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A B S T R A C T   

The non-uniformity of photovoltaic (PV) temperature can further deteriorate its power conversion 
efficiency and technical lifetime over long field exposures. This study proposed novel fins for a PV 
module temperature reduction and enhancing temperature uniformity. The proposed multi-level 
fin heat sinks (MLFHS) consist of a novel geometry of extruded aluminum material attached to the 
rear side of the PV module. The developed outdoor experimental setup consists of two identical 
120 Wp monocrystalline PV modules; one served as a reference module for comparison against 
the module with the proposed novel heat sink geometry. The temperature distributions across PV 
modules and the electrical parameters were then recorded and analysed. A substantial drop in the 
module temperature of 8.45 ◦C was observed at solar irradiance and ambient temperature of 941 
W/m2 and 36.17 ◦C, respectively. As a result, the heat sink improved the overall power output up 
to 9.56% under outdoor operating conditions. Furthermore, the prominent effect of temperature 
uniformity was perceived for solar irradiance greater than 600 W/m2 and improved by 14.8%. 
These findings are foundational for passive cooling methodologies to guide further research and 
development of an efficient PV cooling methodology.   

1. Introduction 

Renewable energy is regarded as the second most significant contributor to electricity generation after coal. Despite the lower 
percentage than conventional technologies in the energy mix, a very steep progression can be observed in the electricity generation 
from photovoltaic (PV) technology. The average annual growth rate for solar PV is the highest at 37% and is expected to increase over 
the years [1]. Recently, crystalline Silicon (Si) based technology accounts for the largest market share in the photovoltaic industry due 
to higher efficiency compared with other commercially available technologies [2–4]. The Si-based modules have an average efficiency 
from about 10% to 15%, depending on the specific geographical location. 

However, a main limitation with the present silicon-based module is the performance degradation caused by the strong dependency 
on solar irradiance and ambient temperature. The module temperature is determined by the equilibrium between electrical power 
generated and heat wasted in the PV module by the sun through conduction, convection, and radiation [5]. In principle, solar PV 
absorbs 80% of incident solar irradiance, but only 20% is transformed into electricity [6]. A significant portion of absorbed sunlight 
cannot be converted into electricity but wasted as heat, causing an unwanted increase in module temperature. The percentage of 
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temperature degradation ranges from 0.25%/⁰C to 0.5%/⁰C and is defined as the temperature coefficient [7]. The conversion efficiency 
limitations caused by an unwanted temperature increment have led to research into cooling alternatives. By applying an efficient 
cooling technique, the PV lifetime can be prolonged for more than 30 years. 

Numerous studies have been conducted on different PV cooling methodologies and can be divided into passive and active cooling. 
An active cooling method was found to perform better in terms of reducing the module temperatures. However, a detailed review 
[8–11] on cooling methodologies reported that passive cooling is more promising than active cooling. They require no auxiliary input 
power and are economically viable for a big-scale PV deployment. 

In PV passive cooling method, there are three practical approaches, including the use of phase change materials (PCMs), aluminum 
fin heat sinks, and radiative cooling. As shown in Fig. 1(a)–(c), respectively, researchers have investigated the use of PCM to cool the 
PV [12–14]. Although their findings are promising, the use of PCM is limited by its high cost, low thermal conductivity, phase 
segregation, and fire safety. On the other hand, recent studies on radiative cooling [15–17] were conducted but reported achievable 
under suitable atmospheric conditions. Such a method would require further research and development since it involves modifying 
commercially available silicon solar cells. Recent studies relevant to the present work were investigated in papers [18–21] -please see 
Fig. 1(d)–(e) respectively. Those methods were based on Newton’s Law of cooling by increasing the heat transfer area through 
aluminum material attached to the backside of PV modules. This method can be considered the most economical compared to the other 
passive cooling techniques, technically feasible under different climatic conditions, and easily implemented, as they operate without 
consuming energy. 

