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Introduction 

Energy is a fundamental element for the sustainability of 

human activities and has become an indispensable need for 

global economies [1]. Nations' level of development 

strongly correlates with their energy consumption levels 

[1], [2]. Rising population, higher living standards, growing 

industrialization, and rapid urbanization lead to significant 

growth in energy demand [3], [4]. 

Currently, about 75% of global energy demand is met by 

fossil fuels, causing major environmental challenges like 

greenhouse gas emissions and global warming. To address 

this, the world is undergoing a green transition, shifting 

from fossil-based systems to renewable resources with the 

goal of a fully sustainable energy future [1], [5]. Among 

renewable energy sources, solar energy stands out as one of 

the most widely used energy types thanks to its cleanliness, 

accessibility, sustainability, and unlimited potential [6], [7]. 

Solar energy can be used in a variety of applications, such 

as generating electricity through photovoltaic (PV) modules 

[8]–[10], providing hot air with solar air heaters [11], [12], 

drying vegetables and other agricultural products using 

solar air dryers [13], [14], providing drinking water with 

solar desalination units [15], [16] and cooking with solar 

cookers [17].  

Solar photovoltaic cells have emerged as the primary 

technology for green electricity generation, providing 

significant flexibility in terms of installation with the 

capacity to generate energy using direct sunlight. However, 

efficiency losses caused by high cell temperatures limit the 

potential of PV cells [18]. Therefore, researchers have 

developed various techniques to improve the performance 

of photovoltaic cells and have extensively investigated 

possible solutions [19], [20].  

Cooling systems are essential for enhancing the power 

output and efficiency of PV panels. These systems are 

classified as passive, active, or hybrid. Passive cooling 

relies on natural convection without extra energy use, 

offering simplicity and low cost. Active cooling uses forced 

convection and requires additional energy. Hybrid systems 

combine both natural and forced convection, also 

consuming energy for cooling [21]. Various techniques 

have been developed within these categories to enhance PV 

performance, including the use of phase change materials 

(PCM) [19], [20], thermoelectric coolers [22], 

thermoelectric generators [23] and nanofluids [24].  

Some recent studies in this field include the work of H. 

Shawish et al., who studied two PCM-based passive cooling 

systems for PV panels, finding that the porous container 

reduced temperature by 3.40 °C and improved efficiency by 
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ABSTRACT 

 
This study evaluates the thermal performance of five photovoltaic PV panels using steady-state thermal 

analysis in ANSYS. The panels include a standard PET backsheet panel, a PET + aluminum backsheet 

panel, a panel with only aluminum backsheet, and two finned configurations: one with PET + aluminum 
backsheet with angled fins, and another with only an aluminum backsheet with angled fins. Standard PET 

panels exhibited the highest PV cell temperatures (69.782 °C maximum, 60.746 °C minimum), while the 

PET + aluminum backsheet panel showed modest improvement (68.848 °C maximum, 62.93 °C 
minimum) due to enhanced lateral heat transfer. The panel with only aluminum backsheet displayed 

similar moderate reductions, confirming that PET alone has limited influence on thermal performance. 

The most significant temperature decreases and the most uniform thermal distribution were observed in 
the finned panels; the panel with only aluminum backsheet and angled fins reached PV cell temperatures 

of 58.503 °C maximum and 55.811 °C minimum. Thermal mitigation in the optimized finned design 

improved electrical efficiency from 17.94% to 18.78%, representing a 4.68% relative performance gain 
over the standard module under the specific environmental conditions of Bitlis. These results demonstrate 

that integrating angled fins with an aluminum backsheet effectively reduces localized heating, minimizes 

temperature gradients, and improves PV panel thermal reliability. However, these thermal improvements 
come at the cost of increased panel mass, rising from 26.54 kg in the standard PET panel to 39.797 kg in 

the finned aluminum design, highlighting the need to balance thermal benefits against structural and 

installation considerations. 
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3.56% in winter, while the finned container reduced 

temperature by 3.42 °C and increased efficiency by 6.58% 

in summer [25]. A. Keçebaş et al. investigated ethanol-

based PCM-integrated PV cooling systems and found that a 

2 cm thick ethanol-filled absorber reduced front and back 

surface temperatures to 51 °C and 45 °C, increasing 

electrical and thermal efficiencies to 18% and 22%, 

respectively [26]. Hesham S. Abdelmohsen et al. compared 

two cooling techniques to improve PV performance. The 

first method used intermittent humidified air flowing from 

the bottom to the top of a 250 W panel to cool and clean the 

panel surface, reducing its temperature by 26 °C and 

increasing electrical output by 7.3%. The second method 

applied a water jacket with evaporative cooling to the back 

of a 50 W panel, lowering its temperature by 30 °C and 

boosting electrical output by 9.8% [27]. M. A. Bashir and 

H. M. Ali studied passive cooling systems with extended 

fin-based heat sinks for PV modules. Their numerical 

analysis showed that fin dimensions, number, spacing, and 

shape significantly affect heat dissipation. Rectangular pin 

fins achieved 33.77% and 41.4% higher heat dissipation 

than circular pin fins and long rectangular fins, respectively 

[28]. A. A. Hasan et al. conducted a CFD study on air-

cooled heat sinks with different fin configurations to 

improve PV panel thermal performance. The study 

investigated the effects of fin number and spacing on 

airflow and heat dissipation, showing that increasing fin 

number enhances heat removal. The 11-fin design achieved 

the highest temperature drop (38.44 K), outperforming 

basic and intermediate designs, which were better than a 

finless model [29]. A. S. Soliman and P. Cheng studied PV 

cells integrated with PCM-filled finned heat sinks and 

compared them to conventional PCM enclosures. They 

found that the 6-fin design provided the most effective 

cooling, reducing PV cell temperatures by 27.9–31.11% 

and increasing electrical efficiency to 17.22–17.41%, 

outperforming standard PCM enclosures and demonstrating 

improved thermal and electrical performance [30]. A. 

