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Abstract- Solar photovoltaic (PV) energy is currently among the most utilized energies within the renewable energy (RE) 

industry for the generation of electricity. The technology which is used in converting the solar radiation into electrical power 

however has some demerits, one of which is its dependence on its operating temperature i.e., it’s performance decreases with 

increase in temperature. This study therefore used a thermo-electric cooling mechanism to cool a PV panel under real weather 

conditions. Results from the experimental process shows a significant temperature reduction in the modified PV module (i.e., 

cooled panel), an average temperature of 33.37 ℃ was recorded for the cooled PV module against 45.60 ℃. This is a 12.23 ℃ 

reduction in the PV module temperature which resulted in an electrical efficiency enhancement of 5.07%. The economics of the 

module suggests that the cooled module registered a levelized cost of electricity (LCE) of 0.410 $/kWh for a 365-day period 

whiles the referenced module recorded 0.414 $/kWh for the same period. An amount of 1.247$/kWh was recorded by the cooled 

panel for the 120-day period whiles the referenced module recorded 1.265 $/kWh. Despite the relatively high investment cost of 

the cooled module due to the extra cost associated with the cooling system, it still recorded a relatively lower LCE. This is due 

to the high power it generated during the experimental period. 

Keywords: Photovoltaic module cooling; solar power plants; efficiency enhancement; thermodynamic analysis 

1. Introduction 

Issues such as economic growth, rise in population and 

technological advancement has led to an increase in energy 

consumption globally, this has led to increase in pollutions due 

to the emission of greenhouse gases (GHG) into the 

environment [1], [2]. Research has shown that CO2 emissions 

alone contribute about 76% of the total of GHG emissions 

globally, with the power sector contributing around 41% of 

the world’s CO2 emissions [3], [4]. 

Renewable energy (RE) use is an alternative source of 

energy generation which is fast increasing around the world. 

One of the most widely used of such resources is solar  energy 

especially in Africa and Asia where sunshine is abundant [5], 

[6]. The photovoltaic (PV) technology is a highly used 

technology within the solar energy industry [7]–[9]. A 

standard silicon-based solar cell has an electric conversion 

efficiency which ranges from 16 -20%. Under standard test 

conditions (i.e., 1000 W/m2, and 25 ℃), some newly 

manufactured silicon modules can transform up to 24.4% of 

solar irradiance to operational electricity [10]. Although solar 

PV technology is widely used globally, it comes with its 

challenges, the technology is significantly affected by 

environmental conditions which ultimately affect its output 

performance. The PV cell which is made up semi-conductor 

which converts the solar irradiation to electrical power has 

most of its energy absorbed from the sun lost through waste 

heat [11] [12]. Due to this shortcoming in relation to the PV 

technology it is imperative to improve the PV cells 

performance to make maximum use of it. 

Several studies have reported on different mechanisms 

to stabilize a PV module’ temperature to improve their 

productivity, this includes passive and active cooling 

mechanisms. Active cooling uses a coolant to cool the PV 

module, some of these coolants are water or air which usually 

need power for a fan or motor. In the case of passive cooling, 
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the PV cell’s temperature is reduced without consuming 

power [13]. Studies such as [14], [15] experimentally assessed 

different mechanisms of cooling a PV module. They evaluated 

the effect of cooling a PV with coir pith, greenhouse cooling, 

plant cooling, greenhouse + plant cooling, and phase change 

material (PCM) cooling on a PV module. Their results indicate 

that the coir pith cooling recorded the highest maximum 

percentage in the improvement of power which was 11.34%. 

A water spraying cooling technique was adopted by [16] for 

temperature management of a PV panel. The outcome of their 

experiment demonstrates that a maximum increase of 16.3% 

in the output power and an effective electrical efficiency 

improvement of 5.9% is possible.  

