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 Photovoltaic panels generate electricity from solar energy based on the 
photovoltaic effect. The conversion efficiency of photovoltaic panels 
depends on many factors such as solar radiation, wind speed, dust, 
orientation, tilt angle, and operating temperature. When the operating 
temperature increases by 1 C, the conversion efficiency of photovoltaic 
panels decreases by 0.4% - 0.5%. Heat sink is a device used to cool 
electrical and electronic equipment, including photovoltaic panels. This 
paper presents calculating the cooling capability of hybrid heat sink made 
from two materials in steady state using heat transfer theory. Heat sink base 
is constructed from aluminum and copper layers, with copper layer thickness 
is 1 and 2 mm. Under different conditions of radiation intensity, wind speed, 
and tilt angle of photovoltaic panel, results show that heat sink added copper 
layers of 1 and 2 mm, the operating temperature decreases by about 0.6 K 
and 1.2 K compared to the aluminum base. Accordingly, the conversion 
efficiency of photovoltaic panel increased by 0.1% and 0.2%. 
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1. INTRODUCTION 

Through the photovoltaic effect, photovoltaic (PV) panels convert sunlight into electricity. The 
conversion efficiency is the ratio between the output energy (electrical energy) and the input energy (incident 
light energy) of PV panels. This efficiency is affected by solar radiation, wind speed, dust, direction, tilt angle, 
and operating temperature. For every 1°C increase in operating temperature of PV panels, the conversion 
efficiency decreases by 0.4% - 0.5% [1]. The amount of solar radiation converted into electricity accounts for 
about 6% - 20% of the total solar radiation received by PV panels [2]. The rest of the solar energy absorbed by 
PV panels is converted into heat, this heat increases operating temperature of PV panels [3], [4]. 

Cooling for PV is a solution to enhance energy efficiency and thermal management. Active and 
passive cooling are two techniques that reduce the temperature of PV panels. The advantages and 
disadvantages of these solutions are compiled from [5]–[9] and shown in Table 1. Passive cooling of PV 
panels is less costly, no additional energy expenditure, no operating maintenance costs or less, so passive 
cooling is preferred over active cooling [10]. 

Heat sinks made from aluminum with flat plate fins are used for passive cooling of PV panels  
[11]–[21]. Hernandez-Perez et al. [19] used plate aluminum fins with inclination for cooling of PV panels. 
Hernandez-Perez et al. [11] added discontinuous plate aluminum fins to the back of PV panel to reduce 
operating temperature. Heat sink with perforated aluminum fins was used to cool the PV panel, and evaluated 
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the cooling ability [22]–[25]. Circular aluminum is the fin shape of the heat sink used for passive cooling of 
monocrystalline solar panels [26], [27]. Sundarrajan et al. [28] used copper indium gallium selenide PV panel 
model in Solidworks to simulate the cooling capacity of circular aluminum fins. 

In addition, heat sinks made from copper have also been studied to evaluate the effectiveness of 
cooling photovoltaic panels [29]–[33]. Hudișteanu et al. [34] used copper heat sink with perforated and non-

perforated fins for passive cooling of photovoltaic panels. According to the experimental results, the heat sink 
reduced the panel’s operating temperature by 15 °C, and improved the conversion efficiency from 5.28% to 
5.92%. Van Binh et al. [35] were compiled and evaluated the results of passive cooling solutions for PV 
panels using heat sinks, heat sink added to the back of PV panels can reduce the operating temperature by 

7 °C - 8 °C (aluminum heat sink) and about 15 °C (copper heat sink). 
 

 

Table 1. Advantages and disadvantages of cooling techniques 
 Active cooling Passive cooling 

Advantages Efficient heat transfer, precise temperature 
control, high cooling capacity 

Good effectiveness, energy and cost saving, reliability, lifespan, 
quiet, environmentally friendly, easy to integrate into the system. 

Disadvantages Using external energy, complex system, 
environmental impact, noise, large installation 
space, maintenance required, operating costs 

Slow heat dissipation, limited cooling capacity, difficult to 
temperature control. 

Impact Enhanced performance, suitable for high heat 
load, applicable in important field. 

Energy efficiency, cost savings, low maintenance cost, 
environmentally friendly, natural convection, sustainable design. 