Saxena et al. designed and tested an innovative heat sink for 

PV modules using water cooling, PCM-based cooling, or a 

combined approach. They found that the front-surface 

water-cooled system reduced surface temperature by 78.7% 

and increased efficiency by 22.8%, the rear-surface PCM 

system achieved a 25.7% temperature drop and 7.8% 

efficiency gain, and the combined system provided 

intermediate improvements of 36.8% and 10.3%, 

respectively [31]. I. Hossain et al. studied the impact of flat 

and wavy fin arrays on PV panel performance under both 

wind and still air conditions. They found that wavy fins, 

with a larger surface area, provided more effective cooling, 

10 wavy fins reduced the panel temperature by 7 °C 

compared to 10 flat fins. Moreover, the 20-wavy-fin 

configuration improved electrical efficiency by 2% over the 

baseline, demonstrating the superior thermal and electrical 

performance of wavy fins [32]. 

In this study, the thermal performance of PV panels with 

different backsheet configurations was investigated to 

identify effective strategies for reducing PV cell 

temperatures and achieving uniform thermal distribution. 

Steady-state thermal analysis in ANSYS was conducted to 

compare a conventional PET-backed panel, an aluminum-

backed panel, a PET + aluminum-backed panel, a panel 

with a PET + aluminum backsheet combined with angled 

fins, and a panel with an aluminum backsheet combined 

with angled fins. The novelty of this work lies in the 

combined evaluation of backsheet materials and angled fin 

configurations to optimize thermal management in PV 

panels, providing a practical guideline for passive cooling 

design.  

Modeling 

Geometrical Modeling and Material Properties 

This study employed the TommaTech 550 Wp M10 144PM 

HC-MB solar panel (see Fig. 1A). In the analysis, the effects 

of cell fingers and busbars were neglected. Further technical 

specifications are available in the datasheet [33]. 

Fig. 1 illustrates five different photovoltaic panel 

configurations developed for this study. The first design 

(PV Panel 1) represents the standard module structure, 

consisting of tempered glass, ethylene vinyl acetate (EVA) 

encapsulant layers above and below the monocrystalline 

half-cut M10 silicon cells, a polyethylene terephthalate 

(PET) backsheet, and an anodized aluminum frame. The 

second design (PV Panel 2) contains the same layers as PV 

Panel 1, with the addition of an anodized aluminum sheet 

placed beneath the PET backsheet. The third configuration 

(PV Panel 3) replaces the PET layer entirely with an 

anodized aluminum backsheet. The fourth design (PV Panel 

4) incorporates PET + an anodized aluminum backsheet 

combined with angled aluminum fins to enhance heat 

dissipation. Finally, the fifth configuration (PV Panel 5) is 

similar to PV Panel 4 but excludes the PET layer, leaving 

only the anodized aluminum backsheet with fins. These 

alternative configurations aim to investigate the influence 

of aluminum backsheet integration and fin-assisted cooling 

on reducing PV module temperature under the hottest 

critical day condition between 2011 and 2024 in Bitlis. 

The PV panel with aluminum frame has a width of 1136 

mm and a height of 2280 mm. The layer thicknesses are as 

follows: tempered glass, 3.2 mm; EVA, 0.4 mm; silicon 

cells, 0.18 mm; PET, 0.3 mm; and anodized aluminum 

backsheet, 1 mm. Additional geometric details are provided 

in Fig. 1. 

Table 1 presents the material properties used in the modeled 

PV panels. In the simulations, the EVA layer was simplified 

as a fully transparent medium. In addition, ground effects 

were incorporated into the analysis by assuming the ground 

surface to represent an uncultivated field. 
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Figure 1. Schematic representation of the TommaTech 550 Wp M10 144PM HC-MB photovoltaic panel with five 

design configurations: (A) PV Panel 1 – standard panel with PET backsheet; (B) PV Panel 2 – panel with PET 

backsheet and additional anodized aluminum sheet; (C) PV Panel 3 – panel with anodized aluminum backsheet only 

(PET removed); (D) PV Panel 4 – panel with PET+ anodized aluminum backsheet with angled fins; (E) PV Panel 5 – 

panel with anodized aluminum backsheet with angled fins, without PET (model geometries generated in SolidWorks). 
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Table 1. Material properties of the layers used in the photovoltaic panel simulations. 