1.1. Research contribution 

Conventionally, it is assumed that PV modules operate at a single temperature, but this is not the case. Instead, the modules 
experience varying environmental conditions causing the temperature non-uniformity distribution. Failure to improve the non- 
uniformity leads to a higher dissipation of power and breakdown in localised regions [22]. The effect of temperature 
non-uniformity across PV modules can cause a current imbalance between series-connected cells, leading to a reverse-biased phe
nomenon [23] that will degrade the modules’ performance. Although various work has been conducted in the research of passively PV 
cooling using fins, none of the studies has emphasised the PV module’s temperature non-uniformity behaviour. In addition, most past 
studies were tested on non-commercialised PV modules with smaller collector areas as in Refs. [24,25], and the temperature uni
formity was not a concern. Therefore, a detailed study on the temperature uniformity of fin-cooled PV modules is not available in the 
literature. 

This paper aims to investigate passive cooling of PV modules using a novel fins heat sinks design called multi-level fin heat sinks 
(MLFHS). Also, unlike previous researchers, to bridge the gap between lab-scale work and industrial applications, the passive cooling 
approach in this work was conducted on a commercial PV module, i.e. not at the lab-scale size. Temperature uniformity across the 
passively cooled PV module is being investigated under outdoor operating conditions. 

To achieve the aims, the methodology of the research is categorised into three key stages. The first is to experimentally investigate 

Fig. 1. Recent passive cooling methodologies: (a)–(c) using PCM as in Refs. [12–14] respectively, and (d)–(e) using aluminum fins heat sin as in [18–21].  
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the influences of the proposed novel heat sinks on the temperature uniformity across the PV module. Here, the proposed novel multi- 
level fin heat sinks design (MLFHS) concept is detailed and justified. The second is to examine the temperature non-uniformity across 
the PV panel. The effect of heat sinks on the temperature uniformity across collector areas under outdoor operating conditions was 
performed. Finally, we have investigated the influences of heat sinks on electrical output performance. These findings are foundational 
for future improvements in cooling methodologies, especially for passive cooling approaches. 

2. Theoretical background 

2.1. Temperature uniformity and electrical performances 

The temperature uniformity on the surface of the PV module is an important parameter to be investigated to avoid the current 
mismatching problems. It is favourable to achieve a value of uniformity closer to 1. Hence, the temperature uniformity in this work is 
investigated and analysed using the following equation [27]: 

%Tuni =

[

1 −
Tmax − Tmin

Tavg

]

× 100% (1) 

The operating temperature of a PV module plays a vital role in the energy conversion process. 
Various methods have been proposed in the literature to determine the module operating temperature through simplified working 

equations [28–31]. However, the following equation is widely used to determine the module efficiency described as follows, which 
later will be discussed in section 4: 

η= ηSTC

[
1 − β

(
Tpv − TSTC

]
+ γLogG (2) 

ηSTC is the module efficiency at PV module temperature = TSTC (25 ◦C), G is the solar irradiance measured in W/m2, and Tpv is the PV 
module temperature. β and γ are the coefficients for the temperature and solar irradiance, respectively. The values for ηSTC, β, and γ are 
given in the module datasheet. In most cases, Eq. (2) is seen with γ = 0 and can be expressed as follows: 

η= ηSTC

[
1 − β

(
Tpv − TSTC

]
(3) 

In a comparative study concerning power output performance, the percentage difference was performed using the following 
equation: 

%Pout =
Pout fin − Pout ref

Pout ref
× 100 (4)  

3. Materials and methods 

3.1. Photovoltaic panels 

The photovoltaic panels used in the experiment consist of the following:  

i. Monocrystalline PV modules of 120 Wp with the specifications presented in Table 1.  
ii. The truncated Multi-Level Fin heat sink (MLFHS) design is proposed to reduce the stagnation zone within the heat sinks by inducing 

more air turbulence, thus better heat transfer. The heat sinks were fabricated from a commercially available Aluminum alloy 6063, 
as illustrated in Fig. 2. The fin design parameters are shown in Table 2. 

Fig. 2. The PV module (without fins) exhibits non-uniform temperature distributions.  
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iii The Aluminum fins were attached using epoxy resin with metal powder (Devcon R2-42). The epoxy assists in eliminate air gaps 
while improving thermal conductivity. 

