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The abundant availability of solar energy presents a promising renewable resource, yet its
potential remains underexploited due to limitations in current technology. Specifically,
high operating temperatures pose a significant challenge to the overall efficiency of
photovoltaic (PV) panels. This study, therefore, investigates the development of a
combined Photovoltaic-Thermal (PVT) system, designed to concurrently generate
electricity and thermal energy, with the primary objective of reducing PV surface operating
temperatures to enhance electricity production. A computational fluid dynamics (CFD)
approach was employed to simulate the design of the collector within the PVT system
using Solidworks 2017. Multiple collector configurations were modelled, encompassing 5,
10, and 15 collectors with edge angles of 90<and 180< to elucidate the resulting
temperature differentials. Our findings reveal that the utilization of 15 collectors with a
900 edge angle generated the lowest mean temperature, approximately 329.51 K, with a
uniform distribution. The heat generation factor within each collector variation was
observed to bear an impact on collector temperature, although the associated Anova P-
value of 0.48 suggests non-significant temperature alterations across these collector
variations. Similarly, the volume flow rate demonstrated negligible influence on
temperature variations across each collector, with an Anova P-value of 0.03. This study,
thus, illuminates potential pathways for advancing the geometric modeling of thermal
collectors, with implications for the future development of solar energy exploitation

technologies.

1. INTRODUCTION

Solar energy, a widely accessible and inexhaustible
resource, has garnered increasing attention due to its diverse
applications, which include solar water heating, solar
desalination, and solar lighting [ 1]. Moreover, solar energy can
be converted into electrical energy through various
technologies, such as photovoltaic cells, thin films, and Dye-
Sensitized Solar Cells (DSSC) [2]. Of these technologies,
photovoltaic cells have demonstrated superior efficiency in
solar energy utilization, ranging between 15-20% [3-6].
However, the efficacy and performance of photovoltaic
technology remain suboptimal, primarily due to the
detrimental effects of high operating temperatures within the
panels. Such high temperatures have been identified as a
significant challenge to the advancement of solar power
utilization [7]. To address this issue, cooling systems have
been integrated into solar panels. Particularly noteworthy are
adsorption cycles and air cooling methods that utilize low-
temperature heat energy and environmentally friendly
working materials. These methods have attracted considerable
interest, given their potential for reducing the environmental
impact of solar power systems [8, 9].

Photovoltaic-Thermal (PVT) systems, as depicted in
Figure 1, amalgamate photovoltaic (PV) and thermal (T)
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components to concurrently generate electrical and thermal
energy. This dual-functionality of PVT solar cells facilitates a
more efficient conversion of total solar energy, thus enhancing
the overall performance of solar energy systems [10, 11].
However, one notable challenge arises from the heat that is
trapped within the photovoltaic cells, which they are incapable
of converting into electrical energy. This accumulation of heat
elevates the temperature of the cells, leading to degradation
and a subsequent drop in photovoltaic performance. In PVT
systems, this detrimental heat is strategically redirected from
the photovoltaic cells via a collector into a solar water heater.
This process not only reduces the operating temperature of the
photovoltaic cells, thereby increasing their efficiency, but also
ensures that the radiation and radiant heat intensity is
maintained. The redirected heat can then be repurposed for
water heating, further enhancing the system's energy
efficiency [12-14].

Another strategy proposed for enhancing the design of
PVT systems involves the dispersion of heat across the
photovoltaic surface, enabling the production of more
electrical energy [15-17]. Various factors influencing PVT
performance have been investigated through simulations and
experimental research. These influential variables extend to
design parameters, operational parameters, and -climatic
parameters, each of which can significantly impact
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performance [ 18-20]. Among the various design modifications
proposed, PVT collectors have been identified as a viable
means to augment photoelectric performance [21-23]. The
enhancement of electrical and thermal efficiency is predicated
on ensuring robust thermal conductivity between the solar
module and the heat absorption device.
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Figure 1. Solar energy conversion flowchart

