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Abstract. The increasing prominence of photovoltaic modules as a cornerstone of sustainable energy systems is well-established.  Nevertheless, the 
deleterious impact of thermal dissipation, often resulting in efficiency losses of 10-15%, remains a significant challenge. Many researches were 
exploring new cooling techniques to improve the efficiency of solar panels. One promising approach is the Multidirectional Tapered Fin Heat Sink 
(MTFHS). This innovative design can capture wind from multiple directions, making it more effective outdoors. This study aims to investigate the 
MTFHS for photovoltaic module cooling. A comprehensive numerical model was developed using COMSOL software simulations to investigate the 
thermal behavior of photovoltaic modules equipped with multidirectional tapered fins. The model was employed to simulate heat transfer under 
various solar irradiance levels from 400 W/m2 to 1000 W/m2 while maintaining a constant 30 ℃ ambient temperature and 1 m/s wind speed to 
isolate the impact of solar radiation. Additionally, the direction of incoming airflow was systematically varied from 0° to 90° in 18° increments to 
analyze its influence. The model considered key multidirectional tapered fin design parameters like fin spacing, number of fins, and fin height. Real-
world testing further validated the model's predictions. The findings demonstrate that multidirectional tapered fins significantly reduce PV module 
temperature, achieving a remarkable 8.61% reduction compared to the bare and conventional rectangular fins. The maximum temperature reached 
with MTFHS was 56.73 ℃. Furthermore, multidirectional tapered fins consistently outperformed other configurations across various wind 
orientations, achieving temperature reductions of over 10 %. These findings highlight the exceptional effectiveness of multidirectional tapered fins in 
outdoor environments, especially where wind direction is unpredictable. A correlation analysis revealed excellent agreement (93-96 %) between 
model and experimental results, further validating the efficacy of the multidirectional tapered fin design.   
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1. Introduction 

Renewable energy's potential to revolutionize our energy 
systems goes far beyond its environmental advantages, thanks 
to its inherent sustainability and abundant availability (Ibrahim 
et al., 2011; Rahmat et al., 2023, 2022).    Embracing and 
maximizing the potential of renewable energy sources can 
create a positive feedback loop, where increased efficiency 
leads to economic growth, which supports further investment in 
sustainable energy, ultimately contributing to a healthier planet 
(M. A. A. Bin. Ishak, Ibrahim, Sopian, Fauzan, Rahmat, & 
Yusaidi, 2023; Ismail et al., 2024).  Solar energy's growing 
prominence as a renewable energy source highlights its 
potential to revolutionize the global energy landscape and 
contribute to a more sustainable future (Bassam et al., 2023; M. 
A. A. Bin. Ishak, Ibrahim, Sopian, Fauzan, Rahmat, & Hamid, 
2023; Patel et al., 2020)  The heat transmission mechanisms are 
highly important in cooling the solar panels (Arun et al., 2024; 
Kanti et al., 2024; Munusamy et al., 2024). 

One of the primary challenges facing solar energy is the 
reduction in photovoltaic efficiency that occurs as the solar 
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panels become hotter, limiting their overall performance 
(Assadeg et al., 2023; Razali et al., 2023a).    Intense sunlight can 
cause solar panels to overheat, leading to a noticeable decline 
in their ability to convert solar energy into electricity (Yusaidi et 
al., 2024).  The adverse effects of high temperatures on solar 
panels can impede the efficient transmission of electrical 
current, resulting in a decrease in overall energy generation 
(Ewe Win Eng et al., 2021; M. A. A. Bin Ishak, Ibrahim, Faizal, 
Fazlizan, Eng, & Kazem, 2023).  Temperature plays a crucial role 
in the performance of solar modules.   Elevated temperatures 
can lead to various losses that diminish the module's ability to 
convert sunlight into electricity (Ewe et al., 2022). 