3.2. The heat sink design 

Previous studies have investigated various fin geometries to reduce the module temperature. However, the influence on temper
ature distributions across the PV module was not being considered because the proposed fins were based on a single temperature 
measurement. However, that is not the case. Under outdoor operating conditions, the module experience varying ambient conditions 
hence exhibits non-uniform temperature distributions. Thus, maintaining the temperature uniformity across the PV module is equally 
important as reducing the operating temperature [22,32]. Therefore, the novelty of the proposed fins aims to improve the temperature 
non-uniformity by flattened the PV temperature curves in Fig. 3 The experimental setup consists of the truncated multi-level fins heat 
sink (MLFHS) installed at the backside of the PV module. The MLFHS configuration consisted of dual fins height (40 and 60 mm) to 
induce air flows under natural convection. Besides, the fins were truncated (L-shaped) to exhibit a better heat dissipation rate per unit 
mass compared with the conventional heat sink. (see Fig. 3). 

3.3. The experimental setup 

The experimental setup was developed to evaluate the PV module performances under the local climate conditions of Malaysia 
(2.1896◦ N, 102.2501◦ E). The setup consists of two identical monocrystalline PV modules with dimensions of 1190 × 540 × 35 mm, 
inclined at 18 ⁰ facing the south. One module was used as a reference, while the other with an attached MLFHS for cooling, as 
illustrated in Fig. 4. The monitoring and equipment measurements are based on the Malaysia Standard MS IEC 61724:2010: Photo
voltaic system performance Monitoring-Guidelines for measurement, data exchange, and analysis. (see Table 3). The current-voltage 
measurement and the weather monitoring station were used for the electrical and thermal analysis, and the experimental setup is 
presented in Fig. 4. 

3.4. PV module acceptance test and uncertainty analysis 

The acceptance test is conducted at the test site to ensure the PV modules perform within manufacturer specifications and verify 
their functionality. The minimum requirement to conduct the acceptance test is to ensure the solar irradiance levels should be at least 
350 W/m2. In addition, the percentage difference between expected and measured values for Voc and Isc should be within ± 5 ​ %. Both 
PV modules were tested, and the acceptance results are presented in Table 4. 

The uncertainty analysis for the test instrumentations was determined based on the following equation [26],: 

ΔU = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ΔU2
dc+

√

ΔU2
ms (5) 

The declared uncertainty (ΔUdc) for temperature, current, and voltage are based on the equipment datasheet provided by the 
manufacturer, while measurement uncertainty (ΔUms) depends on the measurements taken under actual operating conditions. 

4. Results and discussions 

4.1. The effect of fin heat sinks on the PV module temperature 

The measured solar irradiance and ambient temperature are presented in Fig. 5. Since Malaysia is located near the equator, the 
climate is categorised as equatorial, hot, humid, and cloudy throughout the year. The recorded temperatures were high and stable 
between 29 ◦C to 38 ◦C throughout the day, even when the solar irradiance dropped below 600 W/m2. It should be noted that cloudy 
conditions have occurred in the morning from 9:00 to 13:00, causing the ambient temperature to drop below 34 ◦C. The highest and 
lowest solar irradiance values of 941 W/m2 and 196 W/m2 were recorded at 12:55 and 17:00, respectively. 

Fig. 6 shows the temperature changes of the PV modules recorded from 9:00 to 17:00. The module temperatures with and without 
fin heat sinks were between 33.65 to 58.74 ◦C and 36.14 to 62.31 ◦C, respectively. This figure shows one peculiarity: fin heat sinks 
demonstrate a significant impact on module temperature reduction at high solar irradiance (>650 W/m2), which can be observed from 

Fig. 3. The proposed truncated Multi-Level Fin Heat Sink (MLFHS).  
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noon onwards. On the other hand, the temperature reductions between panels were nearly consistent between 7.50 and 8.45 ◦C 
starting in the mid-afternoon even though the solar irradiance levels were toward the downtrend in the evening. These findings 
suggested that fin heat sinks utilisation positively influences the temperature reduction of PV modules, especially for countries near the 
equator, but less impact and not economical for countries with average solar irradiance below 500 W/m2. 

