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This study uses numerical simulations coupled between ANSYS Fluent and Transient
Thermal. This study examines the thermal and electrical performance of Photovoltaic
Thermal (PVT) systems combined with Phase Change Materials (PCM). The study focused
on the influence of the three finless, quadrilateral, and honeycomb fin geometric
configurations on temperature distribution and overall system efficiency. Paraffin is used
as a PCM due to its suitable thermophysical properties and good thermal stability in the
operating range of solar panels. Simulations were carried out at variations in the intensity
of solar radiation (400, 600, 800, and 1000 W/m?) to reflect real conditions. The results
showed that the honeycomb configuration resulted in the highest thermal efficiency of
18.58% and electrical efficiency of 14.63% at maximum radiation intensity, outperforming
the other two designs. Statistical analysis with Analysis of Variance (ANOVA) proves that
radiation intensity and the fins' geometric shape significantly influence the system's
efficiency. These findings confirm the importance of passive thermal design optimization

in improving PVT-PCM system performance for sustainable solar energy applications.

1. INTRODUCTION

The use of solar energy continues to develop rapidly as a
key alternative in the clean and sustainable energy transition.
System Photovoltaic Thermal (PVT) emerged as an innovative
technology that not only generates electricity, but is also
capable of harvesting heat energy from sunlight [1-3].
However, one of the biggest challenges in PVT systems is the
increase in the temperature of photovoltaic panels, which leads
to a decrease in electricity conversion efficiency [4-6].
Therefore, a thermal engineering approach is needed to
effectively maintain the stability of the operating temperature
of the solar cell. One of the solutions that is widely studied is
the integration of Phase Change Material (PCM) due to its
ability to absorb and release heat latently in the phase
transition process [7]. Previous studies have shown the great
potential of the technology PVT-PCM, which is presented in
Table 1 as the basis for further research directions in this field.

Various PCM modeling and material approaches have been
tested in several studies to improve the thermal performance
and electrical efficiency of PVT systems [8, 9]. Use of
numerical simulation-based Computational Fluid Dynamics
(CFD), mathematical modeling, and PCM type variations are
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the primary commonly used methods [10, 11]. These studies
show that the addition of thermal support materials or the
development of geometric configurations can improve thermal
efficiency by up to tens of percent [12]. However, most of the
existing studies focus more on the efficiency of the system in
general, without exploring in depth the influence of the
geometric shape of the PCM container on temperature
distribution and thermal stability [11, 13]. Geometric factors
have an essential role in regulating heat flow and expanding
the area of heat transfer [14, 15]. Therefore, further research
that examines specifically the variations of geometric design
is needed to enrich the existing literature.

Fin geometry design on container PCM can be crucial in
improving heat dissipation efficiency and supporting passive
cooling of the system PVT [16-18]. In practice, geometries
such as finless, quadrilateral, and hollow structures like
honeycomb can affect the system's temperature distribution
pattern and overall efficiency [19]. However, few studies have
combined these geometric variations in a single systematic
analysis based on two-way coupled numerical simulations. In
addition, changing environmental conditions and varying
radiation intensity at all times also need to be modeled to
determine the system's dynamic performance [20]. Therefore,
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a numerical simulation approach that simultaneously models
phase change and conductivity-convection is crucial [21]. This
research will fill this gap by simulating the PVT-PCM system
using software ANSYS Fluent integrated with Transient
Thermal, coupled [22].

Table 1. PVT-PCM related research

Approach PCM Obtained Data Ref.
CFD study on Porous fillers
enhance thermal
porous metal efficiency b
foam insertions Paraffin Yoy [23]
66.70%, with a
for PCM-based .
PVT systems slight effect on
Y electrical efficiency
3D unsteady Improved.
. thermal/electrical
numerical model .
for acrogel Paraffin  efficiency by up to [24]
g RT35 90.8% with an
based PV/T- aerogel-based
PCM system g
system
Mathematical The proposed
model for model computes in
PV/PCM system under 14s and is
using MATLAB RT42 validated against [25]
with a simplified PCM CFD; thermal
approach for efficiency increases
faster at lower solar
computation radiation levels.
3-D CFD model Optimal water
in ANSYS container thickness
FLUENT for of 30mm, with
PV/PCM system RT42 14.93% increase in [26]
with different PCM electrical efficiency
water container and 5.88%
thicknesses and reduction in PV
orientations panel temperature
Gallium PCM
Numerical maintains the
simulations highest efficiency
using Fluent- (12.25%) across
Ansys for PCM  Lraffin o cles, RT35HC
RT35HC, . [27]
thermal and . shows potential at
. Gallium
electrical extreme angles
efficiency with moderate
comparison efficiency decline