Bahaidarah et al. [17] also analyzed the effect of 

incorporating at the back of a PV panel a heat exchanger for 

cooling purposes both experimentally and numerically. The 

outcome of the experimental measurements and the numerical 

analysis were found to be in a good agreement. The results 

suggest that the PV module’s temperature could be reduced by 

some 20% which led to an efficiency improvement of 9%. A 

numerical study by [18] used single turn pulsating heat pipes 

(PHP) for temperature management of PV panel. They 

compared a copper fin with similar proportions as that of the 

PHP for cooling of PV panel. The outcome of their study 

identified the PHP as the best option for PV model cooling. It 

identified that the use of the PHP could help to enhance the 

electrical power by 18%. A mechanism that cools both 

surfaces of the PV module was proposed by [19]. The 

approach proposed by them resulted in a temperature 

reduction of 23.55 ℃ causing an improvement of 30.3% 

power output for the PV module. It also resulted in an 

electrical efficiency enhancement of 11.9%. 

Furthermore, [20] suggested a porous cooling channel 

for the cooling of a PV module using a numerical model and 

an experiment. The outcome of the study proved that the non-

uniform holes scattered close to the cooling water’s outlet 

experienced a better cooling outcome. The PV panel 

integrated with the innovative cooling channel recorded an 

efficiency that is 4.17% higher than the uncooled module. A 

study by [21] also proposed a combination of PCM and 

aluminium fins to cool a PV panel under hot temperature 

situations. The method helped to reduce the temperature by 

12.13 ℃ which occasioned an electrical efficiency 

enhancement of 5.15%. Salmin et al. [22] performed an 

experimental study using free and forced air for PV panel 

cooling along with aluminium fins. The results shows that the 

forced air convection led to a temperature drop of 11% whiles 

that of the natural air recorded 5.4%. Bokor et al. [23] 

constructed an adjustable setup for passive air circulation for 

the removal of accumulated heat in PV panels. Their study 

found out that the temperature 30-40 K can be reduced with 

the use of an adjustable passive air-cooling mechanism. Libbi 

et al. [24] combined a self-cleaning technique and an active 

mechanism to simultaneously cool a PV system. The hybrid 

technique used forced air circulation to actively cool the PV 

module’s backside. The outcome of the experiment shows that 

their cooling mechanism was able to averagely decrease the 

panel’s temperature by 15 ℃ which led to an electrical 

efficiency enhancement of 5.7%. 

Salameh et al. [25] also proposed the use of a cold air form 

a Heating, Ventilating and Air Conditioning (HVAC) for the 

reduction of PV panel temperatures. The study revealed that 

an increase in the mass flow rate of the air from the exhaust 

has the potential to decrease the module’s temperature. The 

efficiency of the module increased from 11% to 18% for a 

cooling load between 0-160 kW under solar radiation intensity 

of 500 W/m2. Dida et al. [26] developed a passive cooling 

approach to mitigate increase in temperature for a PV module. 