 

Thermal 

conductivity  

(k), 

(W/m C°) 

Specific heat 

capacity 

(cp), 

(J/ kg C°) 

Density 

 

(ρ), 

(kg /m3) 

Emissivity 

 

(ε) 

Absorptivity 

 

(α) 

Reflectivity 

 

(ρ) 

Transmittivity 

 

(τ) 

Tempered glass 1 [34] 720 [34] 2500 [34] 0.84 [34] 0.04 (Calculated) 0.04 [35] 0.92 [34], [36] 

Ethylene vinyl 

acetate (EVA) 

encapsulant top 

and bottom 

0.35 [37] 2090 [37] 945  [37] - 0 0 1 [37] 

Monocrystalline 

half-cut M10 

silicon cell 

148 [37] 700 [37] 2330 [37] - 0.97  [37] 0.03 [37] 
0  

(Calculated) 

Polyethylene 

Terephthalte film 

(PET) backsheet 

0.31 [38] 1200 [38] 1360 [38] 0.82 [39] 0.13 (Calculated) 0.83 [40] 
0.04 (for 0.3 mm 

thickness) [41] 

Anodized 

aluminum (for 

support and 

backsheet) 

227 [42] 900 [42] 2705 [42] 0.84 [43] 0.14 [43] 0.86 [44] 
0  

(Calculated) 

Ground 

reflection 

(Uncultivated 

fields) 

- - - - - 0.26 [45] - 

 
Numerical Modeling   

According to PV Education, for a fixed tilt angle, the 

highest annual power output is obtained when the tilt angle 

is set equal to the latitude of the location [46]. Bitlis is 

located at a latitude of 38.4° N and a longitude of 42.1° E 

[47]. Therefore, the tilt angle of the photovoltaic panels was 

chosen as 38.4° (see Fig. 2), corresponding to the latitude 

of the site. 

 

Figure 2.  Tilt angle of the photovoltaic panels set equal to 

the latitude of Bitlis (38.4° N). 

A solar panel, when exposed to sunlight, attains a 
temperature higher than the surrounding environment due 
to the absorbed solar radiation. Its thermal equilibrium is 
determined by the ambient temperature (TE, °C or K), the 
incident solar heat flux (QSource, W), and the absorption 
coefficient of materials (α, dimensionless). This balance is 
maintained through the combined effects of radiation, 
convection, and layer-to-layer conduction, each of which 
depends on both the panel surface temperature (TP, °C or K) 
and the environmental temperature. 

At thermal equilibrium, the energy absorbed from the 
source (QSource) is equal to the energy released by the panel 
through radiation (QRadiation, W) and convection (QConvection, 
W) [37]: 

𝑄𝑆𝑜𝑢𝑟𝑐𝑒  =  𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 + 𝑄𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛    (1) 

Convective heat transfer from the panel surface to the 

surrounding air can be estimated using Newton’s law of 

cooling [43]: 

𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 = ℎ𝐴(𝑇𝑃 − 𝑇𝐸)   (2) 

where h is the convective heat transfer coefficient (W/m²·K) 

and A is surface area exposed to the fluid (m²). 

Radiative heat exchange is defined by the Stefan–

Boltzmann law: 

𝑄𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  =  𝜀𝜎𝐴(𝑇𝑃
4 − 𝑇𝐸

4)   (3) 

where ε is the emissivity of the surface (dimensionless, 0–

1), A is the radiation emitted or absorbed surface area (𝑚2) 

and σ is the Stefan–Boltzmann constant (𝑊/𝑚2𝐾4 ). 

In addition to these external exchanges, internal heat 

conduction through the PV layers (glass, encapsulant, solar 

cells, backsheet) determines the temperature distribution 

within the module. This conduction can be expressed by 

Fourier’s law: 

𝑄𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = −𝑘𝐴
𝑑𝑇

𝑑𝑥
   (4) 

where k denotes the thermal conductivity of the layer 

material (W/mK), A is the cross-sectional area 

(perpendicular to the direction of heat transfer, m2), and 

dT/dx represents the temperature gradient across the layers 

(K/m). Conduction is used to calculate the temperature 

profile across the panel layers, while the global energy 
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balance considers only radiation and convection at the 

surfaces. 

As mentioned above, the maximum annual power 

generation is achieved when the panel tilt angle is aligned 

with the latitude of the location; therefore, PV panels are 

inclined in this manner to optimize energy output. Thus, in 

order to accurately calculate the heat transfer from both the 

top and bottom surfaces of the PV panel, it is necessary to 

determine the heat transfer coefficient for inclined surfaces. 

In this process, both natural and forced convection 

mechanisms are taken into account to ensure a more 

comprehensive and precise evaluation. 

For natural convection, the Nusselt number can be 

estimated using simple empirical correlations [43]: 

𝑁𝑢 =
ℎ𝐿𝑐

𝑘
= 𝐶𝑅𝑎𝐿

𝑛   (5) 

where: 

• Nu = Nusselt number (dimensionless) 

• Lc= characteristic length of the surface (m) 

• k = thermal conductivity of the fluid (W/m·K) 

• C,n = empirical constants depending on surface 

geometry and flow regime 

• RaL = Rayleigh number (dimensionless) 

where RaL is the Rayleigh number, defined as the product 

of the Grashof (GrL, dimensionless) and Prandtl (Pr, 

dimensionless) numbers: 

𝐺𝑟𝐿 =
𝑔𝛽(𝑇𝑃−𝑇𝐸)𝐿𝑐

3

𝑣2    (6) 

𝑅𝑎𝐿 = 𝐺𝑟𝐿𝑃𝑟 =
𝑔𝛽(𝑇𝑃−𝑇𝐸)𝐿𝑐

3

𝑣2 𝑃𝑟   (7) 

where: 

• g = gravitational acceleration (m/s²) 

• β = thermal expansion coefficient of the fluid (1/Tf, 1/K) 

• ν = kinematic viscosity of the fluid (m²/s) 

The values of the constants C and n depend on the surface 

geometry and the flow regime, which is determined by the 

range of the Rayleigh number. In general, n takes the value 

of 1/4 laminar flow and 1/3 for turbulent flow, while the 

constant C is usually less than 1. 