(10.2%)

Through this approach, the study assesses thermal and
electrical efficiency and comprehensively analyzes the
temperature distribution for each geometric configuration. The
simulation was conducted with various solar radiation
intensities to represent real, more realistic conditions. Model
validation is carried out by referring to the experimental
literature so that the simulation results can be trusted and used
as a basis for performance analysis. Statistical analysis in the
form of Analysis of Variance (ANOVA) is also an additional
quantitative approach to determine the significant influence of
geometry variables and radiation intensity. Thus, this study is
expected to make a real contribution to the development of the
thermal design of PVT-PCM systems and become a reference
for developing solar energy technology that is efficient, stable,
and applicable in various environmental conditions.

This study provides two unique contributions compared to
prior works. First, it systematically compares three distinct fin
geometries—finless, quadrilateral, and honeycomb—within a
single bidirectional coupled simulation framework. Previous
research often examined only one or two designs, whereas this
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work offers a more comprehensive perspective. Second,
integrating ANSYS Fluent with Transient Thermal in a two-
way coupled manner enables more accurate modeling of
phase-change processes and dynamic heat transfer
interactions. By combining these elements, the study deepens
the theoretical understanding of passive thermal management
and establishes a foundation for practical system optimization.

2. METHODOLOGY

This sub-chapter describes the methods used to research
thermal PVTs combined with PCM, using a numerical
simulation approach coupled between ANSYS Fluent and
ANSYS Transient Thermal. The research began with
collecting PCM (paraffin) material parameters, including
density, viscosity, thermal conductivity, type of heat, melting
temperature, and phase transition temperature. In addition, the
design parameters PVT, such as the initial efficiency of the PV
module, temperature coefficient, and reference temperature,
are also included [28]. Geometric design and environmental
conditions are also set as limit conditions, such as ambient
temperature, solar radiation variation (400, 600, 800, 1000
W/m?), simulation time (100 s), and convection loss.
Furthermore, the CFD simulation is carried out in ANSYS
Fluent and bi-directionally coupled with Transient Thermal to
analyze real-time temperature distribution. Model validation is
carried out through a test of calculating model errors against
literature references, with a maximum error threshold of
<10%. After successful validation, the integration simulation
PVT-PCM is carried out to obtain thermal performance output,
and evaluation is carried out through the analysis of the main
parameters through the ANOVA [29].

2.1 Simulation setup

2.1.1 Modeling

Systems modeling PVT-PCM is shown in Figure 1. It was
done to represent the physical condition of combining
photovoltaic panels with PCM inserted into a thermally
insulated aluminum container. The system optimizes solar
panels' thermal performance and energy conversion efficiency
by utilizing the PCM's ability to store and dissipate heat
latently. Figure 2 shows a general illustration of the system
PVT-PCM, which consists of several main layers, namely the
upper protective layer, glass, ethylene-vinyl acetate (EVA),
PV cell, polyvinyl fluoride (PVF), as well as PCM holding
chambers made of aluminum and filled with paraffin [30, 31].
Paraffin was chosen because it has good thermal
characteristics for hot energy storage applications, such as
high melting heat values and good thermal stability in the
operating temperature range of solar panels.

The geometric dimensions of each layer are presented in
Table 2, which describes the surface size as well as the
thickness of the components. The horizontal dimensions of the
system are generally uniform, i.e., 606 x 470 mm?, to ensure
even heat distribution throughout the area. The thickness of
each layer varies according to its role in the conduction
process and structural protection. To strengthen the heat
dissipation efficiency of paraffin, aluminum containers are
designed in three configurations: finless, quadrilateral-shaped
fins, and hollow structures such as honeycombs. Figure 3 and
Figure 4 show the models of each fin variation and the
geometric details used in the simulation.