The proposed system used water evaporation and capillary 

action of a burlap cloth for the cooling of the module. They 

concluded that the proposed system could lead to a 

temperature reduction of 20 ℃ which caused a 14.75% rise in 

the module’s electrical efficiency. Kane et al. [27] employed 

active heat cooling using thermoelectric module (TEM) for 

temperature management of PV modules, this was done 

through a simulation analysis. Their mechanism was able to 

improve the PV module’s electrical efficiency in the range of 

1 – 18% for a temperature and solar irradiation rate of 25–45 

°C and 0.8– 1 kW/m2. Another study by [28] employed the 

passive cooling mechanism to cool a PV panel. They proposed 

the installation of PV panels on the surface of canals or rivers 

in order be cooled by natural evaporation. Their cooling 

approach led to a temperature reduction of about 7 - 16 °C 

which caused an electrical efficiency enhancement of about 

12.12% - 22.9%. Ejaz et al. [29] also proposed the use of PCM 

and metallic foam-based system for temperature regulation of 

a PV panel. The outcome of their study shows that the 

configuration with a 12 mm foam thickness and PCM obtained 

the highest efficiency. Lucas et al. [30]  assessed the 

possibility of using evaporative cooling to manage a PV 

module’s temperture. They employed the photovoltaic 

evaporative chimney as the cooling mechanism. The obtained 

results shows that their proposed mechanism was able to 

improve the electrical efficiency by some 4.9% averagely. An 

active cooling approach was adopted by [31] to cool a PV 

module through a numerical study. They used flowing water 

to actively cool the PV module. The highest efficiency 

enhancement  of 17.12% was observed at a solar irradiance of 

1000 W m−2, temperture of 45 °C and water velocity of 0.9 

m/s. An experimental and economic assessement of a passive 

cooling method using planar reflector and fins was 

investigated by [32]. Their study shows that the use of lapping 

fins can lead to a temperature reduction of 24.6 ◦C. In order 

studies [33] assessed the effect of a cooling method, based on 

forced ventilation and spray cooling. Their cooling approach 

was able to reduce the PV module’s temperature by 26.4 ℃ 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
S. Praveenkumar et al., Vol.12, No.3, September, 2022 

1672 

 

on hot sunny days. The impact of the spraying system on the 

PV module led to an efficiency of 14.3% for the cooled 

module compared to 12.7% for the uncooled module. Kabeel 

et al. [34] also employed three different scenarios, i.e., forced 

air cooling technology, water cooling technology, and forced 

air and water technologies, all integrated with reflectors for 

the cooling of PV modules. The study revealed that the use of 

reflectors and water cooling technology is the best option for 

PV module cooling. Amber et al. [35] experimentally assessed 

the impact of two different passive cooling methods (i.e., 

rectangular and circular fins) on a PV module’s performance. 

Results from their study revealed that the rectangular fins 

reduced about 155% more heat and produced 4% and 10.8% 

more power than the circular fins and reference module’s, 

respectively. 

 Finally, Nasrin et al. [36] analysed the impact of 

Water/MWCNT nanofluid based cooling approach on the 

performance of a PVT system experimentally and 

numerically. The experimental results and the numerical 

response agreed positvely. The percentage of enhancement for 

the water cooled system was found to be 9.2%. A study 

conducted by [37] showed that using a heat sink with flared-

fins can minimize the thermal resistance by about 10%. Also, 

Baloch et al. [38] performed both numerical and experimental 

analysis on a converging channel heat exchanger for the 

cooling of PV. By using their proposed method, the 

temperature of the cell was reduced from 71.2 °C  to 45.1 °C 

in the month of June. 

It is therefore possible to state that temperature of a PV cell 

has proven to be key in the PV module’s performance relative 

to energy generation. It is for this reason that the studies 

reviewed above proposed different mechanisms to reduce the 

PV modules operating temperature. It is however important to 

state that most of these mechanisms are bulky to construct and 

quite expensive, hence new ways of cooling the PV module 

devoid of these negatives ought to be proposed. It is for that 

reason that the current study assesses the use of thermoelectric 

cooling “Peltier Cooler” technique to cost effectively cool the 

PV module. This study is performed under real weather 

conditions unlike [27] who conducted a numerical study. 

The organization of the paper is presented as follows: 

the materials and the method used for the experiment and 

analysis is presented in section 2. Section 3 covers the results 

and the discussion of the findings, whiles the conclusion is in 

section 4. 

2. Materials and Methodology  

This section describes the composition of things used in 

building of the test rig and the mathematical relations 

employed for the computation of the results. The experiment 

took into consideration two panels, one known as the cooled 

panel and the other reference module. The cooled module is 

integrated with the thermo-electric cooler whiles the 

referenced module has no modifications. 

2.1. Mathematical Modelling 

PV module’s efficiency is largely dependent on its 

temperature and the ambient air temperature, since the current 

and voltage of the PV panel is subject to the temperature. Eq. 

(1) can be used to calculate the PV module’s maximum power 

[21], [39]. 

Where 𝑉𝑜𝑐 signify the open circuit voltage, 𝐹𝐹 represent 

the fill factor, the short circuit current is denoted by 𝐼𝑠𝑐, 𝑚 

signify the maximum power point on the I-V curve of the PV 

panel. Increasing the temperature of a PV module significantly 

affect the 𝐹𝐹 and 𝑉𝑜𝑐, they reduce with an increase in the 

module temperature, this is due to the domination of the 

electrical properties of the semi-conductor by the thermally 

excited electrons, whiles the 𝐼𝑠𝑐 increases but only slightly 

[19], [39].  

The efficiency of the panel is the ratio of the generated 

output energy to the input energy obtained from the sun, which 

is calculated using Eq. (2) [40]. 

