV
solar cell layer and water was modeled using fluent software.
In contrast, just the heat transfer from natural convection in the
PV cell layer was investigated using steady state thermal
software. The state is the simulated steady-state.
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Figure 2. ANSYS coupled simulation scheme

For simulation meshing, this work employs a 14 mm
element size. The 14 mm mesh element is more stable,
allowing for a more accurate recording of flow and heat
transfer phenomena in the collector's vicinity. On the PV and
collector, the number of elements for the geometry with 14
mm meshes is 12375 and 207746, respectively.

The turbulence model k- the ANSYS FLUENT program
uses Renormalization Group (RNG) and steady-state
simulation. Fluid mass flow rates of 0.0025, 0.005, 0.0075,
and 0.01 kg/s were tested at a temperature of 298.15 K,
turbulence intensity of 5%, and hydraulic diameter of 0.02 m.
The researchers employed water fluids, CuO, ZnO, and SiO,
nanofluids with the properties listed in Table 2. Coupled Green
Gauss Cell-Based is the solution approach employed. The set
of convergent criteria is 10°° for energy equations and 10 for
pressure, velocity, and continuity equations.

Table 2. Fluid characteristics with 1%wt @298K [27, 28]

Thermal Specific
Fluid L Density  Viscosity Heat
Conductivity 3 -
Type kg/m mPa/s Capacity
W/mK
J/kgK
Water 0.600 998 1.010 4182
CuO 0.612 1012 1.098 2845
ZnO 0.618 1025 1,150 2339
SiO2 0.618 1051 1,243 3032

Meanwhile, simulation using steady-state conditions is
employed in the ANSYS STEADY STATE THERMAL
program. A heat flux module is used to simulate 800 W/m?
solar radiation. Solar radiation is directed toward the PV cell's
surface, whereas convection losses influence the other domain
surfaces. With a convection coefficient of 10 W/m?K, little
convection heat transfer is expected to occur at the PV cell's
surface. The fluid-solid interface is employed on the PV's top
surface [29].

Due to the limitations of the tools in modeling solar
radiation, the modeled domains, namely the fluid flowing
behind the cells and the boundary conditions where the PV
cells or collectors have contact with air, must be adjusted
according to the material properties of the PV cells and heat
sinks. The fluid flows from the inlet direction and exits
towards the outlet to produce thermal fluid. The collector
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thickness is considered 0 m in the Fluent simulation and is not
affected by boundaries other than those specified [11].

2.4 PV solar cell efficiency analysis

The electrical efficiency value of a photovoltaic (PV) cell is
inversely proportional to the significant increase in cell
operating temperature during the absorption of solar radiation.
The effect of temperature on the electrical efficiency of a PV
cell/module can be obtained by using fundamental equations.

Pm :Ime = (FF) Ichuc (1)

The formula FF, Isc, Voc, and the subscript m are the
maximum power point in the module I-V curve. Both open-
circuit voltage and fill factor decrease significantly with
temperature (as thermally excited electrons begin to dominate
the electrical properties of the semiconductor), while short
circuit current increases, but only slightly [30]. Thus, the net
effect leads to linear relationships in the form of electrical
efficiency expressed as an equation.

Net = 7]ref[1 - ,Bref(Tc - Tref)] 2

where, 7,..r denotes the PV solar cell's reference efficiency,
Bres denotes the PV solar cell's temperature coefficient, and
Trer denotes the PV solar cell's starting reference temperature.
For silicon-based PV solar cells, .. and B,..¢ are 0.12 and
0.0045 /°C respectively, when Tieris 25°C [6]. Because of .,
Bref, and Trop, CFD simulation is utilized to obtain the final
average temperature of PV so that it may compute the amount
Ne With this equation. While the thermal efficiency may be
calculated using the following formula:

Useful energy gain

= 3
Meh total solar irradiance received ®)
_me (T, = T1) 4
Nen = — 14 “4)

where, m denotes the mass flow rate, cp is the specific heat
capacity of the heat transfer fluid, and T, denotes the output
temperature obtained by the CFD simulation of the fluid. T;
denotes the temperature of the fluid when it is first put into the
collector. The intensity of the sunlight is represented by I,
while the collector's cross-sectional area is represented by A.
The combination of thermal efficiency and electrical
efficiency yields the overall efficiency [31].
Ntotal = Met + Nen (5)