 

 

Currently, heat sinks are often made from aluminum and copper. Aluminum heat sink is lightweight, 
cheap, but average thermal conductivity; copper heat sink has higher thermal conductivity, but heavy and 
expensive. Hybrid material heat sink is made from copper and aluminum; it combines the advantages of two 
materials to help improve heat dissipation efficiency. Nowadays, hybrid material heat sink is commonly used 
to cool electronic devices. For passive cooling of PV panels, most studies have focused on single material 
heat sink. In this study, we calculate the ability to cool PV panel using hybrid material heat sink, with 
aluminum fins and heat sink base is made from aluminum and copper based on heat transfer theory. The 
following part of the study is organized as follows: Part 2 presents calculation method; Part 3 presents 
parameters and data used for calculation; Results and discussion are presented Part 4. The last part is the 
conclusion. 

 

 

2. CALCULATION METHOD 

The PV panel adds hybrid material heat sink for passive cooling. Structural and heat transfer model 
shown in Figure 1. This study uses the following assumptions: i) solar radiation is stable and similar across 
the entire PV panel surface, ii) the surface temperature is the same in all locations, and iii) the heat flow in 
the system is considered steady, only allowed in one direction. 

 

 

 
 

Figure 1. PV panel using hybrid material heat sink for cooling 
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2.1.  Calculating the operating temperature 

A part of the energy of sunlight absorbed by the PV panel will be converted into heat. This heat will 
be transferred to the surrounding environment through surfaces. Applying Kirchhoff's law to the thermal 
resistance diagram shown in Figure 2, the total heat flow transferred to the front (Q1) and back (Q2) surface 
of the PV panel is equal the heat flow received by the PV panel (𝑄௦௢௟௔௥), and expressed as (1): 
 𝑄1  +  𝑄2 = 𝑄௦௢௟௔௥ = ௦௢௟௔௥ܩ . .ܣ (1 − .(ߟ  ௉௏ߙ  (1) 

 

where A: Area of PV panel, m2; ܩ௦௢௟௔௥ : Solar radiation, W/m2; ߙ௉௏: Adsorption coefficient of PV panel;  
η: PV conversion efficiency, is determined by (2). 
ߟ  = − ௌ்஼.[1ߟ .ߚ  ( ௉ܶ௏  −  ௌ்ܶ஼)]  (2) 

 

where ߟௌ்஼.: PV conversion efficiency at STC; β: Temperature coefficient of PV panel at STC, %/K;  ௉ܶ௏ : Operating temperature of PV panel, K; ௌ்ܶ஼ : STC temperature, ௌ்ܶ஼=298 K. 
 𝑄1 = ்ುೇ−்ೌ∑ோ೑ ;𝑄2 = ்ುೇ−்ೌ∑ோ್    (3) 

 

where ∑ ௙ܴ: Total thermal resistance on the front side, K/W; ∑ܴ௕: Total thermal resistance on the back side, 
K/W; ௔ܶ: Ambient temperature, K. From (1), (2), and (3), we obtain: 

௦௢௟௔௥ܩ  . .ܣ [1 − ௌ்஼ߟ . (1 − .ߚ ( ௉ܶ௏ − ௌ்ܶ஼))]. ௉௏ߙ − ( ௉ܶ௏ − ௔ܶ). ∑ோ೑+∑ோ್∑ோ೑.∑ ோ್ = 0   (4) 

 

where TPV is the solution of (4), to determine TPV we need to calculate ∑ ௙ܴ and ∑ܴ௕. ∑ ௙ܴ and ∑ܴ௕ 
depends on TPV. 
 

 

 
 

Figure 2. Diagram of thermal resistance 

 

 

2.2.  Determine the total thermal resistance on the front side ∑ ௙ܴ is determined by (5): 
 ∑ ௙ܴ = ோ೎೚೙,೑.ோೝೌ೏,೑ோ೎೚೙,೑+ோೝೌ೏,೑ (5) 

 

where ܴ௖௢௡,௙: Thermal resistance convection on the front surface, K/W; ܴ௥௔ௗ,௙: Thermal resistance radiation 
on the front surface, K/W. ܴ௥௔ௗ,௙ is determined by (6) [36]: 

 ܴ௥௔ௗ,௙ = 1ℎೝೌ೏,೑.஺ = ௉௏ߝ . .ߪ ( ௉ܶ௏2 + ௔ܶ). ( ௉ܶ௏ + ௔ܶ)  (6) 