As a response to the challenges posed by high temperatures, 
numerous cooling strategies for photovoltaic modules have 
been investigated to improve their efficiency (Al-Aasam et al., 
2023).  Attaching heat sink fins to the underside of solar panels 
is a promising method for enhancing thermal management and 
overall efficiency (Kumar Goel et al., 2022).  Heat sink fins are 
designed to efficiently transfer heat away from solar panels, 
preventing them from overheating (Dey et al., 2022).  The 
primary function of heat sinks is to facilitate the rapid and 
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efficient transfer of heat away from the photovoltaic module, 
preventing excessive temperature rise (Xu et al., 2021).  The 
extensive study by Ahmad et al. (Ahmad et al., 2021a) offers 
valuable insights into the diverse fin designs employed for 
photovoltaic cooling.  By examining the configurations 
presented in Table 1, researchers and engineers can better 
understand how fin design choices can optimize solar energy 
systems' thermal performance and overall efficiency.  

The research was motivated by the concern that high 
temperatures can negatively affect the electrical performance of 
photovoltaic systems.  In the present context, a fin heat sink was 
implemented in a tropical climate and positioned at an 
inclination of 15 degrees based on previous studies from 
(Ağbulut et al., 2021) and (Baghaei Daemei et al., 2019).  The 
study's novelty consists of using Multidirectional Tapered Fin 

Heat Sinks (MTFHS) as a groundbreaking passive cooling 
solution for solar modules.  The multidirectional tapered fins 
outperformed other configurations.  Their innovative design can 
capture wind from multiple directions, making them more 
effective outdoors.  Unlike traditional fins limited to a single 
direction, the multidirectional design can capture wind from 
various angles, enhancing cooling efficiency.  Figure 1 shows 
the novelty of Multidirectional Tapered Heat Sink 
configurations being examined in CFD.  A multidirectional 
tapered fin represents a new approach to heat sink design, 
specifically tailored to enhance airflow and improve heat 
transfer within photovoltaic modules.  This innovative design 
departs from previous research focusing on rectangular fin 
geometries.  The MTFHS offers greater versatility, allowing 
wind to enter through any of its four fin configurations.  This 
study investigates the MTFHS for photovoltaic module cooling.  
Parametric analysis, numerical simulations under varying solar 
irradiance and inlet velocity, and experimental validation were 
conducted.  The findings demonstrate the potential of MTFHS 
to enhance heat transfer and improve PV module efficiency. 

2. Simulation Methods 

2.1. Fins Design 
 

In this specific research context, our inquiry focused on 
deploying a heat sink with fins strategically positioned on the 
posterior surface of a photovoltaic module.  The photovoltaic 
module was utilized in a tropical climate and positioned at an 
inclination of 15 degrees.  The MTFHS's innovative four-
junction design and tapered fin configuration enable efficient 
heat dissipation from all wind directions, enhancing its 
versatility and performance, as represented in Figure 2.  Each 
junction of the MTFHS consisted of five tapered fins designed 
to act as heat sinks.  The fins varied in height, with the tallest 
fins located in the center, to facilitate aerodynamic airflow and 
enhance heat dissipation, as shown in Table 2 (Baghaei Daemei 
et al., 2019).  The primary objective of the proposed 
multidirectional tapered design is to optimize heat transfer 
efficiency by facilitating enhanced airflow within the critical 
region of the photovoltaic (PV) module (Aghaei et al., 2022; 
Ahmed et al., 2019)  This strategic design approach addresses 
the recent architectural shift in PV modules, where the junction 
box has been strategically relocated from the module's 
periphery to its central core (M. A. A. Bin Ishak, Ibrahim, 
Fazlizan, Fauzan, Sopian, & Rahmat, 2023).  

 
 

Table 1 
Heat Sink Configurations for Photovoltaic (PV) Applications 

Authors Year Location 
Heat sink 
configuration 

PV size Remarks 

(Bayrak et al., 2020) 2020 Turkey Rectangular 75 Wp Reduced 2.4 ⁰C of panel temperature 
(Gomaa et al., 2020) 2020 Jordan Rectangular 250 Wp Improved 5.80 % of power output 
(Farhan & Hasan, 2021) 2021 Iraq Longitudinal 50 Wp Improved 1.30 % of electrical efficiency 
(Hudișteanu et al., 2021) 2021 Romania Perforated 320 Wp Increased 4.99 % of electrical efficiency 
(Hernandez-Perez et al., 2021) 2021 Mexico Discontinuous 50 Wp Reduced 5.0 ⁰C of maximum temperature 
(Elbreki et al., 2021) 2021 Malaysia Lapping 40 Wp Increased 10.68 % of electrical efficiency 
(Ahmad et al., 2022) 2022 Malaysia Multilevel height 120 Wp Reduced 8.45 ⁰C temperature of PV 
(Al-Amri et al., 2022) 2022 UAE Rectangular 290 Wp Reduced 6.3 ⁰C of panel temperature 
(N. A. S. Elminshawy, El-
Damhogi, et al., 2022) 