The study was conducted to assess homogeneity using
ANOVA analysis based on statistical values to be presented.
The significance value (a) in this study was assumed to be 0.05.
The statistical value used is the characteristic of the fluid, as
attached in Table 2. Based on the definition of the problem at
hand, formulate a hypothesis. The second hypothesis (H02)
regarding the use of nanofluids as working fluids states that
the efficiency of working fluids is not significantly different
from that of photovoltaic solar cells. The third hypothesis for
liquid mass flow (HO3) holds that mass flow is not
significantly different from photovoltaic solar cell efficiency.
The null hypothesis can be accepted if the p-value is greater
than the significance value. In addition, if the calculated F



value is less than or equal to the table F value, the null
hypothesis can be accepted [32].

3. RESULTS AND DISCUSSION

The factors affecting the PV-thermal collector system have
been established using CFD modeling and simulation (PVT).
For maximizing the performance of photovoltaic (PV) solar
cells, design elements such as riser collector arrangement,
mass flow rate of fluid, and radiation working fluid are taken
into account. ANSYS FLUENT and STEADY STATE
THERMAL 18.2 are used to simulate optimization. The
results of the optimized simulation are discussed in this
chapter. All energy exchanges and PVT efficiency (electric
and thermal) are computed after modeling the CFD PVT using
the entire ANSY'S program for all parameters. The impact of
each element may be examined using ANOVA analysis based
on these results.

3.1 Thermal collector system-PV with different working
fluid

3.1.1 Thermal collector system-PV

The modeling of the PV-thermal collector system by
varying the working fluid has been successfully carried out.
The fluids used are water, CuO nanofluids, ZnO nanofluids,
and SiO; nanofluids. Nanofluids at 1% wt with a temperature
of 298.15 K. Fluids with incompressible properties and
adapting to the container can be a heat transfer medium in PV
solar cells.

Nanofluids are known to produce lower PV and collector
outlet temperatures than water fluids, as shown in Figure 3.
The lowest temperatures produced in PV solar cells and
collector outlets are 304.96 and 304.964 K, namely the use of
SiO, nanofluid. SiO; nanofluids are better at reducing
temperature than CuO and ZnO nanofluids. This can be
attributed to the thermophysical properties such as higher
thermal conductivity and density of SiO2 nanofluids than other

fluids.
314
X 312
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Figure 3. The temperature of each working fluid

In Figure 4, nanofluid has fewer color contour lines than the
use of water fluid. Based on the resulting temperature
distribution contour, SiO, nanofluid has the lowest range of
298.15 to 304.96 K in PV solar cells and collector outlets. As
with thermophysical properties, nanofluids have high thermal
conductivity and density values. In general, the temperature
will decrease as the density increases. On the contour of the
SiO; nanofluid collector, the color change from green to red is
more constant. This is due to the higher viscosity leading to
better absorption and heat transfer in PV solar cells.
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Figure 4. Temperature distribution of PV solar cells and
collector fluids in the use of working fluids (a) CuO (b) ZnO
(c) SiO; (d) water
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3.1.2 Efficiency of thermal collector system-PV

The performance of PV solar cells can be seen from the
efficiency of the electricity produced. Nanofluids significantly
affect temperature changes in PV solar cells and collector
outlets compared to water fluid. So, there is a difference in the
resulting electrical and thermal efficiency. The value of
electrical efficiency in terms of the difference in temperature
produced is compared to the reference temperature. In
comparison, the thermal efficiency is strongly influenced by
the fluid's specific heat.