The film temperature is defined as Tf=1/2(TP + TE) and all 

fluid properties are evaluated at this temperature. 

Nusselt Number for Natural Convection on Inclined PV 

Panel Surfaces 

Natural convection heat transfer from isothermal flat 

surfaces, such as PV panel surfaces, depends on their 

orientation relative to the surrounding fluid. To evaluate 

natural convection heat transfer from isothermal flat plates 

at an inclination, correlations of the following form are used 

[48]: 

𝑁𝑢(𝜓) = 𝐶(𝜓)(𝛱𝑁  )𝑛   (8) 

𝛱𝑁 = 𝑅𝑎/(1 + 0.492/𝑃𝑟)   (9) 

In these expressions: 

• Nu(ψ) is the Nusselt number as a function of the 

Complementary inclination angle ψ, 

• C(ψ) and n are empirical constants dependent on 

surface geometry and flow regime. 

These correlations are applicable for any characteristic 

length, for inclination angles between 0° (vertical) and 90° 

(horizontal), and for Prandtl numbers ranging from 0.001 to 

very large values, providing a general method for 

estimating natural convection heat transfer from flat 

surfaces. 

For the upper surface, the critical Grashof number is [48]: 

𝐺𝑟𝑐𝑟1 =
1

𝑃𝑟
10(5𝑐𝑜𝑠𝜓+4.9)  0° < 𝜓 ≤ 90°   (10) 

𝐶(𝜓) = 0.057 + 0.098(𝑠𝑖𝑛𝜓)1/3     

0° < 𝜓 ≤  90°   𝐺𝑟 >  𝐺𝑟𝑐𝑟1 𝑓𝑜𝑟 𝜓 ≥  21.42° 

(11) 

For the bottom surface, the critical Grashof numbers are: 

𝐺𝑟𝑐𝑟2 =
1.7 1011

𝑃𝑟
 𝑒(𝜓𝑙𝑛2)/90  0° ≤   𝜓 ≤  90°   (12) 

𝐺𝑟(𝑐𝑟3) =
109.9

𝑃𝑟
𝑒(𝜓𝑙𝑛2)/90  0° ≤   𝜓 ≤  90°   

(13) 

𝐺𝑟𝑐𝑟2 > 𝐺𝑟 > 𝐺𝑟𝑐𝑟3  

𝐶(𝜓) = 0.046 + 0.011(𝑐𝑜𝑠𝜓)1/3    

 

(14) 

Nusselt Number for Forced Convection from Inclined PV 

Panel Surfaces 

For forced convection from the upper and bottom surfaces 

of the PV panel and any direction of the wind, the following 

correlations can be used [48]: 

𝑁𝑢 = 0.664𝑅𝑒1/2𝑃𝑟1/3   𝑓𝑜𝑟 =  𝑅𝑒 ≤  5.105  (15) 

𝑁𝑢 = (0.037𝑅4/5 − 871)𝑃𝑟1/3𝑓𝑜𝑟 𝑅𝑒 > 5.105 (16) 

where Nu is the corresponding Nusselt number, Re is the 

Reynolds number, Vw is the wind velocity and ν is the 

kinematic viscosity of the air. 

For forced convection, the Reynolds number is given as 

𝑅𝑒 =
𝑉 𝐿𝑐

𝑣
   (17) 

Once the average Nusselt number—and consequently the 

corresponding average convective heat transfer 

coefficient—has been determined, the convective heat 

transfer rate from a solid surface at uniform temperature TP 

to the surrounding fluid, accounting for both natural and 

forced convection, can be expressed using Newton’s law of 

cooling (Equation 2). 

The relative importance of natural convection in a PV panel 

can be assessed using the ratio Gr/Re2. If Gr/Re2>>1, 

natural convection predominates, whereas if Gr/Re2<<1, 

forced convection dominates. When Gr/Re2≈1, both natural 

and forced convection contribute significantly to the overall 

heat transfer [43], [49]. In this study, the calculated value is 
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0.1878, indicating that both natural and forced convection 

should be considered for the upper and bottom surfaces of 

the panel when estimating the convective heat transfer 

coefficient. 

In this study, the convective heat transfer coefficient for the 

inclined PV panel surfaces was calculated using the mixed 

convection approach, where the Nusselt number is 

determined by combining forced and natural convection 

contributions as [43] 

𝑁𝑢𝑀𝑖𝑥𝑒𝑑 = (𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑
3 + 𝑁𝑢𝑛𝑎𝑡𝑢𝑟𝑎𝑙

3 )
1/3

    (18) 

allowing both mechanisms to be accounted for 

simultaneously in the heat transfer analysis. 

Thermal Effect on Electrical Performance  

To quantify the practical benefits of the temperature 

reductions achieved through the proposed designs, the 

electrical efficiency (𝜂) of the PV modules was estimated. 

Although the primary focus of this study is thermal 

management, calculating the projected efficiency recovery 

is essential to demonstrate the direct impact on power 

output. The temperature-dependent electrical efficiency 

was calculated using the widely accepted linear model 

proposed by Evans [50] and further reviewed by Skoplaki 

and Palyvos [51]: 

𝜂 =  𝜂𝑆𝑇𝐶[1 −  𝛽(𝑇𝑐 −  𝑇𝑆𝑇𝐶)]    (19) 

Where: 𝜂𝑆𝑇𝐶 is the reference efficiency under Standard Test 

Conditions (STC:1000 W/m2, 25°C), which is 21.28% for 

the TommaTech 550 Wp M10 module used in this study. 𝛽 

is the temperature coefficient of power, taken as 

0.350%/°C) from the manufacturer's datasheet. Tc is the 

cell temperature obtained from the numerical simulations. 