2022 Egypt Rectangular 83 Wp 
Improved 22.4 % of electrical efficiency 

(Alktranee & Bencs, 2023) 2023 Hungary Rectangular 50 Wp Improved 5.48 % of electrical efficiency 
(Abdallah et al., 2024) 2024 Palestine Rectangular - Improved 1.6 % of electrical efficiency 
(Khelifa et al., 2024) 2024 Algeria Skeleton-shaped 200 Wp Improved 20.14 % of electrical efficiency 

 

 

 
 

Fig 1. (Top) Computational domain representation (Bottom) Y-
directional mesh discretization 
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2.2 Models Equations 
 

The numerical models were solved via the Galerkin Least 
Squares (GLS) finite element method, employing the AcuSolve 
Solver as the specific implementation.  This computational 
algorithm guarantees precision in the spatial discretization of 
the relevant parameters consistent with second-order accuracy.  
The set of equations that determine fluid flow features is 
commonly referred to as the Navier-Stokes equations.  The 
equations presented in this context are derived utilizing 
Cartesian coordinates.  The continuity equation for steady flow 
can be expressed as follows. (Egab et al., 2020; Imad et al., 2023; 
Luo et al., 2023): 
 
𝜕𝜌𝓊

𝜕𝓍
+

𝜕𝜌𝓋

𝜕𝛾
+

𝜕𝜌𝔴
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 = 0  (1) 

 
The variables ρ, u, v, and w denote the quantities of density, 

velocity along the x-axis, velocity along the y-axis, and velocity 
along the z-axis, respectively.  The three equations that 
determine momentum are: 
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In the given context, the variable P represents the pressure, 
while the variable v symbolizes the fluid's viscosity.  The 
governing equation for the temperature, written as T, can be 
represented by a single energy equation: 
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The analysis of radiation heat transfer from a surface can be 

performed through (Armstrong & Hurley, 2010; Yusaidi et al., 
2024): 
 
𝑄𝑟𝑎𝑑 =  𝜎𝜀(𝑇𝑊

4 − 𝑇∞
4) (6) 

 
Where 𝜀 represents the surface emissivity coefficient, these 

parameter values were drawn from a comparative investigation 
(Khor et al., 2010).  Furthermore, materials such as air, 
aluminium, glass, two layers of EVA, PV cells, PVF, and 
aluminium have been allocated within the model. 

Their average temperature influences the electrical 
efficiency of PV modules can be expressed as follows (Razali et 
al., 2023b):  
 

ηeff  = ηeff [1 − βeff  (Tcell  −  Treff )] (7) 

 
ηeff is the PV module efficiency at STC (1000 W/m2, 25 ℃).  Its 
actual efficiency is influenced by its average cell temperature 
Tcell , temperature coefficient of the cell βeff , and the 
reference Treff (25℃) affect its actual performance.  Uncertainty 
analysis quantifies the potential errors in a measurement or 
calculation, including those due to approximations and 
inaccuracies.  The standard deviation is a common metric used 
to assess this uncertainty:  

 

𝑠 = √
Σ𝔦

𝑛(𝑥𝔦 −  𝑥̅)2

𝑛 − 1
 

(8) 

 𝑥𝔦, 𝑥̅, and n indicates measurement means, findings, and 
measurement sets.  The uncertainty (u) expression is shown as 
follows: 
 

𝑢 =
𝑠

√𝑛
 (9) 

 

2.3 Meshing Independent Analysis 

 
A mesh independence study as shown in Table 3 was 

performed to assess the impact of mesh resolution on the 
accuracy of our CFD simulations.  Eight different mesh 
configurations were tested, ranging from coarse to fine.  By 
comparing the results obtained from these simulations, we 
determined that the solution converges to a mesh-independent 
state.  This ensures that our results are not artifacts of the 
numerical discretization and can be considered reliable, as 
depicted in Figure 3. 