In 2018, Herrando et al. [24] posited an increase in
temperature, thermal efficiency, and electrical efficiency with
the expansion of the number of collectors in the chain. The
study highlighted the supremacy of the number of riser tubes
over their diameter in determining thermal -efficiency.
Doubling the number of riser tubes resulted in an absolute
increase of 1.5% in thermal efficiency, or a relative increase
of 2.3%. A different study conducted in Sheshpoli et al. [25],
in 2021 manipulated the design of the collector and the angle
of the collector edges. According to the findings, the
arrangement of the tube and angled edges could enhance
electrical efficiency by 7.3% compared to an uncooled
condition, and thermal efficiency by 48.4%. Under optimal
operation, the overall efficiency could reach up to 51.76%.
Misha et al. [26] in a 2019 study, reported the highest average
thermal efficiency of Photovoltaic-Thermal (PVT) systems to
be approximately 59.6%. At a mass flow rate of 6 1/m, the
highest average values for the electrical efficiency of PV
panels and PVT water systems were found to be 10.86% and
11.71%, respectively.

While prior research has identified several factors that can
enhance the overall performance of PVT systems, the
modeling of thermal collectors still requires further
development to maximize the temperature reduction effects
integral to these systems [27-29]. Consequently, the present
study embarks on an exploration of the phenomena arising
from alterations in the geometry of the thermal collector, with
proportions aligned to solar panels. Employing the
computational fluid dynamics (CFD) technique, an analysis of
fluid flow and temperature distribution on solar panels is
conducted in this work. The aim of this analysis is to model a
hybrid system, leveraging various configurations previously
developed by researchers. The modeling is carried out using a
distinct CFD approach, with simulations performed utilizing
the Solidworks 2017 application. In this study, several
parameters are taken into account as benchmarks, including
configuration shape, number of collectors, and flow rate, all of
which are identified to have a significant impact on enhancing
PVT performance.

2. METHODOLOGY

This research utilizes computational fluid dynamics (CFD)
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modeling to solve mathematical equations governing various
physics, including fluid flow, heat transfer, chemical reactions,
phase change, and many other phenomena. The stages
involved in CFD simulation of Solar PV/T panels encompass
geometric modeling, meshing or grid generation, setup and
solution, and results analysis [30, 31]. Solidworks 2017 was
used to design the model developed in three dimensions (3D)
[32]. Additionally, SolidWorks can perform structural and
dynamic analysis, as well as generate visualizations of 3D
designs. A laptop with an Intel (R) Core (TM) i3-6006U CPU
running at 2.00GHz and the Solidworks 2017 program were
used to perform the investigation. The program was used to
simulate and design computational fluid dynamics (CFD).

Solar radiation
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Figure 2. (a) Cross-sectional scheme of the box
configuration PVT collector [24]; (b) Design results of the
collector model

This research delves into the temperature variation of
photovoltaic thermal collectors concerning the number of
collectors utilized. The investigation specifically focused on
evaluating how different quantities of collectors impact
temperature levels. To replicate real-world conditions, the
study considered a bright summer day characterized by a high
temperature of 307 K and maintained a static pressure of
101325 Pa. These parameters were chosen to observe the
specific effects of collector quantity on the thermal
performance under typical high-temperature conditions.
Direct radiation to the collector's base was used to study
coatings that had PV panel properties [33]. The research was



conducted using as benchmarks the studies by Misha et al. [26]
about the fluid flow rate in the collector, Sheshpoli et al. [25]
regarding the form and angle of the collector, and Herrando et
al. [24] considering the number of collectors utilized.

The modeling process followed the configuration shown in
Figure 2(a). computational fluid dynamics (CFD) simulations
were conducted on the collectors using water flowing at a rate
of 0.00005 m?/s. The viscosity and other properties of the
water were determined based on the research conducted by Ni
et al. [34]. The collector was designed with a square shape of
15.77x15.77 mm and a thickness of 1.95 mm, and a thin plate

was added with a thickness of 0.4 mm, as shown in Figure 2(b).

The number of collectors modeled in this study was 5, 10, and
15, taking into account the proportional composition between
the dimensions of the panel and the cross-sectional area of the
collector. In addition, the selection of edge angles of 90° and
180° applied represents the most commonly used forms in
thermal collector schemes. This research aims to examine the
heat transfer phenomena and flow rates occurring in each
variation used to enhance solar cell performance.