The efficiency of the panel is the ratio of the generated 

output energy to the input energy obtained from the sun, which 

is calculated using Eq. (2) [40]. 

𝜂 = 𝐸𝑜𝑢𝑡 𝐸𝑖𝑛⁄  (2) 

Eq. (3) is the mathematical relation which can be 

employed to estimate the efficiency of a PV module 𝜂𝑝𝑣 [19], 

[21], [41] 

 

In this case, the efficiency of the panel under reference 

temperature conditions i.e., 25 ℃ is denoted by 𝜂𝑟𝑇, the 

temperature of the PV is also represented by 𝑇𝑝𝑣, 𝛽 symbolize 

the temperature coefficient of power in this study it is taken as 

0.004 K-1. 𝑇𝑟𝑇 denote the PV module’s reference 

Temperature’s effect on a PV module can be assessed using 

the mathematical relationship as presented in Eq. (4) [40], 

[42].  

𝑃𝑝𝑣 = 𝑌𝑝𝑣 ∙ 𝑓𝑝𝑣(𝐺𝑇 𝐺𝑇,𝑆𝑇𝐶⁄ )[1 + 𝛼𝑝(𝑇𝐶 − 𝑇𝐶,𝑆𝑇𝐶)] (4) 

The derating factor for the PV module is denoted by 𝑓𝑝𝑣  

(%), the rated PV array capacity is denoted by 𝑌𝑝𝑣 (kW), the 

temperature coefficient of power is represented by 𝛼𝑝 (%/℃), 

the incident solar radiation at STC is represented by 𝐺𝑇,𝑆𝑇𝐶  

(1kW/m2), 𝐺𝑇 (kW/m2) signify the current time step solar 

radiation, the temperature of the PV cell at STC is denoted by 

𝑃𝑚𝑝 = 𝑉𝑚𝑝 × 𝐼𝑚𝑝 = 𝑉𝑜𝑐 × 𝐼𝑠𝑐 × 𝐹𝐹 (1) 

𝜂𝑝𝑣 = 𝜂𝑟𝑇 ∙ [1 − 𝛽(𝑇𝑝𝑣 − 𝑇𝑟𝑇)] (3) 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
S. Praveenkumar et al., Vol.12, No.3, September, 2022 

1673 

 

𝑇𝐶,𝑆𝑇𝐶  (25 ℃), and the current time step temperature of the PV 

module is denoted by 𝑇𝐶 (℃).  

Using a PVsyst software the effect of temperature on the 

efficiency and I-V characteristics of a 30 W PV module are 

simulated and presented in Fig. 1 and 2. 

 
Fig. 1 Efficiency vs temperature graph (Obtained from 

PVsyst software). 

 
Figure 2. Effect of temperature on the IV characteristics of a 

30 W PV module (Obtained from PVsyst software). 

2.2. Construction of Test Rig and Its Components 

The construction of the test rig is as shown in Fig. 3. It 

includes an aluminium sheet on which the thermoelectric 

coolers were fixed. A total of 4 thermoelectric coolers were 

used in the construction of the cooled panel.  

2.2.1. Working Principle for Thermoelectric Coolers 

The direct conversion of temperature differences into an 

electric voltage and conversely converting the electric voltage 

is into temperature difference is known as thermoelectric 

effect. Thermoelectric cooler (TEC) which is also known as 

the “Peltier Cooler” employs the Peltier effect for heat 

exchange. TEC is made up of P- and N-type semi-conductor 

couples [43], [44]. A TEC fixed at the rear side of a PV panel 

with the help of a thermal transfer material with the cold part 

on the panel and the heat-sink using a good thermal transfer 

material is mounted on the warm part of the TEC to disperse 

the warm air into the ambient. In this case, the PV module 

would be cooled by the TEC as depicted in Fig. 4. The 

working principle of the TEC is presented in Fig. 5. 