4.2. The effect of fin heat sinks on the temperature distribution across the PV module 

The module temperature is significantly reduced with the utilisation of the fin heat sink. Although lowering the temperature can 
improve the module efficiency, maintaining the temperature homogeneity across the PV module can further enhance its efficiency and 
lifespan by reducing the hotspot phenomenon [33]. Hence, temperature uniformity has been considered for the fin heat sink design. 
Initially, an investigation was conducted on the inclined (15⁰) bare PV module to observe the temperature distribution. Regions across 
the tested module were classified as top, middle and bottom. During these measurements, the average irradiance and the ambient 
temperature levels were in the range of 858–882 W/m2 and 26–38 ◦C, respectively. Based on Fig. 7, the recorded thermal images for 
the module exhibited inhomogeneity indicated by the reference line positions in the y-direction (L0, L1, L2, and L3). The middle and 
bottom regions have relatively higher temperatures than the top module by ±6 ◦C. The top region exhibits lower temperature dis
tributions due to the inclined PV module (18 ⁰ facing the south). The top module is relatively higher from the ground, allowing for 

Table 1 
Details of examined PV module at standard testing conditions (STC).  

Parameters Value 

Maximum power (STC) (Pmax) 120 Wp 
Open-circuit voltage (Voc) 24.64 V 
Short-circuit current (Isc) 6.21 A 
Maximum operating voltage (Vmp) 20.88 V 
Maximum operating current (Imp) 5.75 A 
Operating temperature 

Power temperature coefficient (γ)
Voltage temperature coefficient (β)
Current temperature coefficient (α)

− 40 ◦C to +85 ◦C 
− 0.35%/⁰C 
− 0.27%/⁰C 
0.05%/⁰C  

Table 2 
The proposed fins design parameters.  

Geometric parameters Value Unit 

Length of heat sinks (L) 800 mm 
Width of heat sinks (W) 400 mm 
Fin height (h) 40, 60 mm 
Fin spacing (s) 20 mm 
Fin thickness (t) 1.0 mm  

Fig. 4. The experimental setup.  
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better airflows than the middle and bottom regions. 
To further investigate the effect of fin heat sinks, thermal mappings were performed on both PV modules. The module with the heat 

sink was exclusively compared with the reference PV module. Fig. 8(a–c) shows IR images for both modules, measured at 9:00 a.m., 
12:00 p.m., and 3:00 p.m. Based on the recorded IR images, the temperature reduction varies differently across the top, middle, and 
bottom areas. The maximum temperature difference between reference module and module with MLFHS was recorded at 8.45 ◦C. It 
can be seen that the influence of heat sinks was significant at solar noon compared to in the morning and evening by 4.17%, 1.92%, and 
2.16%, respectively. These findings strongly suggest that implementing cooling heat sinks for temperature reduction is feasible in hot 
weather countries that receive more than 600 W/m2 of solar irradiance. Based on the measured data, the temperature uniformity for 

Table 3 
Data acquisition devices and their specifications.  

Instruments Image Model Specifications 

Digital multimeter SANWA 
DCM400AD 

Uncertainty: 0.5% 
Accuracy: DCA: ± (2.5%±10)
Resolution: DCA: 0.01 A  

Thermal imager FLUKE 
TiR125 

Uncertainty: 0.08% 
Accuracy: (±2.0∘C) 
Range: − 20 ◦C~+150 ◦C  

Irradiance meter SEAWARD 
Solar survey 200R 

Uncertainty:0.5% 
Accuracy: (±1.0%)

Thermocouples K-type (chromel-alumel) 
Fibreglass insulated 

Uncertainty:0.2% 
Accuracy: (±2.0∘C) 
Range: 200 ◦C~300 ◦C  

Anemometer Anemometer Wind Sensor Gauges 4–20 mA Uncertainty:0.1% 
Accuracy: (±0.1m/s)

Table 4 
The acceptance test for the examined PV modules.  

Panel Measured module temperature (⁰C) Irradiance (W/m2) Percentage difference (%) Accept (A) or Reject (R) 

Voc Isc Voc Isc 

A 42.8 545 1.52 1.73 A A 
B 43.1 551 1.43 1.68 A A  

Fig. 5. Solar irradiance and ambient temperature distribution recorded at the test site.  
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both modules was calculated using Equation (1). Table 5 shows the summarised results for the influence of fins on temperature 
uniformity. It was found that the average temperature uniformity was improved by at least 14.8% (see Table 6). 