The study used collectors made of 302 Stainless Steel,
meeting the parameters in Table 1. A solar energy intensity of
1000 watts per square meter was directed onto the collector's
upper surface. In Figure 2(b), water was pumped in from the
left end of the collector and flowed towards the right along the
x+ axis. The output had a fixed pressure of 101325 Pa.
Different collector designs were tested, following reported
models' edge angles. The unique aspect of this study was
varying the number of collectors. All other conditions were
kept constant for a fair comparison.

Table 1. Collector material specification

Path Solids Pre-Defined/Alloys
Density 7900.00 kg/m?
Specific heat 500.0 J/(kgK)
Conductivity type Isotropic
Thermal conductivity 16.3000 W/(mK)
Electrical conductivity Conductor
Resistivity 7.2000e-007 Ohm m
Radiation properties No
Melting temperature Yes
Temperature 1673.15 K

An explanation of the current-voltage curve for solar cells'
performance is possible (IV curve). The output of a
photovoltaic (PV) device is represented by the I-V curve as
combinations of current and voltage. Utilize the theoretical
Maximum Power produced by the PV cell, which is equivalent
to the open-circuit voltage (Voc) and short-circuit current, to
calculate the parameters of curve IV at constant temperature
and solar radiation (Isc). The fill factor (FF) is determined by
these circumstances when [35, 36].

_Iuypp X Vypp

P
FF= MPP
Isc X Voc

e X Voo

)

The maximum power (PMPP) to solar radiation power
received by solar cells is referred to as solar cell efficiency (7).
Calculating the efficiency involves:

P
=_MPP 100 %
light

(@)

To determine the effect of the number of collectors, research
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was also carried out on variations in heat generation rate and
flow rate. The surface heat generation rate is given on the
surface of the plate in the collector design. Therefore, the
thermal efficiency can be calculated by:

Tf’le (To - Ti)

7 €)

Ntn =

To improve the accuracy of the CFD simulation results,
mesh generation was done [37]. The simulation using
SolidWorks has a mesh control function, which gives the
ability to adjust the grid density only where you need it.
Standard conditions were used to generate mesh results when
auto-completed. Each variation's mesh creation followed a
consistent procedure [38]. The basic mesh dimensions for each
design in cells x, y, z was 12, 42, 14. The Solidworks CFD
simulation automatically generated the same grid as seen in
Table 2 and Figure 3 by meshing the collector. In order to
assess the impact of the number of collectors on the
temperature of the solar thermal collector, the mesh generated
automatically was directly simulated for heat transmission to
the collector.

Table 2. Number of cells
Mesh Amount
Cells 82991

Fluid cells 53183

Solid cells 29808
Irregular cells 0
Trimmed cells 0

Refinement level [)
1

Mesh 1
Refinement level )

Mesh1

Figure 3. Result of mesh design

In order to confirm that the data set being measured
originates from a homogenous population, homogeneity
testing is used. Researchers compute homogeneity while
comparing the attitude, purpose, or behavior (variance)
between two groups. ANOVA, or analysis of variance, is one
of the statistical tests that is most frequently employed in
academic research [39, 40]. To ascertain whether there is a
significant difference between three or more groups, an
analysis of variance is utilized. In the analysis of variance
hypothesis, some researchers additionally take into account
the impact of the independent variable on the dependent
variable. Depending on the objectives of each investigation,
these two hypotheses really imply the same thing [41]. The
assumption HO is that the influence of heat generation or flow
rate does not cause a change in the collector temperature. Ha's
theory is that fluctuations in the collector temperature are
brought on by the influence of heat generation or flow rate.
The test conditions are based on the hypothesis; if the P value



is less than 0.05 with a 5%, the hypothesis HO can be accepted.
Meanwhile, the hypothesis Ha can be accepted if the P value
is more than 0.05 with a 5% [39, 41].