The thermophysical characteristics of all materials in this
system are shown in Table 3. The parameters included are
density, type of heat capacity, thermal conductivity for each
layer, and viscosity for paraffin in the liquid phase.
Specifically for paraffin, additional data such as melting heat,
solidus temperature, and liquidus temperature are also
included to allow transient phase change analysis during the
simulation process. This numerical data is integrated into the

ANSYS Workbench software as the basis for modeling and
simulation configuration coupled between ANSYS Fluent and
Transient Thermal. The accuracy of including these material
properties is critical to ensure that the simulation results can
realistically represent the thermal behavior of the PVT-PCM
system and evaluate the effect of fin geometry variations on
heat dissipation effectiveness and overall thermal stability.
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Figure 2. Illustration of the PVT-PCM system
Table 2. Detail geometry PVT-PCM
Layer Value
Glass (mm?) 606 x 470 x 3.2
EVA (mm?) 606 x 470 x 0.5
PV Cell (mm?) 606 x 470 x 0.21
PVF (mm?) 606 x 470 x 0.3
Container (mm?) 606 x 470 x 52
PCM thickness (mm) 50
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Figure 3. Model of the fin container (a) finless (b) quadrilateral, and (c) honeycomb
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Figure 4. Detailed geometry of the (a) quadrilateral, and (b) honeycomb

Table 3. Thermophysical characteristics of PVT-PCM [32-34]

Densit Specific Heat Thermal Viscosity Pure Solvent Solidus Liquidus
Layer (K /m3)), Capacity Conductivity (kg/m-s) Melting Heat Temperature Temperature
g (J/kg-K) (W/m-K) & (J/kg) (K) (K)
Glass 2450 790 0.7 - - - -
EVA 960 2090 0.311 - - - -

PV cells 2330 677 130 - - - -
EVA 960 2090 0.311 - - - -
PVF 1200 1250 0.15 - - -

@800
Paraffin @790 2150 0.2 0.01 240800 313.6 317.7
Container 2719 871 202.4 - - ] ]
(aluminium)
Thin 2719 871 202.4 - i ] ]
(aluminum)
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2.1.2 Boundary condition

The simulation in this study uses a cell-based Green-Gauss
method-based coupled approach to model the thermal
interaction between fluids and solids simultaneously. The
coupling model is applied in ANSYS Fluent integrated with
Transient Thermal, with a target convergence value (residual
convergence) set at 10 for energy parameters and 10 for
pressure. The PCM or PCM used is paraffin, chosen for its
thermal characteristics, suitable for latent heat storage
applications. The ambient temperature is set at 33°C, with
thermal loads simulated through heat flux of 400, 600, 800,
and 1000 W/m?, which are applied to the upper surface of the
glass layer to represent the intensity of solar radiation.

In addition, heat loss due to natural convection around the
system was modeled using a convection loss value of 8
W/m?2-°C applied evenly over the entire surface of the PVT
system. Three fin designs were used in the simulation: finless,
quadrilateral-shaped fin, and honeycomb structure. The mesh
relevance setting is set at the center level, and the span angle
center is selected at the acceptable level to improve numerical
accuracy. The number of nodes and elements for the PCM
domain are (13,650; 10,840), (15,666; 10,650), and (14,508;
9,690) for the finless, quadrilateral, and honeycomb models,
respectively. Meanwhile, for PVT domains, the number of
nodes and elements is (152,003; 39,969), (210,760; 74,827),
and (232,945; 86,287). The selection of these parameters is
designed to ensure computational stability and the accuracy of
the system's physical representation of the conduction,
convection, and phase change processes.

2.2 Mathematical formulation

Energy performance analysis in the system PVT-PCM is
focused on two main parameters: Thermal and electrical
efficiency. Thermal efficiency indicates how effectively the
system absorbs and utilizes solar thermal energy through the
working fluid. In contrast, electrical efficiency suggests the
performance of photovoltaic panels in converting solar energy
into electrical energy, which is greatly influenced by the
working temperature of the solar cell. These two formulations
are used to evaluate the thermal response of systems under
variations in solar radiation intensity and geometric
configurations, and end at the container [35].