The mesh-independent analysis was conducted following a 
method similar to (M. A. A. Bin Ishak, Ibrahim, Sopian, Faizal, 
Aqil Afham Rahmat, Rahmat, et al., 2023), comparing the 
average element quality with the number of elements.  An 
examination of eight different mesh configurations determined 

 

Fig 2 Proposed MTFHS (a) MTFHS mounted at the back side of 
PV module (b) Side view of MTFHS (c) Sample view of MTFHS 

geometric specification. 

 
 
Table 2  
Geometric Specifications of MTFHS Design 

Parameters Fins 
Height 
(mm) 

Fins 
Length  
(mm) 

Fins 
Width  
(mm) 

Fins 
Thickness 
(mm) 

Fins (1) 85 450 & 850 25.4 1.0 

Fins (2) 75 400 & 750 25.4 1.0 

Fins (3) 65 350 & 650 25.4 1.0 

Fins (4) 55 300 & 550 25.4 1.0 

Fins (5) 45 250 & 450 25.4 1.0 
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that a finer mesh configuration yielded the highest average 
element quality, as shown in Figure 4.  Further refinement of the 
mesh led to decreased average element quality, indicating that 
the finer mesh was optimal for the simulation. 

 
 

 
 
2.4 Model Validation Analysis 
 

A validation process was conducted (Figure 5) by 
comparing its results with those of a previous study to ensure 
the reliability of the CFD model.  This step was essential to 
verify the accuracy of the boundary settings used in the 
simulation. The model validation process involved replicating 
the results of previous studies using the newly developed 
boundary settings (Ahmad et al., 2021b, 2022).  The comparison 
revealed high accuracy, with an average of 93.23 % agreement 
with the prior CFD results and 96.41 % agreement with the prior 
experimental results.  The high accuracy achieved in the model 
validation analysis, exceeding 90 %, confirms the reliability and 
validity of this study's boundary conditions and simulation 
settings. 

3. Experimental Methods 

3.1 PV Panels 
 

Silicon wafers have dominated the photovoltaic market for 
nearly a decade, representing most solar panel production.  
However, research on cooling these panels is often hindered 
using small-scale models.  While these models provide valuable 
insights, they may not accurately predict the performance of 
large-scale systems.  The reduced size can lead to unreliable 
results and may not fully capture the benefits of cooling, 
potentially limiting our understanding of effective cooling 
strategies (Nižetić et al., 2021).  To address these limitations, this 
study proposes a comprehensive investigation using large-scale 
photovoltaic panels with a capacity of 405 Wp (as shown in 
Figure 6).  These panels exhibited an open-circuit voltage of 
50.1 V and a short-circuit current of 10.48 A, as detailed in Table 
4.  The study was conducted under outdoor conditions to 
ensure real-world applicability.  The detailed specifications of 
photovoltaic panels are shown in Table 4. 

Table 3  
Mesh differences 

Mesh 
Number of 
Element 

Average 
Element 
Quality 

Difference 

Extremely coarse 606,749 0.5908 3.13% 

Extra coarse 828,666 0.6221 1.15% 

Coarser 1,574,054 0.6336 1.31% 

Coarse 2,893,226 0.6467 1.54% 

Fine 11,604,019 0.6621 1.99% 

Finer 34,719,350 0.6820 -0.88% 

Extra fine 53,869,000 0.6732 -0.52% 

Extremely fine 133,422,046 0.6680  

 

 

Fig 3 Mesh configurations 

 

Fig 5 Validation of CFD modeling with prior studies (Ahmad et 
al., 2021a, 2022). 
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3.2 The Experimental Rig 

The experimental investigation employed half-cut cell 
monocrystalline PERC PV panels exhibiting a module efficiency 
of 20.13 %.  A novel MTFHS design was affixed to the rear 
surface of the PV panels, as depicted in Figure 7.  Aluminium 
alloy was utilized as the material for the PV module cooling fins.  
The temperature distribution across the rear surface of each 
module was assessed at six distinct locations.  A comparative 
analysis was conducted between a bare PV module and a 
module equipped with the MTFHS, focusing on their outdoor 
electrical performance.  

The empirical investigation was carried out in a field setting 
over six months, encompassing a daily timeframe of 11:00 am 
to 4:00 pm.  The PV modules were positioned at a 15° 

inclination in accordance with the Malaysian tilt angle 
guidelines (N. A. S. Elminshawy, Mohamed, et al., 2022a; 
Mamun et al., 2022; T. Khatib A. Mohamed & Sopian, 2015).  
Figure 7 illustrates the experimental test rig, including a weather 
station, I-V curve tracer, and data logger.  Additionally, the 
figure provides a top-down perspective of both bare and 
MTFHS-equipped modules mounted on a common plane.  