3. RESULT AND DISCUSSION

At various numbers and angles of collector edges, the
simulation results are shown as temperature contours
throughout the collector domain. Figure 4 depicts the contour
of the temperature collector with an edge angle of 90 °while
Figure 5 depicts the contour of the temperature collector with
an edge angle of 180< It is well known that temperature
contours are lower and more consistent the more collectors
there are. A high temperature is denoted by the red contour,
whereas a low temperature is denoted by the dark blue contour.
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Figure 4. Simulation results for a 90 solid temperature
collector with (a) 5 collectors (b) 10 collectors (c) 15
collectors

As shown in Table 3, the collector with a collector number
of 15 and an edge angle of 90° had the lowest average
temperature value of 329.51 K at a heat generation rate of 1000
W/m? and a volume flow rate of 0.00005 m%/s. The quantity of
blue outlines and the evenly distributed simulation results
further support this. In order to boost the thermal and electrical
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efficiency of the PVT, more heat may be collected from the
PV panel as seen by the low temperature when utilizing 15
collectors with 90 “edge angles.
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Figure 5. Simulation results for a 180<solid temperature
collector with (a) 5 collectors (b) 10 collectors (c) 15
collectors

Figures 4 and 5 show that altering the edge angle results in
varied temperature distributions. While creating a denser and
more directed flow, the 180° edge angle cannot cover as many
collector shapes. On the contrary, the 90° edge angle allows
for a broader water flow range, ensuring even cooling. This
difference is highlighted by the temperature gap of up to 7.63
K between using a 90° angle and a 180° angle on the collector.
Using a 90° angle provides superior cooling compared to a
180° angle when the number of collectors is the same.
However, with 5 collectors, the 180° angle remains more
effective due to the grooves' shape inside the collector,
reducing the occurring pressure drop. This phenomenon
occurs because a higher number of collectors can reduce the
cross-sectional area through which the fluid flows yet can
expand the contact surface area between the collector and the
panel. Adding more collectors becomes ineffective due to the
reduction in the fluid flow area, leading to increased pressure
drop and altered flow patterns. Figure 6 illustrates flow



patterns that can still be maintained, even when using both 90°
and 180° edge angles on the collector, making their influence
less significant compared to the more dominant contact
surface area between the panels.

The maximum temperature for each collector variation
under the rate of heat output is shown in Figure 7. The rate of
heat generation has risen, which has raised the temperature of
the collector. The use of a collector with an edge angle of 90°
and several collectors as much as 15 always has a lower
temperature than other collector variations at any given heat
generation rate.

Figure 6. Water flow at collector angle (a) 90° (b) 180°

The simulation results for the collector temperature at each
heat generation rate are presented in Table 4. The greatest
average temperature, 354.65 K, is known to occur when a heat
generating rate of 1000 W/m"¥ is used. After obtaining the
results, an ANOVA test was conducted using the specified
variables. As shown in Table 5, the ANOVA test results
indicated a P-value of 0.48. Therefore, the Ha hypothesis,
stating that temperature changes are caused by fluctuations in

the heat generation rate, is validated. This statement proves
that alterations in the heat generation rate do indeed affect
temperature changes, aligning with the initial hypothesis.

The effect of flow rate on each variation of the edge angle
and number of collectors on the collector temperature is
presented in Figure 8. Based on this figure, the flow rate has
no significant effect on temperature for any changes in the
variation of the collector used. The flow rate of 0.0005 m?%/s
has the lowest temperature value for each collector variation.
The trendline illustrates that flow rates above 0.0005 m?¥/s
experience an increase in temperature. This suggests that
compared to lower flow rates, the working fluid would require
more time to absorb heat from the PV panels.
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Figure 7. Collector temperature vs. heat generation rate

Table 3. Temperature simulation results

Variation Goal Name Value (K) Average (K) Minimum (K) Maximum (K)

90° 5 collector Surface Temperature (Solid) 1 396.72 396.5 396.24 396.72

Outlet Temperature (Fluid) 1 312.81 312.79 312.74 312.98

90° 10 collector Surface Temperature (Solid) 1 329.93 329.97 329.90 330.12
Outlet Temperature (Fluid) 1 309.98 310.01 309.98 310.2

90° 15 collector Surface Temperature (Solid) 1 329.53 329.51 329.45 329.53
Outlet Temperature (Fluid) 1 309.91 309.89 309.82 309.91

180° 5 collector Surface Temperature (Solid) 1 395.81 395.64 395.37 395.81
Outlet Temperature (Fluid) 1 313.22 313.14 313.00 313.22