Thermal efficiency (1;,) is calculated based on the heat
energy absorbed by the working fluid. In it, 1 is the mass flow
rate of the PCM (kg/s), ¢, the specific heat capacity (J/kg'K),
T, the output temperature (°C), and T, is the reference
temperature, which is 25°C. The value I indicates the intensity
of solar radiation (W/m?), and A is the cross-sectional area of
the PVT panel (m?). This equation describes the ratio between
the thermal energy successfully absorbed by the fluid and the
total solar energy received by the panel surface [36].

m x Cp (To — Trer)
IA

(1)

Nth =

7791 = nref [1 _ﬁief (T;gf - T:)

)

The electrical efficiency of the photovoltaic panel (1,;) was
calculated by considering the effect of temperature on the
electrical energy conversion performance. A reference
efficiency value (7,5) is used as a reference at a standard
temperature of 25°C, which is 0.14 (14%), with a coefficient
of efficiency decrease with temperature (B,..¢) of 0.0038°C. In

)
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this case, T, represents the operational temperature of the PV
cell obtained from the simulation results, while T,..; is the
reference temperature. This formulation enables the
evaluation of PV panels' electrical performance under
changing thermal conditions, which generally occur due to
fluctuations in solar radiation and system thermal
conductivity. Thus, thermal efficiency and electrical
efficiency become two complementary key parameters to
assess the effectiveness of PVT-PCM systems, both in terms
of thermal energy utilization and the ability to optimally
convert solar energy into electricity [37].

2.3 Validation based on reference dataset

Numerical model validation is crucial in assessing how
simulations can accurately represent physical phenomena. In
this study, the validation process was carried out by comparing
the results of the simulation of the average PVT temperature
with experimental reference data from the literature [38], at
several levels of irradiation intensity, namely 400, 600, 800,
and 1100 W/m?. Figure 5 shows the comparison of PV surface
temperature between the simulation results and the reference
data, as well as the relative error rate in the form of a
percentage. The simulation results follow a trend consistent
with the reference data, where an increase in radiation
intensity leads to an increase in panel temperature. The
maximum error obtained is 5.11%, indicating an acceptable
deviation level for a CFD-based numerical approach. The
success of this validation suggests that the configuration of the
physical and thermal parameters entered into the model,
including material properties, boundary conditions, and
numerical discretization methods, has corresponded to the
experimental conditions. Thus, it can be started for further
simulation and analysis of the effect of the fin design and use
of PCM on the thermal performance and energy conversion
efficiency of PVT-PCM systems.
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Figure 5. Simulation validation against reference data [38]
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Figure 6. Experimental validation with previous studies [39]



Figure 6 presents the comparison between experimental
data obtained from previous studies and the corresponding
simulation results for four levels of solar radiation intensity
[39]. The experimental results at 400, 600, 800, and 1000
W/m? show close agreement with the simulation outcomes,
with a maximum error of only 3.79%. Across all intensities,
the deviation remains below 4%, indicating a high level of
accuracy in the coupled CFD model. The consistency of trends
between experimental and numerical data confirms that the
model can reliably capture the thermal behavior of the PVT-
PCM system. This strengthens the validation process and
supports the credibility of using the numerical approach as a
predictive tool for system optimization. Moreover, conducting
numerical simulations demonstrates that the method can be
trusted as a preliminary reference for future experimental
work, reducing the cost and risk of trial-and-error during
prototype development.

3. RESULT AND DISCUSSION
3.1 Simulation result

Figure 7 shows the temperature distribution on the PV
surface for three configurations: finless, quadrilateral fin, and
honeycomb fin. The color of the contour depicts the
temperature gradation, where blue represents low temperature,

33
32,667
32333
32
31.667
31.333
31
30.667
30.333
30

and red signifies high temperature. Finless systems tend to
have a more even heat distribution with a predominance of
green and yellow colors, indicating the absence of extreme
heat accumulation. On the other hand, the honeycomb
configuration shows the appearance of hotspots, as seen from
the more dominant red color. This is most likely due to its
complex geometric shape, which inhibits heat release
efficiently. Meanwhile, the quadrilateral fin is somewhere
between the two, with a heat distribution that is still controlled
but less effective than a finless system.