 

where ℎ௥௔ௗ,௙: Radiation heat transfer coefficient on the front surface, W/m2.K; ߝ௉௏: Emissivity coefficient of 
the front surface of PV panel; σ: Stefan-Boltzmann constant, σ=5.67×10−8 W/m2.K4. 
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 ܴ௖௢௡,௙ = 1ℎ೎೚೙,೑.஺ = 1√ℎ೎೚೙,೑,೑3 +ℎ೎೚೙,೑,೙33 .஺  (7) 

 

where ℎ௖௢௡,௙: Convection heat transfer coefficient on the front surface, W/m2.K; ℎ௖௢௡,௙,௙, ℎ௖௢௡,௙,௡: Heat 
transfer coefficient of forced and natural convection on the front surface, K/W. ℎ௖௢௡,௙,௙ is determined according to (8) [38]: 
  ℎ௖௢௡,௙,௙ = 0.2−ܮ5.74ܸ0.8(ݓ݋݈݂ ݐ݈݊݁ݑܾݎݑݐ ݕ݈݈ݑ݂)0.2−ܮ5.74ܸ0.8} − (ݓ݋݈݂ ݎ݈ܽ݊݅݉ܽ)0.5−ܮ3.83ܸ0.5(ݏݓ݋݈݂ ݀݁ݔ݅݉)1−ܮ16.46   (8) 

 

where V: Wind speed, m/s; L: PV panel length, m. ℎ௖௢௡,௙,௡ is determined according to (9) [36]: 
 ℎ௖௢௡,௙,௡ = ே௨೑,೙.௞ೌ೔ೝ௅   (9) 
 

where ݇௔௜௥: Air thermal conductivity (W/m.K); ܰݑ௙,௡: Nusselt number of the font surface, and it is determined 
by (10) [39]: 
௙,௡ݑܰ  = {0.13 13(Prݎܩ)] − [13(௖Prݎܩ) + ߠif     14(ߠ௖Pr.sinݎܩ)0.56 > 30௢0.13ܴܽ13                                                              ifߠ ≤ 30௢    (10) 

 

where ݎܩ: Grashof number; Pr: Prandtl number; ݎܩ௖: Critical Grashof number is determined by (11): 
௖ݎܩ  = 1.327 × 1010exp [−3.708(గ2 −  (11)  [(ߠ
 

where Ra: Rayleigh number, it is determined by (12) for both the front and back surfaces of the PV panel. 
 ܴܽ = ௚(்ೌ ೡ೒−்ೌ )௅3(0.25்ೌ ೡ೒+0.75்ೌ )ఔఈ   (12) 

 

where ௔ܶ௩௚: Average temperature of PV panel and environment, K; g: Gravity acceleration, g=9.81 m2/s;  
ν: Air kinematic viscosity, m2/s; α: Air thermal diffusivity, m2/s. 
 

2.3.  Determine the total thermal resistance on the back side 

  ∑ܴ௕ = ்ܴூெ + ܴ஼௨ + ܴ௕ℎ௦ + ோ್ೌೞ೐.ோ೑೔೙ೞோ್ೌೞ೐+ோ೑೔೙ೞ   (13) 

 

where ்ܴூெ: Thermal resistance of thermal interface material (TIM), K/W; ܴ஼௨: Thermal resistance of copper 
layer, K/W; ܴ௕ℎ௦: Thermal resistance of heat sink base, K/W; ܴ௕௔௦௘: Convection and radiation thermal 
resistance of the base of fin, K/W; ௙ܴ௜௡௦: Convection and radiation thermal resistance of fins, K/W; 
 ்ܴூெ = ఋ೅಺ಾ௞೅಺ಾ.஺೅಺ಾ; ܴ஼௨ = ఋ಴ೠ௞಴ೠ.஺಴ೠ;   ܴ௕ℎ௦ = ఋ್ℎೞ௞್ℎೞ.஺್ℎೞ       (14) 
 

where ்ߜூெ, ߜ஼௨, ߜ௕ℎ௦: Thickness of TIM, copper layer, heat sink base, m; ்݇ூெ, ݇஼௨ , ݇௕ℎ௦: Thermal 
conductivity of TIM, copper, heat sink base, W/m.K; ்ܣூெ, ܣ஼௨, ܣ௕ℎ௦: Area of TIM, copper layer, heat sink 
base, m2. 
 ܴ௕௔௦௘ = ோೝೌ೏,್ೌೞ೐.ோ೎೚೙,್ೌೞ೐ோೝೌ೏,್ೌೞ೐+ோ೎೚೙,್ೌೞ೐     (15) 
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where ܴ௥௔ௗ,௕௔௦௘: Thermal resistance radiation of the base of fin, K/W; ܴ௖௢௡,௕௔௦௘: Thermal resistance 
convection (forced and natural) of the base of fin, K/W. 
 ܴ௥௔ௗ,௕௔௦௘ = 1