180° 10 collector Surface Temperature (Solid) 1 339.26 339.2 339.08 339.26
Outlet Temperature (Fluid) 1 309.97 309.95 309.85 309.97

180° 15 collector Surface Temperature (Solid) 1 337.17 337.14 337.06 337.17
Outlet Temperature (Fluid) 1 310.07 310.05 309.98 310.07

Table 4. Data summary of the results of heat generation rate
to temperature

Groups Count Sum Average  Variance
500 6 1971.992  328.6653 265.8995
600 6 2003187 333.8645 3817474
700 6 2034,615 339.1025 516.5072
800 6 2065,697 344.2829 673.4028
900 6 2096.99  349.4984 846.9492
1000 6 2127,958 354.6596 1043,768

Table 5. ANOVA heat generation rate to temperature

Sourceof oo 4r Mg F  P-Value F Crit
Variation

Between 10,886 5 568.1773 0.914381 0485034 2.533555
Groups

Within 004137 30 621,379

Groups

Total  21482.26 35

1259



440 4 v =10.231x- 58.283x + 411.2

R*=0.9328

Z 420 A

Temperature Solid
(%) [9%) (%) =
= N 0 =
(=] =] (=] (=

%)
[
=

300

0.000005 0.000050 0.000500 0.005000 0.050000
Volume Flow Rate (m?/s)

=900 5 collector 00

909 15 collector

I 1800 10 collector
w—180° 15 collector

10 collector
1802 5 collector

180015 collector

Figure 8. Temperature vs. volume flow rate

The simulation results for the collector temperature at each
volume flow rate are displayed in Table 6. It is well known that
an average temperature of 350.24 K is achieved with a volume
flow rate of 0.005 m3/s. After obtaining the results, an ANOVA
test was conducted using the predetermined variables.
According to the analysis of the ANOVA test results presented
in Table 7, the resulting P-value is 0.03. Therefore, the HO
hypothesis, which states that the volume flow rate does not
affect the temperature regardless of differences in the
collectors, is confirmed. This statement indicates that the
findings indeed suggest that variations in the volume flow rate
significantly influence the temperature, aligning with what
was hypothesized in this study. Consequently, these results
confirm that changes in the volume flow rate affect the
temperature of the collectors, supporting the findings
consistent with the initial hypothesis. This is consistent with
what Figure 8 says.

Table 6. Data summary of the results of volume flow rate to

temperature
Groups  Count Sum Average  Variance
0.000005 6 2289,487 381.5811 846.1083
0.00005 6 2127,966 354.6611 1043,691
0.0005 6 2103.642 350,607 1007.061
0.005 6 2101.444 350.2407 979.9188
0.05 6 2391,482 398.5803 955,829

Table 7. ANOVA volume flow rate to temperature

Source of

.. SS df MS F P-Value F Crit
Variation
Between 147015 4 2867.537 2.966863 0.039105 2.75871
Groups

Within 416304 25 9665216

Groups

Total  35633.19 29

Based on the simulation results of temperature changes as
shown in Table 2, it is known that the use of 15 collectors has
the smallest temperature change compared to 5 and 10
collectors. In addition, the use of turning angles on the
collector has a role in fluid distribution, which affects heat
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transfer in the collector. Changes in the temperature of the
collector have an effect on the resulting thermal efficiency.

Thermal efficiency can be measured by using a collector
design of 15 with a turning angle of 90° and 180° given fluid
input in the form of water with an input temperature of 300 K.
Water fluid has a mass flow rate (m) of 0.05 kg/s with a
specific heat capacity (c,) of 4218 J/kgK. The input
temperature (7;) of the given fluid is 300 K, resulting in the
output temperature (7,), which is obtained from the simulation
process. The surface heat generation rate represents the
radiation intensity (I) 1000 W/m? given a total collector
surface area (A) of 1.55 m?.