The average PVT system temperature for each fin
configuration at the radiation intensity variation is shown in
Figure 8. Based on the data, at an intensity of 400 W/m?, the
highest temperature occurred in the honeycomb structure
(34.278°C), followed by the quadrilateral (33.998°C), and the
finless (33.824°C). Similar trends are seen at 600, 800, and
1000 W/m? intensities, suggesting that honeycomb structures
maintain higher temperatures than others. This can be
attributed to the complexity of the honeycomb geometry,
which, while increasing the surface area of heat transfer, also
creates a stagnant area that slows heat transfer from the PCM
to the environment. In contrast, finless structures exhibit the
lowest temperatures due to the absence of geometric barriers
in heat dispersion. However, they are thermally less efficient
in maintaining the temperature stability of the system. This
quantitative analysis is essential in evaluating each fin design's
role in the PVT-PCM system's overall thermal performance.

L-..

Figure 7. Thermal contour of PV (a) finless, (b) quadrilateral, and (c) honeycomb
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Figure 8. Average temperature profile of the PVT system
3.2 Evaluation of thermal and electrical efficiency

Thermal efficiency is an essential parameter in evaluating
the performance of a PVT system, as it shows how effectively
solar energy can be converted into sound heat energy. Based
on Figure 9 and the data provided, it can be seen that the
thermal efficiency of the system increases as the intensity of
solar radiation increases, from 400 to 1000 W/m?. This pattern
of efficiency improvement applies to all types of designs, but
with varying degrees of effectiveness. The honeycomb design
consistently performs the highest compared to the
quadrilateral and finless systems. At an intensity of 400 W/m?,
the thermal efficiency of the honeycomb system was recorded
at 12.48%, then increased to 18.58% when the intensity
reached 1000 W/m?. Compare that to the finless design, which
only achieves an efficiency of 17.53% at the highest intensity,
showing that fins' presence significantly affects thermal
efficiency. The honeycomb fins provide a larger heat transfer
surface area and optimize the flow of thermal fluids around the
panels, thereby improving convective efficiency. Meanwhile,
the quadrilateral system occupies the middle position,
indicating that geometric shapes affect efficiency. This
increase in thermal efficiency is crucial in PVT systems, as
lower temperatures also indirectly help maintain the electrical
performance of PV modules. Thus, it can be concluded that the
honeycomb fin design is the best choice in optimizing the
thermal performance of high radiation-based PVT systems.

In addition to thermal efficiency, electrical efficiency is also
a key aspect in the performance assessment of PVT systems,
as it is directly related to the conversion of light energy into
electrical energy. Figure 10 and the electrical efficiency data
show that an increase in solar intensity from 400 to 1000 W/m?
is followed by an increase in electrical efficiency, albeit in a
relatively small range. The honeycomb system again showed
the highest efficiency among the three designs, with a value of
14.49% at an intensity of 400 W/m? and an increase of 14.63%
at 1000 W/m?. Although the difference may seem small,
0.17% between honeycomb and finless systems at the highest
intensity is significant in long-term optimization and large-
scale system operation. The fin design, especially the
honeycomb, keeps the PV panel's temperature low through an
efficient passive cooling process. Lower temperatures directly
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affect the temperature coefficient of the PV cell, which means
that electricity performance will decline more slowly despite
an increase in ambient temperature. This proves that good
thermal efficiency indirectly favors stability and improved
electrical efficiency. A comparison between the designs shows
that the geometric structure of the fins can be utilized as a
passive design strategy to improve the system's electrical
performance. Overall, although the increase in electrical
efficiency is not as significant as the thermal efficiency, the
combination of optimal thermal design still provides
significant overall advantages to PVT systems.
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Figure 9. Thermal efficiency of the PVT system
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Figure 10. Electrical efficiency of the PVT system

Beyond the average efficiency results, additional heat-
transfer indicators were analyzed to strengthen the findings. A
simplified thermal resistance network was constructed to
evaluate each fin geometry's dominant heat flow pathways.
The results indicate that the honeycomb configuration exhibits
the lowest overall resistance, which explains its superior
thermal performance. Furthermore, local Nusselt-number
distributions were derived from the CFD model to assess
convective enhancement near fin surfaces. These analyses
reinforce that geometric optimization reduces operating
temperatures and improves heat transfer mechanisms, thereby
validating the honeycomb design as the most effective.