TSTC is the reference temperature (25°C). 

 

Operating and Input Parameters  

In this study, Bitlis, Turkey, was selected as the research 

area. For the PV analysis, the maximum temperature 

measured between 2011 and 2024 was considered. This 

value, 34.6 °C, was recorded on July 20, 2021 (see Turkish 

State Meteorological Service [52], see Table 2) and was 

taken as the critical ambient temperature. Furthermore, 

based on Oral [53], the average wind speed in Bitlis during 

July is 3.6 m/s, and this value was adopted for the analysis. 

The solar radiation was assumed to be the standard 1000 

W/m². In addition, the selected TommaTech 550 Wp M10 

144PM HC-MB solar panel was assumed to generate 550 

W of power. The absorptivity, emissivity, reflectivity, and 

transmissivity of each material, as listed in Table 1, were 

determined and incorporated into the ANSYS steady-state 

thermal analysis to accurately model the thermal behavior 

of the panel. 

The convective heat transfer coefficients for the PV panel 

surfaces were calculated using mixed convection 

correlations, considering both top and bottom surfaces to 

account for natural and forced convection effects. In the 

analysis, a steady-state process without internal heat 

generation was assumed, and the thermal conductivity of 

the material was considered constant. To simplify the 

computational model for the finned backsheet, the 

convective heat transfer coefficient was determined based 

on flat-surface correlations and was assumed uniform over 

the entire surface of the fins. The detailed equations and 

intermediate steps used to compute these coefficients are 

summarized in Table 3, along with the resulting values of ℎ 

for each surface. These coefficients were subsequently 

employed in the thermal analysis to estimate heat 

dissipation and temperature distribution across the panel, 

providing a more accurate representation of its thermal 

behavior under operational conditions.

Table 2. Maximum and minimum ambient temperatures in Bitlis (2011–2024) in °C used for PV analysis [52]. 

 

 

Table 3. Equations and computed values used to determine mixed convection heat transfer coefficients (h) for the top 

and bottom surfaces of the PV panel. 

TP 

(°C) 

TE 

(°C) 

Tf 

(°C) 

kair 

(W/m °C) 

vair 

(m2/s) 

Prair Vair 

(m/s) 

≈70 

(Calculated 

after several 

iteration) 

34.6 52.3 0.0275179 1.8205e-5 0.722202 3.6 [53]  

Lc 

(m) 

β 

(1/K) 

Re 𝐆𝐫𝐋𝐜
 𝐑𝐚𝐋𝐜

 𝐆𝐫𝐋𝐜
 Re-2 

 

2.28 0.003074 450855.241 38176164747.4 27570902533 0.1878097  

Critical Grashof number 
Natural convection for upper 

surface 

Natural convection for 

bottom surface 

Grcr1 Grcr2 Grcr3 Nu h 

W/m °C 

Nu h 

W/m °C 

140307283 350252114178.71 16365596680 374.367282 4.518333961 140.7134783 1.69830677 
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Forced convection for upper 

and bottom surfaces 

Mixed Nu for 

upper 

surface 

Mixed h for 

upper surface 

(W/m °C) 

Mixed Nu for 

bottom surface 

Mixed h for 

bottom 

surface 

(W/m °C) 

 
Nu h 

(W/m °C) 

400.011861 4.82784491 488.362702 5.894173688 405.733792 4.89690435  

Validation (mesh) 

As presented in Table 4, the mesh validation study 

confirmed that the maximum temperature of the solar cells 

remains almost unchanged as the mesh is refined from 

613002 elements (Order 1) to 902690 elements (Order 5), 

based on the results obtained for PV panel 1. The maximum 

variation observed across all mesh levels was only ±0.03%, 

indicating that the results are essentially mesh-independent. 

Since further refinement does not yield significant 

improvements in accuracy but increases computational 

demand, the first-order mesh with 613002 elements was 

selected for the subsequent analyses to achieve an optimal 

balance between accuracy and efficiency. 

Table 4. Mesh independence analysis (Variations in 

maximum temperature of solar cells). 

Order 
Number of 

elements 

Simulation 

maximum 

temperature from 

solar cells 

°C 

Temperature 

changes from 

initial simulation 

value 

(Order 1) 

% 

1 613002 69.764  

2 697242 69.701 -0.09 

3 764306 69.774 0.014 

4 844693 69.782 0.026 

5 902690 69.785 0.03 

Results and Discussion 

Fig. 3 presents the steady-state glass surface temperature 

distributions of the five PV panels. For PV Panel 1, which 

employs only a PET backsheet, the maximum and 

minimum glass temperatures are 69.38 °C and 59.54 °C, 

respectively. Cooler regions occur along the glass areas in 

contact with the aluminum frame, while the highest values 

appear at the centers of the two cell sections; although the 

glass is continuous, the configuration of 144 cells arranged 

in two groups of 72 separated by an intercell gap results in 

two distinct hot regions. 