4.3. The influence of fin heat sink on the electrical performance parameters 

Temperature variations within the PV module can significantly impact the electrical output performance. Therefore, it is essential 
to characterise the PV module performance by a current-voltage curve. Several important electrical parameters, including short-circuit 
current (Isc), open-circuit voltage (Voc), current at maximum power (Imp), and voltage at maximum power (Vmp) were measured and 
analysed. Fig. 9 shows the I–V curve for both PV modules tested under outdoor operating conditions. During these measurements, the 
average solar irradiance and the ambient temperature were in the range of 212–944 W/m2 and 26–38 ◦C, respectively. The Voc for the 
PV module with heat sink was observed to be higher than the reference module by at least 4.74%. Since solar cells are made up of 
semiconductor materials, increasing temperature increases excess electrons and holes, causing the greater depletion region width 
known as the charge separation layer. Hence, the Voc is very much dependent on the temperature. The measured Isc for the module with 
heat sinks was lower than the reference module, measured at 5.88 A and 6.10 A, respectively. The change of Isc with temperature 
highly depends on the light trapping properties of the designed solar cell. Hence, it can be observed that the change in Isc is much 
smaller than the Voc (see Fig. 10). 

As highlighted in the I–V curves, the square boxes represent the fill factor (FF) for both tested modules. The fill factor measures the 

Fig. 6. Temperature variations between reference and finned PV module.  

Fig. 7. Temperature variations across the PV module without cooling.  

E.Z. Ahmad et al.                                                                                                                                                                                                      



Case Studies in Thermal Engineering 31 (2022) 101811

8

module efficiency, calculated by comparing the measured maximum power to the theoretical value calculated using Equation (3). The 
result shows that the fill factor for the reference PV module and PV module with heat sink are 0.57 and 0.63, respectively. The cor
responding P–V curves were determined based on the derived electrical parameters and presented in Fig. 10. The maximum output 
power (Pmax) for PV reference and PV with heat sinks are 87.23 W and 96.61 W. However, the maximum power obtained from the PV 
with heat sinks (96.61W) is less than maximum power at standard testing conditions (120 W) because it is impossible to control the 
module temperature at 25 ◦C under outdoor operating conditions, especially in regions with high solar irradiance. The relative power 
is enhanced by 10.75%, higher than the reference PV module. The overall electrical performances for tested PV modules are 

Fig. 8. The effect of aluminum fin heat sinks on the module operating temperature.  
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summarised in Table 6. It is worth noting that when the module temperature drops, the voltage rises, resulting in a substantial increase 
in available maximum electrical power despite a slight decrease in short-circuit current. 

5. Conclusions 

This study investigated the effect of the proposed fin heat sink design as a passive cooling approach under outdoor operating 
conditions. The present study focuses on the fin heat sink design to achieve temperature uniformity across the PV module while 
improving the electrical output performances. Several important findings can be concluded in the following points: 

Table 5 
Temperature uniformity.  

Time Irradiance, W/m2 Temperature uniformity 

PV (with fins) PV (without fin) 

9:00 a.m. 520 0.867 0.846 
12:00 p.m. 940 0.847 0.820 
3:00 p.m. 640 0.831 0.813  

Fig. 9. Current-Voltage curves for the reference PV module and PV module with heat sinks at solar irradiance of 941 W/m2, and ambient temperature of 36.17 ◦C.  

Fig. 10. Power-Voltage curves for the reference PV module and PV module with heat sinks at solar irradiance of 941 W/m2, and ambient temperature of 36.17 ◦C.  
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• The module operating temperature for PV reference and PV with proposed MLFHS are recorded at 64.2 ◦C 56.1 ◦C, respectively. 
The proposed MLFHS exhibits better temperature reduction compared to conventional PV module by up to 8.45 ◦C.  

• The maximum electrical power output increases up to 10.75% by integrating the proposed MLFHS at the backside of the PV 
module.  

• The heat sink effect on the temperature uniformity was improved by at least 14.8%.  
• The proposed new fin heat sink design is a viable solution and economical to achieve temperature uniformity as the hotspot 

phenomenon can lead to mechanical damage and reduce its lifespan. 
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