2 11.8% 50% >
3 116% % % 40% g
£ 11.4% é g é 30% ;::)
O2% 2 7 Y 20% 1o
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% 10.8% % % é 0% S
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Fluid

w4 Electrical Efficiency === Thermal Efficiency

Figure 5. PV solar cell efficiency each working fluid



Figure 5 shows that using nanofluids boosts the electrical
efficiency of PV solar cells due to the lower temperature of the
PV generated compared to water fluid. The usage of SiO,
nanofluids was discovered to be better than the use of CuO and
ZnO nanofluids. The electrical efficiency of SiO, nanofluids
is 11.63%, with a thermal efficiency of 14.31%. The relative
improvement in the electrical efficiency of PV solar cells grew
to 49.80% as the temperature of PV solar cells, and collector
output fluid decreased by 19.00%.

3.1.3 Homogeneity value of thermal collector system-PV.
efficiency

As illustrated in Figure 5, the usage of fluid types has no
discernible effect on the efficiency of the PV solar cells
generated. This is also corroborated by the variation value,
which is not significantly different from the working fluid data
presented in Table 3. As seen in Table 4, it provides a P-value
better than 0.05, which is 0.24. This implies that HO2 is
rejected, as evidenced by the estimated F value, which is less
than the F table. As a result, the working fluid consumption
does not differ significantly from the electrical efficiency of
photovoltaic solar cells.

Table 3. PV solar cell efficiency data each working fluid

Groups Count Sum Average Variance

CuO 3 0.50 0.17 0.01
ZnO 3 0.45 0.15 0.00
Si02 3 0.53 0.18 0.01
Water 3 1.07 0.36 0.05

Table 4. ANOVA results of PV solar cell efficiency for each
working fluid

Source of SS df MS F P-value Fcrit

Variation

Between 008 3 003 174 0.24 4.06
Groups

Within 013 8 0.02

Groups

Total 021 11

3.2 Thermal collector system-PV with different fluid mass
flow rate

3.2.1 Thermal collector system-PV. temperature distribution

To determine the temperature drop in photovoltaic solar
cells, the mass flow rate of the thermal collector system is
investigated. The heat transmitted by the fluid flow that passes
through the collector impacts the electrical and thermal
efficiency [33]. This study used mass flow rates of 0.0025,
0.005, 0.0075, and 0.01 kg/s with a radiation intensity of 800
W/m?. The impact of fluid mass flow rate on temperature is
seen in Figure 6. According to the modeling findings, a mass
flow rate of 0.01 kg/s resulted in the lowest temperature of
303.64 K. The temperature drops as the mass flow rate of the
fluid increases, as seen by the graph's trend.

The simulation results reveal different outlines for each
temperature fall. Because the flow path is straight, there are
variations in the color contours generated and dispersed in
Figure 7. The red contour indicates high temperature, whereas
the green contour indicates low temperature. With a mass flow
rate of 0.01 kg/s, the fluid displays a more even color contour
on the collector and a more dominant red contour on the PV
surface. With a temperature range of 298.15 to 303.64 K, it

was evident that it has a low-temperature distribution in PV
solar cells and collectors. Heat transfer occurs in the PV solar
cells, converted better and overall to the collector fluid as the
fluid flow velocity rises since the mass flow rate of water is
directly proportional to the velocity of the water.
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Figure 6. The temperature of each fluid mass flow rate
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Figure 7. Temperature distribution of PV solar cells and
collector fluids in the use of fluid mass flow rate (a) 0.0025
(b) 0.005 (c) 0.0075 (d) 0.01 kg/s

3.2.2 Efficiency of thermal collector system-PV
When a collector system is used to cool photovoltaic solar



cells, the mass flow of the fluid affects temperature
fluctuations. Temperature changes caused by heat transfer
from the solar cells to the working fluid provide electrical and
thermal energy. The generated electrical and thermal energy
can be used to study the performance improvement of
photovoltaic solar cells. The electrical efficiency of PV solar
cells was estimated by changing the maximum operating
temperature of the PV. In contrast, the thermal efficiency was
calculated by changing the liquid inlet and outlet temperatures.