ℎೝೌ೏,್ೌೞ೐.஺್ೌೞ೐           (16) 

 

where hrad,base: Radiation heat transfer coefficient of the base of fin, W/m2.K; Abase: Area of the base of fin, m2. 
௕௔௦௘ܣ   = ( ℎܹ௦ ܮ)  −  (ܰܮߜ௙௜௡)  (17) 
 

where ℎܹ௦: Width of heat sink, m; N: Number of fins; ߜ௙௜௡: Fin thickness, m. 
ℎ௥௔ௗ,௕௔௦௘  is determined by (18) [17], [37]: 

  
ℎ௥௔ௗ,௕௔௦௘ = )ߪ௕௔௦௘ߝ ௕ܶ௔௦௘2 + ௔ܶ2)( ௕ܶ௔௦௘ + ௔ܶ)(1 − (௕௔௦௘−௙௜௡ܨ2 ≈ ߪ௕௔௦௘ߝ4 ௔ܶ3(1 −  ௕௔௦௘−௙௜௡)  (18)ܨ2

 

where ߝ௕௔௦௘: Emissivity of the base material; ܨ௕௔௦௘−௙௜௡: View factor of the base and fin of heat sink, and it is 
determined according to (19): 
  

௕௔௦௘−௙௜௡ܨ = 1గௐ{  
  ܹ 1−݊ܽݐ 1ௐ ܪ+ 1−݊ܽݐ 1ு − 2ܪ) +ܹ2)12 1−݊ܽݐ 1(ு2+ௐ2)12+ 14 ݈݊ [(1+ௐ2)(1+ு2)1+ௐ2+ு2 . ( ௐ2(1+ௐ2+ு2)(1+ௐ2)(ௐ2+ு2))ௐ2 . ( ு2(1+ௐ2+ு2)(1+ு2)(ௐ2+ு2))ு2]}  

  
  (19) 

 

where ܹ = ௔೑೔೙௅ ; ܪ = ு೑೔೙௅  with ௙ܽ௜௡: Fin spacing, m; ܪ௙௜௡: Fin height, m. 
 ܴ௖௢௡,௕௔௦௘ = 1

ℎ೎೚೙,್.஺್ೌೞ೐     (20) 

 

where ℎ௖௢௡,௕: Convection heat transfer coefficient of heat sink, W/m2.K.  
Convection heat transfer coefficient is combined natural and forced convection, is determined 

according to (21) [37]: 
 

ℎ௖௢௡,௕ = √ℎ௖௢௡,௕,௡3 + ℎ௖௢௡,௕,௙33
           (21) 

 

where, ℎ௖௢௡,௕,௙: Forced convection heat transfer coefficient of heat sink, is determined by (10). ℎ௖௢௡,௕,௡: Natural 
convection heat transfer coefficient of heat sink, is determined according to (22) [17]: 
  

ℎ௖௢௡,௕,௡ = 0.02772×ே௨್,೙௅          (22) 
 :௕,௡ of the back surface of PV panel, is determined as (23) [39]ݑܰ 
௕,௡ݑܰ  = {0.58(ܴܽ.sinߠ)14ifߠ > 2௢0.58ܴܽ15ifߠ ≤ 2௢  (23) 

  ௙ܴ௜௡௦ = ோೝೌ೏,೑೔೙ೞ.ோ೎೚೙,೑೔೙ೞோೝೌ೏,೑೔೙ೞ+ோ೎೚೙,೑೔೙ೞ  (24) 

 

where ܴ௥௔ௗ,௙௜௡௦: Thermal resistance radiation of fin, K/W; ܴ௖௢௡,௙௜௡௦: Thermal resistance convection (forced 
and natural) of fin, K/W. 
 ܴ௥௔ௗ,௙௜௡௦ = 1

ℎೝೌ೏,೑೔೙ೞ.ே.஺೑೔೙ (25) 