The thermoelectric module (TEM) uses the Peltier effect 

to provide cooling. The principle behind its working is to 

generate a heat flux between the P-N junction. The Peltier 

cooler enables heat transfer from one section of the Peltier 

module to another part based on the direction of the current. A 

voltage is applied across the device to get one of the sides hot 

whiles the other becomes cold. In TECs their performance 

depends in the ambient temperature, Peltier parameters, the 

design of the heat exchange as well as the Peltier module’s 

geometry. When a voltage is applied between two dissimilar 

conductors say A and B, there will be heat at the junction. The 

rate 
𝑑𝑞

𝑑𝑡
  of the heat generated can be expressed as indicated in 

Eq. (11) [45]. The various parts of the TEC used for the 

cooling are presented in Fig. 6. The parameters of the TEC are 

presented in Table 1 and Table 2. The experimental test rig in 

Fig. 7. 

𝑑𝑄
𝑑𝑡⁄ = (𝜋𝐴 − 𝜋𝐵)𝐼     (11) 

 

Figure 3. Modified PV module with integrated thermo-

electric cooler 

 

(a) 

 

(b) 

Figure 4. PV modules (a) Cooling mechanism using TEC (b) 

flow of air (Modified from [46]). 
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Figure 5. Working principle of TEC [47]. 

 
(a) 

 

(b) 

 

(C) 

 

(d) 

Figure 6. Parts of the TEC (a) fan for big TEC (b) fan for 

small TEC (c) heat sink (d) TEC 

Table 1. Description of the smaller thermoelectric cooler 

Overall Dimension 40X40X10mm 

Fan Dimension 40X40X10 mm 

Net Weight 15.5 g 

Bearing Type Hydro Bearing 

Rated Voltage 12V DC 

Operating Voltage 10.8～13.2V DC 

Started Voltage 7V DC 

 Consuming Current 0.12 A 

Power Input 0.48 W 

Fan Speed 4500±10% RPM 

Maximum Air Flow 4.82 CFM 

Consuming power  1.44 W 

Noise 24.3 dB(A) 

Table 2. Description of the bigger thermoelectric cooler 

Description: 

Model AV-F9025MS 

Name DC12V BRUSHLESS FAN 

Rated Voltage 12V DC 

Operation Voltage  DC 6.8-12.8 V 

Consuming Current 0.18 A 

Consuming Power 2.16 W 

Connector 2pin-ph2.5 

Rated Speed 3000 R.P.M. 

Maximum Air Flow  32.28CFM 

Life Expectance  50,000 hours at 25 degrees 

Insulation Level   UL Class A 

Certificate   UL,CE 

Acoustic Noise *** 27.82dB 

DC Line Length   200mm 

Rotation Direction   Counter-clockwise 

Size  80x80x25mm 

Weight  40g 

2.2.2. Uncertainty Analysis 

Uncertainty analysis helps to assess the errors that could 

be associated with the experimental process. The accuracies 

for the different tools used to record the various values are 

presented in below. The percentage uncertainty can be 

evaluated using the following relations [21], [48], [49].  

𝑁 = 𝑁(𝑌1, 𝑌2, 𝑌3, … 𝑌𝑛)             (12) 

where ∆𝑌1, ∆𝑌2 …. ∆𝑌𝑛 are the uncertainties in the 

independent variables. 

 

The range of the GM 1362-EN-01 thermometer used is 

−30–70 °C with and accuracy of ±2%, the clamp meter has an 

accuracy of ±1.5 V, the pyranometer has a range of 0–2000 
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W/m2 with an accuracy of ±5 %, the thermocouple also has a 

range of −200–1370 °C with and accuracy of ±0.1 °C, the 

anemometer used to measure the wind speed also has a range 

of 0–25 m/s and an accuracy of 0.2 m/s. The total uncertainty 

associated with the experiment is calculated to be 3.23%. 

 

 

(a) 

 

(b) 

 
(c) 

Figure 7. The experimental test rig (a) Front view of test rig 

(b) schematic diagram of test rig (c) rear view of the test rig 

 

3      Results and Discussions  

The outcome of the experiment are presented and 

discussed in this segment; it includes data for the weather 

characteristics for the experimental period. The section also 

presents the thermodynamics and economics of the 

construction of the cooling system. 