For the thermal efficiency generated in the 15-collector
design, it is known that the higher the given surface heat
generation, the lower the efficiency value, as shown in Figure
8. At the same surface heat generation rate of 1000 W/m?, the
collector design with a collector angle of 180° has a higher
fluid output temperature value compared to the 90° angle
collector. Therefore, the 180° collector angle design has a
higher thermal efficiency of 46.56% compared to the 90° angle
of 45.18%. This indicates that the collector with an angle of
180° facilitates fluid flow so that it has sufficient time to
transfer the heat that is in the collector to the fluid that results
in a higher fluid output temperature and thermal efficiency.
These results are the basis for considering the results of the
thermal efficiency of this study, as shown in Figure 9.
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Figure 9. Thermal efficiency vs. surface heat generation

The decrease in thermal efficiency occurs in the higher heat
flux, because a high heat flux can affect the overall
temperature so that heat transfer in the collector becomes less
effective. A temperature change at the collector depending on
the given boundary conditions. It is known that an increase in
the value of a given specific heat generation results in a higher
collector temperature. The raised heat flux is one of the main
problems because it can reduce the performance of the thermal
collector, so it is necessary to make further improvements in
order to produce more optimal energy.

The result was revealed in a study conducted by Herrando
et al. [24] in 2018 for each radiation intensity of 800, 900, and
1000 W/m?. In addition, in the use of fluid flow rates, there are
differences in temperature changes for each given fluid flow
rate input. Similar findings were also demonstrated by Rosli et
al. [13]in 2018, using a mass flow rate ranging from 0 to 0.006
kg/s. To validate the results more accurately, experimental
research under identical conditions is necessary. Conducting
experimental studies with similar parameters will enable
further confirmation of the simulation results, enhancing the



reliability of the findings obtained in this research. This is
crucial to ensure that the results derived from simulations align
with the real behavior of the studied system. Sardouei et al.
[42] conducted studies on these collectors and reported their
findings. They observed that under different radiation
intensities (800, 900, and 1000 W/m?) and varying flow rates
(ranging from 30 to 180 liters per hour), the thermal efficiency
of these collectors exhibited a range of 30% to 48%. This
variability in efficiency highlights the sensitivity of thermal
collectors to changes in radiation intensity and flow rates,
emphasizing the need for precise design considerations and
operational parameters in maximizing their performance.

4. CONCLUSION

The study utilized computational fluid dynamics (CFD)
simulation through the Solidworks 2017 application to
comprehensively analyze the influence of two critical factors:
the quantity of collectors and various edge angles on collector
performance. These simulations allowed for a detailed
examination of how alterations in these factors influenced the
collector's performance metrics. This enhancement was
reflected in the collector's ability to modify temperature
effectively, indicating a promising trend for optimizing solar
energy collection. The study observed that an indiscriminate
increase in the number of collectors could lead to a potential
issue with pressure drop. Pressure drop, in this context, refers
to the reduction in fluid pressure due to the flow resistance
encountered within the collector system. An excessive
increase in collectors might interfere with the flow rate,
impacting the efficiency of the system.

The model with amount of 15 collectors with 90 <angle
edges has the lowest temperature of 329.51 K at a heat
generation rate of 1000 W/m? and a volume flow rate of
0.00005 mé/s. The higher the number of collectors, the lower
the temperature, and the 90 “edge angle can make the collector
temperature spread more evenly. Changes in the collector
temperature can be influenced by variations in the heat
generating rate for each collector variation. Based on the P
value in the homogeneity test using ANOVA, which is 0.48
above the standard value, the impact of heat generation is
justified. However, because the P value of the volume flow
rate is 0.03 less than the reference value, it does not produce
temperature changes in any of the collector variations. The
180<edge angle with 15 collectors design has a higher thermal
efficiency of 46.56% compared to that with the 90 <angle of
45.18%. To enhance the model further, future research could
incorporate the consideration of pressure drop and contact
surface area into the simulation. Factoring in pressure drop
dynamics and optimizing the contact surface area would
provide a more comprehensive understanding of how these
variables interact with the number of collectors and edge
angles.
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NOMECLATURE

m Mass flow rate (kg/s)

Cp Specific heat capacity (J/kgK)
T Input temperature (K)

To Output temperature (K)

I Radiation intensity (W/m?)

A Surface area collector (m?)

Greek symbols

n efficiency (%)

Subscripts

PV Photovoltaic

T Thermal

PVT Photovoltaic thermal collector
CFD Computational fluid dynamics