 

where ℎ௥௔ௗ,௙௜௡௦: Radiation heat transfer coefficient of fin, W/m2.K; ܣ௙௜௡: Area of a fin, m2. 
௙௜௡ܣ  = ܮ2 × ௙௜௡ܪ) + ఋ೑೔೙2 )    (26) 
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ℎ௥௔ௗ,௙௜௡  is determined according to the (27) [17], [37]: 
 

ℎ௥௔ௗ,௙௜௡ = )ߪ௙௜௡ߝ ௙ܶ௜௡2 + ௔ܶ2)( ௙ܶ௜௡ + ௔ܶ)(1 − ௙௜௡−௙௜௡ܨ − (௙௜௡−௕௔௦௘ܨ ≈ ߪ௙௜௡ߝ4 ௔ܶ3(1 − ௙௜௡−௙௜௡ܨ −  ௙௜௡−௕௔௦௘) (27)ܨ
 

where ߝ௙௜௡: Emissivity of the fin material; ܨ௙௜௡−௕௔௦௘: View factor of the fin and base of heat sink, is determined 
by (28):  

௙௜௡−௕௔௦௘ܨ = 1గW'{  
  W' 1−݊ܽݐ 1W' + H' 1−݊ܽݐ 1H'− 2′ܪ) +W'2)12 1−݊ܽݐ 1(ு′2+W'2)12+ 14 ݈݊ [(1+ௐ′2)(1+ு′2)1+W'2+ு′2 . ( W'2(1+W'2+ு′2)(1+ௐ′2)(W'2+ு′2))W'2 . ( ு ′2(1+ௐ′2+ு ′2)(1+ு′2)(W'2+ு′2))ு ′2]}  

  
   (28) 

 

where W'= ு೑೔೙௅ ; ='ܪ ௔೑೔೙௅  :௙௜௡−௙௜௡: View factor of the fin and fin of heat sink, is determined by (29)ܨ  
  

௙௜௡−௙௜௡ܨ = 2గ௑௒{  
  ݈݊ [(1+௑2)(1+௒2)1+௑2+௒2 ]12+X(1 + ܻ2)12 1−݊ܽݐ ௑(1+௒2)12+ܻ(1 + ܺ2)12 1−݊ܽݐ ௒(1+௑2)12 − ܺ 1−݊ܽݐ ܺ − ܻ 1−݊ܽݐ ܻ}  

  
 (29) 

 

where ܺ = ௅௔೑೔೙ ; ′ܪ = ு೑೔೙௔೑೔೙ 

 ܴ௖௢௡,௙௜௡ = 1
ℎ೎೚೙,್.ே.ఎ೑೔೙஺೑೔೙     (30) 

 

where ߟ௙௜௡: Fin effeiciency, and it is determined according to (31) [37]: 
௙௜௡ߟ  = ௧௔௡ℎ௠(௅+ഃ೑೔೙2 )௠(௅+ഃ೑೔೙2 )   (31) 

 

with m is constant, ݉ = √ 2ℎ೎೚೙,್௞೑೔೙ఋ೑೔೙ 

PV panel does not add heat sink, the total thermal resistance on the back side is determined as (32): 
 ∑ܴ௕ = ோ೎೚೙,್.ோೝೌ೏,್ோ೎೚೙,್+ோೝೌ೏,್   (32) 

 

where ܴ௖௢௡,௕: Thermal resistance convection of back side, K/W; ܴ௥௔ௗ,௕: Thermal resistance radiation of back 
side, K/W. 

Thermal resistance radiation of back side is determined as (6). Thermal resistance convection of 
back side is determined by (33) [36], [37]: 

 ܴ௖௢௡,௕ = 1√ℎ೎೚೙,್,೑3 +ℎ೎೚೙,್,೙33 .஺    (33) 

 

where ℎ௖௢௡,௕,௙, ℎ௖௢௡,௕,௡: Forced and natural convection heat transfer coefficient of back surface of PV panel 
and surrounding environment, K/W. ℎ௖௢௡,௕,௙ is determined as (8), ℎ௖௢௡,௕,௡  is determined as (22). 
 