Table 4. ANOVA on the thermal efficiency of the PVT system

Source of Variation Degree of Freedom (df)  Sum of Squares (SS)  Mean Square (MS) F P-Value
Intensity of Solar Radiation 3 62.4035 20.8012 7556.43  0.0000000000405
Geometry 2 2.5252 1.2626 458.67 0.0000002744
Error 6 0.0165 0.00275
Total 11 64.9453
Table 5. ANOVA on the electrical efficiency of the PVT system
Source of Variation Degree of Freedom (df) Sum of Squares (SS) Mean Square (MS) F P-Value
Intensity of Solar Radiation 3 0.032700 0.010900 1557.14  0.0000000046
Geometry 2 0.001541 0.000770 110.00 0.0000187
Error 6 0.000041 0.000007
Total 11 0.034282

Table 4 shows the results of the ANOVA on the thermal
efficiency of the PVT system based on two main factors,
namely the intensity of solar radiation and the geometry of the
cooling fin. The results of the analysis showed that the
intensity of solar radiation had a very significant influence on
thermal efficiency, with an F value of 7556.43 and a p-value
of 0.0000000000405, which was much smaller than the
significance level of 0.05. This suggests that changes in
radiation values, ranging from 400 to 1000 W/m?, statistically
contribute significantly to differences in thermal efficiency.
The geometric factor also showed a significant influence with
an F-value of 458.67 and a p-value of 0.0000002744, which
indicates that fin designs such as finless, quadrilateral, and
honeycomb have a tangible impact on improving heat
dissipation efficiency. A tiny mean square error (MSE) value
of 0.00275 indicates the data variability is relatively low, so
the simulation results can be considered very consistent.

Table 5 presents the ANOVA results for the electrical
efficiency of PVT systems based on variations in radiation
intensity and geometry. Although the absolute value of the
change in electrical efficiency is not as great as the thermal
efficiency, the statistical results show that both factors remain
significantly influential. The F-value for radiation intensity
reached 1557.14 with a p-value of 0.0000000046, which
indicates that the increase in the intensity of sunlight
statistically affects the electrical efficiency output, although
the rise is gradual. In addition, the geometry of the fins also
shows a noticeable influence on electrical efficiency, with an
F value of 110.00 and a p-value of 0.0000187. These results
reinforce the assumption that temperature control through
thermal design directly impacts the stability of solar panels'
electrical energy conversion performance. This aligns with the
concept of the temperature coefficient of silicon solar cells.
The minimal error value confirms that the variance between
groups stems from treatment differences, not measurement or
simulation errors.

3.3 Research limitations

This study was conducted entirely based on numerical
simulations using ANSYS Fluent and Transient Thermal
software, so it did not include direct experimental tests as
additional verification. The validation used is indirect, i.e.,
comparing the simulation results with previous literature data,
which can leave inaccuracies regarding the accuracy of
environmental parameters and real material variations. In
addition, ideal assumptions such as uniform heat distribution
and constant conduction during the transient process can differ
from real conditions in the field. The simulation also uses
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constant thermophysical properties and does not consider the
long-term degradation of PCM or PV panel materials.
Therefore, the results of this study are best used as a starting
basis for further experimental design development.

Another limitation lies in the variation of fin geometry
design that includes only three main shapes: finless,
quadrilateral fin, and honeycomb fin, so it does not yet
represent the possibility of optimizing other geometric shapes.
The simulation was conducted with a limited time duration
(100 seconds), which did not reflect the behavior of the PVT-
PCM system in a complete daily cycle or various real-weather
conditions. In addition, fluid variables are not dynamically
modeled (e.g., PCM fluid flow is not explicitly included),
which can affect the predictive accuracy of latent heat transfer.
The absence of integration with energy management or
electricity storage systems is also a limitation in assessing
system efficiency holistically. Considering these limitations,
further research development is strongly recommended to
include experimental approaches, wider geometric design
variations, and integration of PVT-PCM systems in the context
of real renewable energy applications.