In PV Panel 2, an aluminum sheet is added on top of the 

PET backsheet to enhance heat dissipation. Although 

aluminum has a much higher thermal conductivity (227 W/ 

m°C) than PET (0.31 W/m°C), adding it as an extra layer 

slightly increases the total series thermal resistance, as the 

thin sheet still introduces a finite resistance. Its primary 

effect is to improve lateral heat spreading, which reduces 

local hot spots but warms cooler areas, thereby increasing 

the minimum temperature compared to Panel 1. The slightly 

higher emissivity of aluminum (0.84 vs. 0.82 for PET) also 

contributes modestly to additional radiative cooling. 

Consequently, the glass surface temperatures range from 

61.61 °C (minimum) to 68.46 °C (maximum), compared to 

59.54 °C and 69.38 °C for PV Panel 1. 

In PV Panel 3, the PET backsheet is completely removed, 

leaving only the aluminum layer as the backsheet. The 

maximum and minimum glass surface temperatures are 

68.30 °C and 61.57 °C, respectively, showing a range very 

similar to PV Panel 2. This indicates that removing the PET 

layer has almost no effect on the temperature distribution, 

as its thermal resistance is minor relative to the overall 

module. 

In PV Panel 4, angled aluminum fins are added to the 

aluminum backsheet to enhance convective cooling. This 

results in a further reduction of glass surface temperatures, 

with a maximum of 58.53 °C and a minimum of 54.66 °C. 

PV Panel 5 is similar to PV Panel 4 but has the PET layer 

removed, leaving only the aluminum backsheet with fins. 

The maximum and minimum glass temperatures for PV 

Panel 5 are 58.24 °C and 54.65 °C, respectively, showing 

that removing the PET layer has almost no effect on the 

temperature distribution. The temperature difference 

between the maximum and minimum for PV Panels 4 and 

5 is smaller than that of the previous panels, indicating that 

the addition of fins not only lowers temperatures but also 

narrows the temperature distribution. Unlike the marginal 

changes observed in Panel 2 and 3, the addition of fins 

significantly improves thermal uniformity and 

demonstrates the effectiveness of enhanced backsheet 

cooling. 

Fig. 4 shows the steady-state EVA 1 temperature 

distributions of the five PV panels, which closely follow the 

glass temperature patterns shown in Fig. 3. The EVA 1 

maximum and minimum temperatures for PV Panels 1–5 is 

69.78–59.39 °C, 68.85–62.50 °C, 68.68–62.58 °C, 58.80–

55.31 °C, and 58.50–55.32 °C, respectively. The addition of 

aluminum backsheets and angled fins progressively lowers 

the EVA 1 temperatures and narrows the temperature range, 

indicating improved thermal uniformity across the EVA 1 

layer. 
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Figure 3. Smooth contour plots of glass surface temperature at steady state for (a) PV Panel 1, (b) PV Panel 2, (c) PV 

Panel 3, (d) PV Panel 4, and (e) PV Panel 5. A uniform color scale (min–max shown on the colorbar) was applied 

across all panels to allow direct comparison. 

 

Figure 4. Contour representations of steady-state temperature over the EVA 1 layer for (a) PV Panel 1, (b) PV Panel 2, 

and (c) PV Panel 3, (d) PV Panel 4, and (e) PV Panel 5. A common temperature scale is applied to each map to ensure 

comparability. 
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Fig. 5 presents the steady-state temperature distribution 

contours on the solar cell layer for PV Panels 1–5. The cell-

level temperature distributions of PV Panel 1 and PV Panel 

5 is also shown in Fig. 6 in order to compare the differences 

in thermal behavior between the two configurations more 

clearly. In Fig. 5, the use of a common color scale made it 

difficult to clearly visualize PV Panel 5, as it exhibits both 

lower maximum and minimum temperatures and a smaller 

temperature gradient compared to PV Panel 1. The 

maximum and minimum temperatures on the solar cell layer 

are as follows: PV Panel 1 — 69.782 °C and 60.746 °C; PV 

Panel 2 — 68.848 °C and 62.93 °C; PV Panel 3 — 68.683 

°C and 62.939 °C; PV Panel 4 — 58.802 °C and 55.822 °C; 

PV Panel 5 — 58.503 °C and 55.811 °C. In all panels, the 

minimum temperatures are observed near the aluminum 

frame, while the highest temperatures occur at the centers 

of the two cell sections, each consisting of 72 cells (144 

cells in total). As explained for the glass temperature 

distribution in Fig. 3, a similar pattern is observed here. The 

temperature difference between PV Panels 2 and 3 is 

minimal, indicating that the effect of PET on cell 

temperature reduction can be considered negligible. PV 

Panels 4 and 5 exhibit significantly lower operating 

temperatures due to the presence of fins on the aluminum 

backsheet, which enhance heat dissipation. The nearly 

identical temperature distributions of Panels 4 and 5 further 

suggest that PET has little impact in these finned 

configurations also. 

 

Figure 5. Temperature distribution contours on the solar cell layer at steady state for (a) PV Panel 1, (b) PV Panel 2, and 

(c) PV Panel 3, (d) PV Panel 4, and (e) PV Panel 5. A common color scale is used to emphasize differences between 

panels. 