3.1. Weather Characteristics for the Experimental Period 

Fig. 8 gives information on the characteristics of the 

weather during day of the experiment, as can be seen from the 

data, the day received quite high solar radiation, an average of 

883.07 W/m2 with an average humidity of 26.82% were 

recorded in the course of the experiment. The highest solar 

radiation of 1173 W/m2 was recorded around 13:30 pm, during 

this period an ambient temperature of 37.7 ℃ was recorded. 

The average ambient temperature for the entire period is 32.49 

℃ indicating a relatively hot day. The average wind speed 

recorded for the period is 5.2 m/s.  

3.2.  Impact of the Cooling Mechanism on the Panel with 

Respect to Temperature 

A total of seven K- type thermocouples each were utilized 

to take records of the temperature at the backside of each PV 

panel. These thermocouples were installed at various positions 

of both panels. The average temperatures of the seven results 

for each reading time are presented in Fig. 9. The results 

obtained for the cooled panel indicate that the maximum 

temperature of 40.50 ℃ happened on 13:30 pm whiles the 

referenced panel’s temperature is 56.09 ℃ at that same period 

which was also the highest temperature for the referenced 

panel. It is important to state that the highest temperatures all 

occurred at a time when the highest ambient temperature was 

also recorded. The average temperature of the cooled module 

for the whole period of the experiment is calculated to be 

33.37 ℃ whiles that of the referenced module was also 

estimated to be 45.60 ℃. In effect, the enhanced PV module 

with integrated thermoelectric cooler was able to decrease the 

panel’s temperature by 12.23 ℃. 

 

Figure 8. Weather characteristics for the period of 

experiment (a) solar irradiation (b) ambient temperature 
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The testo thermal imager was also employed to image 

the characteristics of the temperature distribution on both 

panels. The results of same are represented in Fig. 10. Results 

from the infra-red thermal imager, the cooled panel had an 

average temperature distribution of 33.85 ℃ whereas the 

referenced module had an average temperature of 45.98 ℃. 

3.3. Thermal Management of the PV System Due to Cooling 

The power output for both modules were also calculated, 

the results is as presented in Fig. 11. The yield power for the 

cooled panel is estimated to be 6.31 W whiles that of the 

referenced module recorded 5.22 W. This implies that the 

thermoelectric cooling was able to increase the performance 

of the cooled panel by 1.09 W representing an improvement 

of 20.88% in the power output using Eq. (14) [50]. 

𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 =  
𝑃𝑐𝑜𝑜𝑙𝑒𝑑 𝑃𝑉 − 𝑃𝑟𝑒𝑓 𝑃𝑉

𝑃𝑟𝑒𝑓 𝑃𝑉
 × 100% 

(14) 

The highest difference in power occurred during the 

period with high temperatures, this suggest that the referenced 

module as shown in earlier results was affected by its high 

temperature. The thermoelectric cooler had a positive effect 

on the output of the cooled module during the hot temperature 

period. It also introduced some level of stability in the power 

production which is very important for a plant as solar PV. 

The electrical efficiencies of both modules were 

evaluated using Eq. (3). According to the calculations, the 

highest efficiency of the referenced module is 14.6% as 

against 14.8% for the cooled module. The least efficiency of 

13.1% for the referenced module was recorded at 13:00 pm, 

similarly, the cooled panel also recorded its least efficiency of 

14.07% at same time. The average electrical efficiency are 

13.8% and 14.5% for the referenced and cooled modules, 

respectively. This translate into a difference of 0.7%, which 

means that the cooling process was able to enhance the 

efficiency of the module by some 5.07%. The electrical 

efficiencies of both PV modules are illustrated in Fig. 12 as 

well as the improvement in the efficiencies. 

 

Figure 9. Time dependences (a) assessment of temperature 

for the two PV panels (b) variation in temperature. 
 

 

(a) 

 

 

(b) 

Figure 10. Distribution of temperature on the surface of the 

(a) cooled (b) referenced modules 

 

Figure 11. Time dependences (a) Output power for the two 

modules (b) improvement in power between both modules. 