3.3 Uncertainty Analysis 

 
To ensure the reliability of our results, we conducted a 

thorough analysis of the potential uncertainties associated with 
the data collected during our experiment, as shown in Table 5.  
We denoted the uncertainties in the independent variables as 
W1, W2, …., Wn, and calculated the uncertainties in the results 
(WR) using the provided formula, where X1, X2, …, Xn represent 
the independent variables (Elminshawy, Mohamed, et al., 
2022b)(N. Elminshawy et al., 2022). 

 

𝑊𝑅 = [(
𝜕𝑅

𝜕𝑋1
𝑊1)2 + 

𝜕𝑅

𝜕𝑋2
𝑊2)2 + ⋯ … +  

𝜕𝑅

𝜕𝑋𝑛
𝑊𝑛)2)] 

1
2 

(1) 
 

 
Equation (2) was used to calculate the maximum possible 
uncertainty in the electrical efficiency: 
 

𝜂𝑒𝑙𝑒𝑐 =  𝑓 (𝐼𝑚, 𝑉𝑚, 𝐺)  ⟹ 𝑊𝜂𝑒𝑙𝑒𝑐
 

= ((
𝜕𝜂𝑒𝑙𝑒𝑐

𝜕𝐼𝑚
𝑊𝐼𝑚

)2 +  
𝜕𝜂𝑒𝑙𝑒𝑐

𝜕𝑉𝑚
𝑊𝑉𝑚

)2 + ⋯ … 

+ 
𝜕𝜂𝑒𝑙𝑒𝑐

𝜕𝐺𝑚
𝑊𝐺)2)

1
2 = ±0.2 

(2) 
 

 
A 5% error margin was deemed acceptable for assessing 
electrical efficiency.  

 
4.  Results and Discussion 

4.1 The effect of parametric parameters on thermal performance 

A comprehensive numerical investigation was conducted to 
evaluate the influence of various design parameters on the 
thermal performance of the PV module.  The study considered 
a range of fin spacings (10-40 mm), fin numbers (8-20), and fin 
heights (45-120 mm) under varying solar irradiance levels (400-
1000 W/m2).  The ambient temperature was maintained at a 
constant 30 ℃, and a steady wind speed of 1 m/s was applied.  
As depicted in Figure 8 (a), the numerical results demonstrate a 
notable reduction in PV module temperature from 57.58 ℃ to 
56.65 ℃ under a solar irradiance of 1000 W/m2  when 
increasing the fin number from 8 to 20 while maintaining a fin 
spacing of 30 mm.  However, the positive impact of increasing 

Table 4  
Technical Specifications of Selected PV Module 

Parameters Value 
Maximum power at STC (Pmax)  405 W 
Open-circuit voltage (Voc) 
Short-circuit current (Isc) 
Maximum operating voltage (Vmp) 
Maximum operating current (Imp) 
Operating temperature  
Power temperature coefficient (𝛾) 
Voltage temperature coefficient (𝛽) 
Current temperature coefficient (𝛼) 
Module dimensions (mm)  
Module efficiency  
Weight  

50.1 V 
10.48 A 
42.0 V 
9.65 A 
-40 °C ~ +85 °C 
-0.35 %/°C 
-0.29 %/°C 
0.048 %/°C 
2008 x 1002 x 40 
20.13 % 
22.5 kg 

 
 

 
Fig 6 Half-cut cells monocrystalline PV module 405Wp 

 
 

Fig 7 displays the entire test setup. 

 

Table 5  
Assessing the reliability of standard tools. 

Measurement 
instruments 

Parameters 
(units) 

Model 
names 

Uncertainties 

Thermocouples Temperature 
(℃) 

K-type ± 0.1 ℃ 

Current-voltage 
checker 

Voltage (V), 
Current (A), 
Power (W) 

MP-11 ± 0.65 % 

Weather station Irradiance 
(W/m2) 
Wind speed 
(m/s) 

RK600-
07 

± 1.3 % 
± 1.45 % 
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fin spacing on heat transfer performance gradually diminishes 
beyond 30 mm.  This suggests that flow development within the 
fin heat sink may be constrained at larger spacings, limiting its 
ability to enhance heat dissipation.   