 

Figure 6. Direct comparison of cell-level temperature distributions: (A) PV Panel 1 and (B) PV Panel 5. The side-by-

side representation clearly illustrates the temperature gradient in each panel and allows evaluation of the impact of 

aluminum backsheet and fin integration on thermal behavior. 
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For PV Panel 1, the EVA-2 layer reaches a maximum of 

69.781 °C and a minimum of 46.122 °C, while the PET 

layer shows a maximum of 69.412 °C and a minimum of 

46.224 °C (see Fig. 7 and Fig.8). By contrast, in PV Panel 

2 the EVA-2-layer records 68.847 °C (maximum) and 

62.625 °C (minimum), and the PET layer 68.462 °C 

(maximum) and 62.658 °C (minimum). These results 

indicate that PV Panel 1 experiences a much larger 

temperature gradient across the layers, whereas PV Panel 2 

maintains a narrower range. The higher minimum 

temperature observed in PV Panel 2 can be explained by the 

presence of the aluminum backsheet, which enhances 

lateral heat conduction as we mentioned in previous 

paragraphs. This not only lowers the peak temperature but 

also prevents excessive cooling near the panel edges, 

thereby promoting a more uniform temperature distribution 

and reducing localized thermal stresses (see Fig. 7 and 8). 

 

 

Figure 7. Contour plots showing steady-state temperature on the EVA 2 layer for (a) PV Panel 1, (b) PV Panel 2, and 

(c) PV Panel 3, (d) PV Panel 4, and (e) PV Panel 5. The same color scale is applied across all panels to facilitate direct 

comparison. 

 

Figure 8. Steady-state temperature contour maps of the PET layer for (a) PV Panel 1, (b) PV Panel 2, and (c) PV Panel 

4. A uniform color scale is used across all panels to enable direct comparison. 
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Fig. 9 presents the temperature distribution of the aluminum 

frame for PV Panels 1–5. For PV Panel 1, the maximum and 

minimum frame temperatures are 60.583 °C and 59.688 °C, 

respectively. PV Panel 2 records 64.267 °C (maximum) and 

62.594 °C (minimum), while PV Panel 3 shows similar 

values of 64.367 °C and 62.67 °C. In contrast, PV Panels 4 

and 5 exhibit noticeably lower frame temperatures, with PV 

Panel 4 ranging between 57.483 °C and 55.665 °C, and PV 

Panel 5 between 57.562 °C and 55.73 °C. These results 

indicate that Panels 2 and 3 operate with slightly higher 

aluminum frame temperatures due to reduced thermal 

gradients associated with the aluminum backsheet, while 

the incorporation of fins in Panels 4 and 5 enhances cooling 

efficiency, leading to the lowest frame temperatures among 

all configurations. 

Fig. 10 illustrates the temperature distribution of the 

aluminum backsheet (with or without fins) for PV Panels 

2–5. PV Panels 2 and 3 exhibit the highest temperatures, 

with maximum and minimum values of 68.136 °C and 

62.671 °C, and 68.293 °C and 62.746 °C, respectively, 

showing a moderate temperature gradient across the sheet. 

In contrast, Panels 4 and 5 display lower temperatures, 

ranging from 57.878 °C to 55.184 °C for Panel 4 and 58.003 

°C to 55.297 °C for Panel 5, with a smaller temperature 

gradient due to the fins enhancing lateral heat transfer. The 

comparison indicates that the fins in Panels 4 and 5 

effectively reduce both the maximum temperature and the 

temperature gradient, improving thermal uniformity, 

whereas Panels 2 and 3 maintain higher temperatures and a 

more pronounced gradient in the aluminum backsheet. 

For PV Panels 4 and 5, the maximum temperatures across 

the layers—from glass to EVA to cells and backsheet—are 

relatively close to each other. Similarly, the minimum 

temperatures also exhibit comparable values throughout the 

layers. This behavior is due to the efficient thermal contact 

between the layers and their material properties. Each layer 

is in direct contact with adjacent layers, which promotes 

effective heat transfer. Furthermore, the thinness of the 

layers limits significant vertical temperature gradients, and 

under steady-state conditions, the heat absorbed by the solar 

cells is efficiently conducted to and dissipated through the 

surrounding layers of the panels. The presence of fins on the 

aluminum backsheet in these panels further enhances heat 

dissipation, helping to maintain a uniform temperature 

distribution across all layers. 

 

 

Figure 9. Steady-state temperature distribution on the aluminum frame for (a) PV Panel 1, (b) PV Panel 2, and (c) PV 

Panel 3, (d) PV Panel 4, and (e) PV Panel 5. The same color scale is applied across all panels to allow direct 

comparison of surface temperatures. 
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Figure 10. Steady-state temperature contour maps of the aluminum backsheet for PV Panel 2, PV Panel 3, PV panel 4 

and PV Panel 5. The same color scale is used for both panels to allow direct comparison. 

Impact of Thermal Management on Electrical 

Performance 

As illustrated in the temperature distribution contours in 

Figure 5, the vast majority of the solar cells in each design 

operate at temperatures very close to the maximum values 

(Tmax}). The lower temperatures are primarily confined to 

narrow regions near the aluminum frames, which represent 

a relatively small portion of the total panel surface. 

Therefore, utilizing Tmax for the efficiency calculations 

ensures that the performance estimation is both 

representative of the overall active cell area and remains on 

the conservative side. 

Table 5. Predicted electrical efficiency and performance 

improvement for different designs. 