3.4. Economic Analysis 

The economics of the PV modules are presented in this 

section. A number of assumptions were done in this section to 

obtain a full year electricity generation for both modules. The 

levelized cost of energy (LCE) which is the most applied 

method to evaluate the economic viability of power generating 

projects is used in this analysis. The mathematical relation for 

the calculation of the LCE are as presented below Eq. (15-20) 

[21], [51] [52]. 

𝐿𝐶𝑂𝐸 =
𝐿𝐶𝑖𝑛𝑣 + 𝐿𝐶𝑂&𝑀 + 𝐿𝐶𝑓𝑢𝑒𝑙

𝐸𝑎𝑛𝑛𝑢𝑎𝑙
 

(15) 

𝐿𝐶𝑖𝑛𝑣 = 𝐶𝑅𝐹 × 𝐶𝑖𝑛𝑣 (16) 

𝐶𝑅𝐹 =
𝑖𝑒𝑓𝑓 ∙ (1 + 𝑖𝑒𝑓𝑓)𝑛

((1 + 𝑖𝑒𝑓𝑓)
𝑛

) − 1
 

(17) 

𝐿𝐶𝑂&𝑀 = 𝐶𝑂&𝑀 × 𝐶𝐸𝐿𝐹 (18) 

         𝐶𝐸𝐿𝐹 = (𝐾𝑂&𝑀 ×
1 − 𝐾𝑂&𝑀

𝑛

1 − 𝐾𝑂&𝑀
) 𝐶𝑅𝐹 

(19) 
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Figure 12. Time dependences (a) Comparison of efficiencies 

(b) improvement between both panels. 

 

A total of 4 thermoelectric coolers were used in the 

experiment, details of which are presented above. The cost of 

the coolers is $5.50 each for the bigger fan and $3.50 each for 

the smaller fan, this sums up to $18.00 for the four fans used. 

The 30 W PV panel utilized to conduct the experiment is 

assumed to be $50 as used in [21]. The cost of the thermal glue 

used to hold the aluminium plate and the fan at the PV panel’s 

backside to enhance conductivity cost $3.00. The small 

aluminium plate on which the fans were installed also cost 

$0.50. Consequently, the whole cost of all materials used for 

the experiment is $71.5. This study used a yearly operation 

and maintenance cost 𝐶𝑂&𝑀 of $3.50 for both the referenced 

and cooled panels. The nominal escalation rate and effective 

discount rate used for the computations are 1% and 5%, 

respectively [38]. The 𝑪𝒊𝒏𝒗 for the cooled module is $71.5 

whiles that of the referenced module is $50. 

In effect, a capital recovery factor 𝐶𝑅𝐹 of 6.50% was 

obtained, for a 30-year lifetime of the power plant. The 𝐾𝑂&𝑀 

is calculated to be 0.96 with a 𝐶𝐸𝐿𝐹 of 1.10. The LCE for fuel 

in this study is 0 $/kWh since the SPP does not require fuel. 

𝐿𝐶𝑖𝑛𝑣 of $4.648 is recorded for the cooled module whiles the 

uncooled module recorded $3.25. In effect, the cooled module 

registered an LCE of 0.410 $/kWh for the 365 days period 

whiles the referenced module recorded 0.414 $/kWh for the 

same period. An amount of 1.247$/kWh was recorded by the 

cooled panel for the 120-day period whiles the referenced 

module recorded 1.265 $/kWh. The cooled module still 

remained relatively cheaper in terms of cost of energy despite 

the higher investment cost. This is due to the fact that the 

cooled module generated more power than the referenced 

module due to the enhancement in the performance of the 

cooled module.  

3.5. Comparison of Current Results with Other Literature 

Comparing results obtained from the current study to other 

works as presented in Table 3, it is clear that the results in 

this study is superior to most of the results obtained by 

other researchers in terms of the degree of reduction in 

temperature. 