 

3. PARAMETERS AND CALCULATION DATA 

Table 2 shows basic parameters of PV panel and heat sink. TIM is used to connect heat sink to PV 
panel, and it has thickness ்ߜூெ = 1 mm, thermal conductivity ்݇ூெ = 1.5 W/m.K. The environmental 
conditions used for calculation are the ambient temperature at certain times on 27 April 2024 in Hanoi  
(the hottest day of 2024 in Hanoi), as shown in Table 3. The calculations use data from the Vietnam 
Meteorological and Hydrological Administration, Ministry of Agriculture and Rural Development, Vietnam. 
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Table 2. Parameters of PV panel and heat sink 
No. Parameters Value No. Parameters Value 

I PV panel  II Heat sink  
I.1 Maximum power, Pmax 50 W II.1 Material (fin and base) Aluminum, Copper 
I.2 Cell type Monocrystalline II.2 Dimensions (LW) 710540 mm 
I.3 No. of cell 18 II.3 Fin height, Hfin 15 mm 
I.4 Dimensions (LWH) 71054030 mm II.4 Fin thickness, δfin 1.5 mm 
I.5 Efficiency, η 16.8% II.5 Fin spacing, afin 4.5 mm 
I.6 Temperature coefficients of Pmax, β -0.38%/K II.6 Base thickness (copper and aluminum layers) 3 mm 
I.7 Emissivity, εPV 0.91 II.7 Number of fins 90 
I.8 Adsorption, αPV 0.96 II.8 Aluminum thermal conductivity 205 W/m.K 

   II.9 Copper thermal conductivity 380 W/m.K 
   II.10 Emissivity of aluminum 0.05 

 

 

Table 3. Ambient temperature on 27 April 2024 in Hanoi (Unit: °C) 
No. Time Temperature 

1 07h00 28 

2 09h00 31 

3 11h00 35 
4 13h00 38 

5 15h00 40 

6 17h00 37 

 

 

4. RESULTS AND DISCUSSION 

We calculated the operating temperature of PV panel with the parameters and environmental 

conditions in section 3 with the following cases: 

Case 1: PV panel without cooling 

Case 2: PV panel is cooled by aluminum heat sink (thickness of aluminum base: 3 mm) 

Case 3: PV panel is cooled by heat sink, with base consisting of 2 layers (copper: 1 mm and aluminum: 2 mm). 

Case 4: PV panel is cooled by heat sink, with base consisting of 2 layers (copper: 2 mm and aluminum: 1 mm). 

 

4.1.  Operating temperature at solar radiation levels 

The operating temperature was calculated with wind speed of v=2 m/s, tilt angle θ=15°, and solar 

radiation of 600, 800, and 1000 W/m2. The results are shown in Figure 3. The operating temperature of PV 

panel cooled by heat sink is lower than PV panel without cooling. At solar radiation of 600 W/m2, the 

average operating temperature for Case 1 is 329.2 K; for Case 2 is 324.2 K, reduced by 5 K; for Case 3 is 

323.6 K, reduced by 5.6 K; and for Case 4 is 323.0 K, reduced by 6.2 K in Figure 3(a). At solar radiation of 

800 W/m2, the average operating temperature for Cases 2, 3, and 4 are 336.5, 329.7, 329.1, and 328.5 K, 

respectively, reduced by 6.8, 7.4, and 8 K compared to without cooling in Figure 3(b). At solar radiation of 

1000 W/m2, the average operating temperature for Cases 2, 3, and 4 are 335.2, 334.6, and 334.0 K, 

respectively, reduced by 8.7, 9.3, and 9.9 K compared to Case 1 in Figure 3(c). This result is quite similar to 

the simulation results in research [40]. 

Figure 4 shows the efficiency of PV panel at solar radiation levels with and without cooling.  

PV panel without cooling (Case 1), the efficiency is 14.8% (at 600 W/m2), 14.3% (at 800 W/m2), and  

13.9% (at 1000 W/m2). In Case 2, the efficiency is 15.1% (at 600 W/m2), 14.8% (at 800 W/m2), and 14.4% 

(at 1000 W/m2). In Case 3, the efficiency is 15.2% (at 600 W/m2), 14.9% (at 800 W/m2), and 14.5%  

(at 1000 W/m2). All levels of solar radiation, the efficiency for Case 4 is 0.1 higher than Case 3. 