The modeling process using a photovoltaic collector system
with a radiation intensity of 800 W/m? resulted in a successful
temperature change. There is a significant change in electrical
efficiency at the mass flow rates used in Figure 8. Based on
the following trends, it is known that the faster the mass flow
of the fluid, the more efficient the energy generated. Using a
fluid mass flow of 0.01 kg/s, the maximum electrical
efficiency is 11.70%, and the thermal efficiency is 15.89%.
The high electrical efficiency is due to a 19.39% lower PV
maximum temperature than a system without a collector. The
PV solar cell temperature decreases when the fluid's mass flow
affects the heat transfer that occurs in the PV to the working
fluid. Therefore, changing the mass flow of the fluid affects
the efficiency of the energy produced [34]. When employing a
fluid flow rate of 0.01 kg/s and not using a thermal collector
system, the relative difference in electrical efficiency obtained
is 50.75%.

o 1172% 25%
S 11.70% >
2 11.68% 20% &
£ 11.66% 15% é’
Ho11.64% I
8 11.62% 10% 2
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o 11.58% =
11.56% 0%

0.0025 0.005 0.0075 0.01
Mass Flow Rate (kg/s)

Electrical Efficiency Thermal Efficiency

Figure 8. PV solar cell efficiency each fluid mass flow rate

3.2.3 Homogeneity value of thermal collector system-PV.
efficiency

The effect of the mass flow rate of the fluid on the efficiency
of the resulting electricity was further investigated using
ANOVA analysis. As in Table 5 regarding electricity
efficiency data, there is no difference in the resulting
variations. So, it can be calculated that the calculated F value
has a smaller value than the F table value of 0.07. While the
resulting P-value of 0.97 is greater than the specified
significance value, as in Table 6. Based on this, HO3 is
accepted. So, it can be said that the mass flow rate is not
significantly different from the electrical efficiency of
photovoltaic solar cells.

Table 5. PV solar cell efficiency data each fluid mass flow

rate
Groups  Count Sum Average Variance
0.0025 3 0.65 0.22 0.01
0.0050 3 0.63 0.21 0.01
0.0075 3 0.58 0.19 0.01
0.0100 3 0.55 0.18 0.01
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Table 6. ANOVA results of PV solar cell efficiency each
fluid mass flow rate

Source of SS df MS F P-value Fcrit
Variation

Between 0.002 3 0.001 0.07 0.98 4.07
Groups

Within 0.071 8 0.009

Groups

Total 0.073 11

4. CONCLUSION

Modeling and simulation procedures have effectively
studied the usage of thermal collector systems for cooling
photovoltaic solar cells. ANSYS Software is used for
simulation. Thermal steady-state on photovoltaic solar cells
and fluent ANSYS Software on collector fluid. The simulation
is linked to calculating temperature changes in the PV solar
cells and collector fluid. Temperature changes are used to
calculate the performance of photovoltaic solar cells. The
increase in electrical efficiency of photovoltaic solar cells with
predicted thermal efficiency is used to measure performance.
The PV-thermal collector system measures the electrical and
thermal efficiency produced by varying the kind of fluid and
fluid flow rate.

The addition of nanofluids has proven to increase the
efficiency of PVT panels. Based on the simulation results
obtained temperature distribution on a more even panel with a
small range. This can happen due to the properties of
nanofluids that are better at conducting heat. The properties of
nanofluids as a working fluid cooling panel can be optimized
by varying the mass flow rate in the collector.

SiO; nanofluid has the best electrical efficiency of 11.63%
and the highest thermal efficiency of 14.31%. The PV solar
cells and collector output fluid temperature were reduced by
19.0%. As a result, the relative improvement in PV solar cell
electrical efficiency reached 49.8%. The working fluid utilized
had no discernible effect on photovoltaic solar efficiency.
With an F count of 1.74, the resultant homogeneity P-value is
0.24.

The highest photovoltaic solar cell electrical efficiency,
11.70%, is achieved when a fluid mass flow rate of 0.01 kg/s
is used. The resulting thermal efficiency is 15.89%. The mass
flow rate of the working fluid is not substantially different
from the electrical efficiency of photovoltaic solar cells,
according to the P-value of 0.97 and the F count of 0.07. The
relative difference in temperature changes and the gain in
electrical efficiency generated are 19.39% and 50.75%,
respectively.
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