 

Table 3. Results from previous studies for comparison 

Reference 

 

Cooling 

Mechanism 

Temperature 

reduction ( °C) 

[53] Forced convection 

induced Fans 

6.24 

[54] DC brushless fan 6.1 

[55] Fan Cooling 7 

[56] DC brushless Air-

Cooling 

Mechanism 

2.56 

[57] Forced air over the 

heat sink 

18.3 

[58] Cooling system on 

maximum 

allowable 

temperature 

15 

[59] Air cooling 

technique DC fan 

15.7 

[60] Aluminium  heat  

sink 

12.2 

[61] Yellow petroleum 

jelly 

4.3 

[62] PCM-RT35 11 

[63] Fin cooling 5.90 

[64] Microencapsulated 

phase change 

material 

1.8 

[65] Thermosyhon 

Heat pipe 

10.84 

[66] Heat sink Air 

cooled 

12.5 

[67] Heat sink fins 7.4 

[68] Evaporative 

Cooling Principle 

8 

[69] CPU heat sinks 2.98 

Current study Thermoelectric 

cooling 

12.23 

4. Conclusions  

This research tested the viability of using thermoelectric 

coolers as means of managing the temperature of PV modules 

under high temperature conditions. This is crucial in the solar 

energy space since the operating temperature of PV cells play 

key role in the PV cell’s performance. The outcome of the 

experiment through the use of TEC under summer weather 

conditions of Ekaterinburg in Russia are as follows: 

The cooled panel’s temperature dropped by 12.23 ℃ 

indicating positive impact of the proposed cooling 

mechanism. This led an enhancement in the efficiency of the 

cooled module, the average electrical efficiency are 13.8% and 

14.5% for the referenced and cooled modules, respectively, 

this translate into an electrical efficiency enhancement of 

5.07%, which is significant. Due to the cooling mechanism 

installed behind the module, the cooled module had an average 
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power of 6.31 W, whiles the referenced PV panel recorded 

5.22 W. This implies that the TEC was able to increase the 

performance. of the cooled panel by 1.09 W representing an 

improvement of 20.88%.  

The economics of the module suggests that the cooled 

module registered an LCE of 0.410 $/kWh for the 365 days 

period whiles the referenced module recorded 0.414 $/kWh 

for the same period. Despite the relatively high investment 

cost of the cooled module due to the extra cost associated with 

the cooling system, it still recorded a relatively lower LCE. 

This is due to the high power it generated during the 

experimental period.  

It can therefore be concluded that the cooling mechanism 

is effective considering the parameters assessed and can be 

used for the cooling of PV modules in hot climatic areas where 

water is scarce and hence cannot be used for cooling of such 

power plants. A finite element method can be employed in the 

future to numerically study the proposed method. This will 

enhance the design and accuracy of the results. 

Abbreviations 

𝐶𝑅𝐹 Capital recovery factor 

𝐶𝐸𝐿𝐹 Constant-escalation levelization 

factor 

𝑂&𝑀 Operations and maintenance 

DC Direct current 

GHG, Greenhouse gases 

HVAC Heating, Ventilating and Air 

Conditioning 

𝑖𝑛𝑣 Investment 

kWh Kilowatt-hour 

LCE Levelized cost of electricity 

𝑂&𝑀 operations and maintenance 

PV Photovoltaic 

PCM Phase change material 

PHP Pulsating heat pipes 

RE Renewable Energy 

STC Standard test conditions 

TEC Thermoelectric cooler 

TEM Thermoelectric module 

Nomenclature 

℃ Degrees celsius 

𝑉𝑜𝑐 Open circuit voltage 

𝑃 𝑚𝑝 PV module’s maximum power 

𝑉𝑚 Maximum Voltage 

𝐼𝑚 Maximum Current 

𝐹𝐹 Filling factor 

𝐼𝑠𝑐 Short circuit current 

𝜂 Efficiency 

𝐸𝑖𝑛 , 𝐸𝑜𝑢𝑡 Energy input, Energy output 

𝑇𝑝𝑣 Temperature of the PV 

𝛽 Temperature coefficient of power 

𝑓𝑝𝑣 Derating factor 

𝑌𝑝𝑣 Rated PV array capacity 

αp Coefficient of power 

𝑇𝑐𝑒𝑙𝑙 Surface temperature of panel 

𝑇𝑎 Ambient temperature 

A Panel’s area 

𝑇𝑠 Sun surface temperature 

ℎc Convective heat transfer 

𝑣 Wind speed 

𝑖𝑒𝑓𝑓  Effective discount rate. 

𝑟𝑛 Nominal escalation rate 
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