 

4.2.  Operating temperature at different wind speeds 

The operating temperature was measured with solar radiation of 800 W/m2, tilt angle θ=15°, and 

wind speeds of 0, 1, 2, 3, 4, and 5 m/s. The result is presented in Figure 5. When wind speed increases, the 

heat transfer coefficient between PV panel, heat sink, and the environment also increases, resulting in better 

cooling for PV panel. At wind speed of 0 m/s, the operating temperature decreased by 22 K (Case 2), 22.6 K 

(Case 3), and 23.2 K (Case 4) compared to Case 1 in Figure 5(a). At wind speed of 1 m/s, the operating 

temperature decreased by 13.6 K (Case 2), 14.2 K (Case 3), and 14.8 K (Case 4) compared to Case 1 in 

Figure 5(b). At wind speed of 2 m/s, the operating temperature decreased by 6.8 K (Case 2), 7.4 K (Case 3), 

and 8 K (Case 4) compared to Case 1 in Figure 5(c). At wind speed of 3 m/s, the operating temperature 

reduced by 4.3 K (Case 2), 4.9 K (Case 3) and 5.5 K (Case 4) compared to Case 1 in Figure 5(d). At wind 

speed of 4 m/s, the operating temperature decreased by 3 K (Case 2), 3.6 K (Case 3) and 4.2 K (Case 4) 

compared to Case 1 in Figure 5(e). At wind speed of 5 m/s, the operating temperature decreased by 2.3 K 

(Case 2), 2.9 K (Case 3) and 3.5 K (Case 4) compared to Case 1 in Figure 5(f). Calculation results confirm 
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that as the wind speed increases, the operating temperature of the PV panel decreases. However, with high 

wind speed, the cooling efficiency of the heat sink is not much higher than without cooling. 

Figure 6 presents the efficiency of PV panel at different wind speeds with and without cooling by heat 

sink. At wind speeds of 0, 1, 2 m/s, the efficiency of PV panel with cooling (Cases 2, 3, 4) increases 

significantly compared to without cooling (Case 1). However, at wind speeds of 3, 4, 5 m/s, the efficiency of PV 

panel with and without cooling is not much different, because the operating temperature is not too different. 

 

4.3.  Operating temperature at different tilt angles 

We calculate the operating temperature with solar radiation of 800 W/m2, wind speed of 2 m/s, tilt 

angles of PV panel of 0°, 15°, 30° and 45°. The results are shown in Figures 7(a), 7(b), 7(c), and 7(d). The 

results show that the PV tilt angle has little effect on its operating temperature in both with and without 

cooling. At different tilt angles, the operating temperature decreases by about 6.8 K (Case 2), 7.4 K (Case 3), 

8.2 K (Case 4) compared to without cooling (Case 1). Figure 8 presents the PV efficiency at different tilt 

angles with and without cooling by heat sink. The results show that the PV conversion efficiency at different 

tilt angles has very small differences, which is similar to the operating temperature. 

 

 

 
 

(a) 

 

(b) 
 

 
(c) 

 

Figure 3. Operating temperature at solar radiation levels: (a) 600 W/m2, (b) 800 W/m2, and (c) 1000 W/m2 

 
 

 
 

Figure 4. PV efficiency at solar radiation levels 
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(a) (b) 

 

  
(c) (d) 

 

  
(f) (g) 

 

Figure 5. Operating temperature at different wind speeds: (a) 0 m/s, (b) 1 m/s, (c) 2 m/s, (d) 3 m/s, (e) 4 m/s, 

and (f) 5 m/s 

 

 

 
 

Figure 6. PV efficiency at different wind speeds 
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(a) (b) 
 

  

(c) (d) 

 

Figure 7. Operating temperature at different tilt angles: (a) θ=0°; (b) θ =15°; (c) θ=30°; and (d) θ=45° 

 

 

 
 

Figure 8. PV efficiency at different tilt angles 

 

 

5. CONCLUSION 

The heat sink is a device that helps cool and manage heat for PV panels. Heat sink is added to the 

back of the PV panel; it increases the ability of convective heat transfer to the environment due to increasing 

the surface area in contact with the surrounding environment. Heat sink with a base consisting of copper and 

aluminum layers cool better than aluminum heat sink because the thermal conductivity of copper is better than 

aluminum. Calculations show that, the PV panel is installed with heat sink, its base has additional copper layer 

with thickness of 1, 2 mm, the operating temperature of the PV panel is reduced by an average of 0.6 K and 

1.2 K compared to the aluminum base. Accordingly, the conversion efficiency of photovoltaic panel increased by 0.1% 
and 0.2%. In the next study, we will conduct experiments to evaluate the cooling and economic efficiency of 

the solution in real conditions, and to investigate optimization of heat sink parameters. 
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