3.4 Practical implications

The findings of this study provide significant implications
for the practical design of PVT-PCM systems. Incorporating
honeycomb fins into PVT-PCM modules can significantly
improve passive cooling performance, especially under hot-
climate conditions where overheating frequently reduces
efficiency. Lower operating temperatures slow down thermal
degradation of PV cells, extend the service life of modules,
and reduce maintenance costs. These improvements in large-
scale applications such as solar farms lead to higher system
reliability and lower operational expenditure. From a design
standpoint, such geometric optimization offers a low-cost,
energy-free cooling solution that enhances long-term
sustainability.

The improved thermal management also contributes to
more stable and reliable electrical output, highly relevant to
distributed generation and hybrid renewable energy systems.
Maintaining consistent PV performance is critical to balancing
energy supply and demand in regions with high solar intensity
but unstable grid infrastructure. By reducing fluctuations in
panel efficiency, honeycomb fins support smoother grid
integration and compatibility with energy storage
technologies. Furthermore, this approach aligns well with
developing innovative grid applications that require
predictable and stable renewable energy inputs. These results
confirm that passive thermal strategies can directly benefit



modern energy systems.

Beyond technical benefits, the outcomes of this study also
carry significant implications for policy and industry practices.
Since honeycomb fin designs in PVT-PCM systems function
without requiring external power, they align closely with
energy efficiency targets and carbon reduction strategies.
Policymakers can promote the adoption of such passive
cooling technologies through standards and incentives in solar
energy deployment. Meanwhile, industry stakeholders can
apply these insights to develop commercial PVT-PCM
modules to improve competitiveness in renewable energy
markets. Overall, the practical implications of this research go
beyond laboratory simulations and offer a clear pathway
toward more efficient, sustainable, and cost-effective solar
energy systems in real-world applications.

4. CONCLUSIONS

This study has successfully evaluated the performance of
the PVT system combined with paraffin PCM using three fin
design variations: finless, quadrilateral fin, and honeycomb
fin. The simulation showed that fin design variations
significantly influenced temperature distribution, thermal, and
electrical efficiency. At a radiation intensity of 1000 W/m?, the
system with a honeycomb design showed the highest average
temperature of 36.92 degrees Celsius, followed by the
quadrilateral and finless, which recorded 36.45 and 35.15
degrees Celsius, respectively. The thermal efficiency of the
honeycomb system reached the highest value of 18.58%, while
the quadrilateral and finless designs reached 17.94% and
17.53%, respectively. Regarding electrical efficiency, the
honeycomb system also excels at 14.63%, slightly higher than
the quadrilateral 14.55% and finless 14.46%. Thus, the
honeycomb geometric design has been proven to improve
thermal performance and keep the PV operating temperature
stable, supporting optimal electrical energy conversion
efficiency.

This finding is reinforced by the results of the ANOVA or
ANOVA test, which shows that the intensity of solar radiation
and the geometric shape of the fins significantly influence the
system's efficiency. The F-value for radiation intensity on
thermal efficiency reached 7556.43 with a probability value or
p-value of 0.0000000000405. At the same time, the influence
of geometry produced an F-value of 458.67 with a p-value of
0.0000002744. For electrical efficiency, the radiation intensity
has an F value of 1557.14 and a p-value of 0.0000000046,
while geometry produces an F of 110.00 and a p-value of
0.0000187. In addition, the minimal Mean Squared Error
values of 0.00275 for thermal efficiency and 0.000007 for
electrical efficiency indicate that the simulation results have
high consistency and precision. Therefore, it can be concluded
that the honeycomb-structured fin design is the most
promising alternative to improve the passive efficiency of
PVT-PCM systems. However, as this study is still limited to a
short-term simulation approach without experimental testing
and without considering daily operational conditions, further
research is needed for empirical verification and testing in
real-world scenarios.

Future research should incorporate direct experimental
testing to verify the numerical predictions under real operating
conditions. Experimental validation will allow researchers to
evaluate the accuracy of the coupled CFD model in dynamic
environments, such as daily and seasonal solar variations. In
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addition, multi-physics extensions such as fluid—structure
interaction or the integration of dust accumulation models
could provide a more comprehensive representation of PVT-
PCM performance. These advanced approaches will ensure
the model reflects theoretical efficiency and practical
challenges in real applications. Ultimately, these future
directions will strengthen the scientific foundation and
facilitate the transition of PVT-PCM technologies into large-
scale practical implementation.
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