As illustrated in Figure 8 (b), the multidirectional tapered 
design incorporates a gradual increase in fin height from 45 mm 
to the highest fins.  To ensure that aerodynamic airflow could 
pass freely from the rear of the PV module to the critical junction 
box region, a minimum fin height of 45 mm was selected.  This 
clearance was necessary to avoid obstructions that might 
impede airflow and hinder heat dissipation.  The PV module's 
temperature exhibits a clear downward trend, decreasing from 
60.1 ℃ to 58.08 ℃ at a fin height of 55 mm.  This trend 
continues, with a gradual temperature reduction to 56.73 ℃ at 
a fin height of 85 mm.  Beyond 85 mm, however, a slight 
temperature increase is observed.  The observed increases in 
temperature at fin heights exceeding 85 mm are likely due to 
forming of a thicker thermal boundary layer, which hinders heat 
transfer.  This suggests that 85 mm represents the optimal fin 

height for maximizing heat dissipation through natural 
convection.   

Figure 8 (c) presents a comparative analysis of the thermal 
performance of PV modules equipped with various heat sink 
configurations.  Four PV module configurations were 
considered: a module without cooling, a module with previous 
work fins, a module with conventional rectangular fins, and a 
module with novel MTFHS.  The results demonstrate the 
superior thermal performance of the MTFHS, which achieved 
an 8.61 % temperature reduction compared to the bare module, 
reaching a maximum temperature of 56.73 ℃.  In contrast, the 
conventional rectangular fins and previous work fins resulted in 
significantly lower temperature reductions of 4.13 % and 2.26 
%, respectively, with maximum temperatures of 59.52 ℃ and 
58.05 ℃.  The MTFHS introduces a novel approach to heat 
dissipation in PV modules.  Figure 8 (d) illustrates that its unique 
multidirectional tapered fin design significantly increases the 
surface area available for heat exchange, outperforming 
conventional rectangular fins.  Unlike traditional fins limited to 

 
 

 

 

Figure 8 (a) Correlation between fin spacing and fin number on their influence on PV module temperature under 1000 W/m2 solar irradiance. 
(b) Correlation between fin height and PV module thermal performance under different solar irradiance conditions (400-1000 W/m2). (c) 
Comparative analysis of PV module temperature under different cooling fin configurations: no fins, conventional rectangular fins, and innovative MTFHS 
fins, (d) Contrasting the surface temperatures of conventional rectangular fin and innovative MTFHS fin configurations 
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a single direction, the MTFHS can effectively capture wind flow 
from various angles, enhancing its cooling efficiency.  This 
adaptability is particularly beneficial in outdoor environments 
where wind direction and solar irradiance fluctuate, making the 
MTFHS a promising solution for improving PV module 
performance in real-world conditions.  

 
4.2 The effect of altering the angle  
 

A series of outdoor environments were conducted to 
evaluate the practical performance of the proposed MTFHS fins 
under real-world conditions.  The PV modules were subjected 
to natural convection, with the inlet velocity vector 
systematically adjusted from 0° to 90° in increments of 18° to 
simulate various wind directions, as illustrated in Figure 9 (a).  
The results demonstrated the superior thermal performance of 
the MTFHS compared to both bare modules and those 
equipped with conventional rectangular fins, which represent a 
common approach in previous research.  The MTFHS's unique 
multidirectional design enables it to capture wind flow from 
various angles, significantly enhancing its cooling efficiency.  
This passive cooling mechanism improves the thermal 
performance of the PV modules and reduces the need for 
additional cooling equipment, leading to economic benefits.  
Even without any cooling fins, the PV module temperature 
decreased slightly to 61.4 ℃.  However, the conventional 
rectangular fins gradually increased temperature from 59.2 ℃ 
to 62.8 ℃ as the inlet velocity vector approached 90°.  In 
contrast, the MTFHS consistently outperformed the other 
configurations across all wind orientations, achieving a 
temperature reduction of over 10 %.  These findings underscore 
the inherent advantages of the MTFHS design, particularly in 
outdoor environments where wind direction and solar 
irradiance are unpredictable.  The innovative MTFHS 
effectively captures and dissipates heat from the PV module, 
regardless of the wind's orientation, resulting in significantly 
lower temperatures than traditional cooling solutions, as 
depicted in Figure 9 (b). 