Configuration Tc (Tmax, 

°C)  

Electrical 

Efficiency 

(𝜼 (%)) 

Relative 

Efficiency 

Gain (%) 

PV Panel 1 69.78 17.94 - 

PV Panel 2 68.85 18.01 0.39 

PV Panel 3 68.68 18.02 0.45 

PV Panel 4 58.80 18.76 4.57 

PV Panel 5 58.50 18.78 4.68 

As demonstrated in the detailed calculation for the reference 

module (PV Panel 1), the operating temperature of 69.782 

°C leads to a significant reduction from the rated efficiency 

of 21.28% down to 17.94%. While the panel is expected to 

perform at its rated efficiency of 21.28% under standard test 

conditions (STC), the increased operating temperatures 

under the specific environmental conditions of Bitlis result 

in an actual efficiency of 17.94%. This 15.67% drop in 

performance highlights the critical thermal challenge that 

the subsequent designs (PV Panels 2–5) aim to mitigate. 

As shown in Table 5, while the standard module (PV Panel 

1) operates at an efficiency of 17.94% due to high thermal 

losses, the integration of angled fins in PV Panel 5 increases 

this value to 18.78%. This represents a 4.68% relative 

improvement in electrical performance. These findings 

confirm that the significant reduction in peak cell 

temperature directly translates into a higher energy yield, 

justifying the implementation of the finned backsheet 

design for enhanced PV performance. 

Comparison of Design Weights 

The calculated total masses of the photovoltaic panels were 

26.54 kg for PV Panel 1, 33.519 kg for PV Panel 2, 32.466 

kg for PV Panel 3, 40.849 kg for PV Panel 4, and 39.797 kg 

for PV Panel 5. According to steady-state thermal analysis 

in ANSYS, the integration of aluminum backsheet and 

angled fin structures contributed to a noticeable reduction 

in panel temperature; however, this improvement was 

accompanied by a significant increase in mass. Since mass 

is also a critical parameter for photovoltaic modules—

affecting installation, mechanical stability, and system 

design—the temperature benefits must be evaluated 

together with the added weight. 

Conclusion  

The analysis, based on steady-state thermal analysis in 

ANSYS, demonstrated that the standard PET-based panel 

exhibited the highest PV cell temperatures, with maximum 

and minimum values of 69.782 °C and 60.746 °C, 

respectively. Adding an aluminum layer as a backsheet to a 

PET panel provided modest improvement (maximum 

68.848 °C, minimum 62.93 °C) by enhancing lateral heat 

transfer and slightly raising the minimum PV cell 

temperatures. A panel with only an aluminum backsheet 

achieved reductions similar to the PET + aluminum 

configuration, confirming that PET alone has minimal 

influence on thermal performance. The most significant 
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reductions were observed in finned designs, which 

minimized both maximum and minimum PV cell 

temperatures and produced the most uniform thermal 

distribution. The panel with a PET + aluminum backsheet 

with angled fins exhibited a maximum of 58.802 °C and a 

minimum of 55.822 °C, while the panel with only an 

aluminum backsheet with angled fins exhibited a maximum 

of 58.503 °C and a minimum of 55.811 °C. These thermal 

reductions directly translated to an electrical performance 

boost, where the integration of angled fins raised the panel 

efficiency from 17.94% to 18.78%, marking a 4.68% 

relative improvement over the reference module. The 

finned panel without PET performs nearly the same as the 

one with PET, further verifying the limited effect of PET 

when angled fins are present. Overall, integrating angled 

fins with an aluminum backsheet is one of the most 

effective approach to reduce localized heating, minimize 

temperature gradients, and improve the thermal reliability 

of PV panels. Nevertheless, these thermal improvements 

come at the cost of increased panel mass, rising from 26.54 

kg in the standard PET panel to 39.797 kg in the finned 

aluminum design, emphasizing the need to balance thermal 

benefits against installation, mechanical stability, and 

system design considerations.  
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    Q  S o u r c e ​   =     Q  C o n v e c t i o n ​ +   Q  R a d i a t i o n


    Q  C o n v e c t i o n = h A (   T  P −   T  E )


    Q  R a d i a t i o n   =   𝜀 𝜎 A (   T  P 4 −   T  E 4 )


    m 2


  W /   m 2   K 4  


    Q  c o n d u c t i o n = − k A   d T  d x


  N u =   h   L  c  k = C R   a  L  n


  G   r  L =   g 𝛽 (   T  P −   T  E )   L  c 3    v 2


  R   a  L = G   r  L P r =   g 𝛽 (   T  P −   T  E )   L  c 3    v 2 P r


  N   u   ( 𝜓 ) =   C   ( 𝜓 )    (   𝛱  N   )  n


    𝛱  N = R a / ( 1 + 0 . 492 / P r )


  G   r  c r 1 =  1  P r  10  ( 5 c o s 𝜓 + 4 . 9 )     0 ° < 𝜓   ≤ 90 °


    C  ( 𝜓 ) = 0 . 057 + 0 . 098    ( s i n 𝜓 )  1 / 3    


  0 ° < 𝜓   ≤   90 °       G r >   G   r  c r 1   f o r   𝜓   ≥   21 . 42 °


  G   r  c r 2 =   1 . 7    10 11  P r     e  ( 𝜓 l n 2 ) / 90     0 ° ≤     𝜓   ≤   90 °


    G r  ( c r 3 ) =    10  9 . 9  P r     e  ( 𝜓 l n 2 ) / 90     ⁡  0 ° ≤     𝜓   ≤   90 °    


  G   r  c r 2 > G r > G   r  c r 3  


    C  ( 𝜓 ) = 0 . 046 + 0 . 011    ( c o s 𝜓 )  1 / 3      
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    N u  M i x e d =    ( N   u  f o r c e d 3 + N   u  n a t u r a l 3 )  1 / 3  
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