 
4.3 Experimental and validation results 
 

The I-V-P curves of the PV module with and without a 
cooling system are presented in Figure 10.  The output power 
was monitored at 1-minute intervals while the current-voltage, 
output power, and PV module temperature were simultaneously 
recorded.  An optimal tilt angle of 15 degrees was selected.  The 
analysis reveals that the I-V-P characteristics of the bare PV 
module without cooling were influenced by varying solar 
irradiance levels (400-1000 W/m2).  This resulted in a noticeable 
increase in short-circuit current from 9.21 A to 9.27 A, 
demonstrating their effectiveness in improving electrical 
performance through enhanced heat dissipation, as shown in 
Figure 10 (a).  Figure 10 (b) demonstrates that MTFHS 
significantly increases solar module output (290 W versus 243 
W).  In outdoor environments, especially with high solar 
irradiance, maintaining the ideal 25 ℃ module temperature is 
challenging.  This leads to lower actual output compared to STC 
(405 W).  In addition, a comparative analysis of numerical 
simulations conducted using CFD and experimental data for a 
PV module equipped with an MTFHS fin is presented in Figure 
10 (c).  The results reveal a high degree of correlation (93-96 %) 
between numerical and experimental outcomes, indicating the 

 
 

 

 
 

Figure 9 (a) Effect of the wind flow direction on the fins' 
performance in terms of heat transfer and temperature variation.  
(b) Effect of wind flow direction on the performance of both 
conventional rectangular and MTFHS fins was evaluated through 
CFD analysis 
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accuracy of the CFD model in predicting the thermal 
performance of the PV module.  

5. Conclusion 

This study utilizes CFD to investigate the influence of 
multidirectional tapered fins on the thermal characteristics and 
reliability of PV modules.  The primary objective is to evaluate 
the effectiveness of MTFHS in improving the performance of PV 

modules under real-world conditions.  A comparative analysis 
was conducted between PV modules equipped with MTFHS, 
conventional rectangular fins, previous work fins, and a 
standard bare PV module to achieve this.   

Our findings demonstrate that MTFHS significantly reduces 
PV module temperature, achieving a remarkable 8.61% 
reduction compared to the bare, conventional rectangular fins 
and previous work fins.  The maximum temperature reached 
with MTFHS was 56.73 ℃. MTFHS consistently outperformed 

 

 

 
Figure 10 (a) I-V Curve analysis based on experimental results, (b) P-V Curve analysis based on experimental results, (c) Comparative 

analysis of numerical simulations results and experimental data for bare module and MTFHS design 
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other configurations across various wind orientations, achieving 
temperature reductions of over 10 %.  These findings highlight 
the exceptional effectiveness of MTFHS in outdoor 
environments, especially where wind direction and solar 
irradiance are unpredictable. The innovative MTFHS effectively 
captures and dissipates heat from the PV module, regardless of 
the wind's orientation, resulting in significantly lower 
temperatures than traditional cooling solutions. 

The superior thermal performance of the MTFHS can be 
attributed to their enhanced heat transfer characteristics.  The 
multidirectional tapered fin design significantly increases the 
surface area for heat exchange, outperforming conventional 
rectangular fins. Unlike traditional fins limited to a single 
direction, the MTFHS can effectively capture wind flow from 
various angles, enhancing its cooling efficiency. This 
adaptability is particularly beneficial in outdoor environments 
where wind direction and solar irradiance fluctuate, making the 
MTFHS a promising solution for improving PV module 
performance in real-world conditions. A correlation analysis 
revealed excellent agreement (93-96 %) between model and 
experimental results, further validating the efficacy of the 
MTFHS design.   

In summary, the innovative MTFHS heat sink fins 
demonstrated their effectiveness in reducing PV module 
temperature across various solar irradiance conditions.  These 
findings highlight the potential of MTFHS to improve the 
efficiency and longevity of PV modules, particularly in regions 
with high ambient temperatures and intense solar radiation. 
Future research should focus on optimizing the design of 
MTFHS to enhance their thermal performance further and 
explore their integration with other PV cooling technologies. 
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