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 In this study, the electrical and thermal efficiency of the natural convection water-cooled 

photovoltaic panel (PV) is compared with the standard PV module. PV modules are made up of 

polycrystalline solar cells. As it is known that, an increase in PV panel temperature results in a 

decrease in electrical efficiency. The aim of this study is to increase PV panel electrical efficiency. 

PV panel characteristic values such as air/PV panel temperature, solar radiation, voltage, current, 

and power are recorded for both panels to the computer simultaneously. The thermal and electrical 

energy performance of PV panels are analyzed comparatively. The results are presented in detail. 

The water circulation structure is mounted under the PV module by using a glue that has good heat 

conductivity. The structure contains an S-shaped pipe and a plate made of copper. The plate is 

used for better heat absorption from the PV panel which is mounted downside of the panel with 

glue. The efficiency of the PV module with having a proposed cooling system and normal PV 

module is analyzed.  For the overall efficiency, it is observed that the water-cooled PV system is 

better than the standard PV module by % 6.2. 

 

 

 

       © 2021, Advanced Researches and Engineering Journal (IAREJ) and the Author(s).  

Keywords: 

Electrical efficiency 

Maximum power 
Photovoltaic/thermal (PV/T)  

PV panel 

PV water cooling 
Solar system  

Thermal efficiency 

 

 

 

1. Introduction 

Demand for alternative energy resources is increasing 

nowadays. Due to environmental concerns, renewable 

energy resources are taking more attention in recent years. 

Solar and wind energy production is the most popular and 

used renewable energy resources [1].   Two method is used 

for energy harvesting from solar system. The one is direct 

method by using PV panels.  Whereas, in the other method   

solar energy is converted into thermal energy. In 

Concentrated Solar Power (CSP) technology, deploying 

parabolic mirrors connected to molten salt energy storage 

is used. After then the electricity production is obtained by 

use of this thermal energy. These systems are generally 

large scale systems [2]. CSP solar technology is widely 

used in large power facilities due to its storage ability. The 

storage ability is an important aspect since demand and 

production of power time do not coincide every time. That 

is power produced cannot be consumed simultaneously.   

Solar PV systems has high initial investments costs. 

These can be reduced by improving PV cell efficiency. 

Efficiency increasing studies for PV panels can be divided 

into two areas. The one in PV cell semiconductor design 

technology. Sunlight harvesting of perovskites type solar 

cells are better than silicon solar cells. Perovskites type 

solar cells are attained power conversion efficiency of 27% 

[3]. Many papers have been written in intrinsic 

semiconductor PV design technology. For example, 

electricity production by using cadmium telluride (CdTe) 

photovoltaic module technology attained the lowest-cost 

electricity in the solar industry. This is obtained by 

alloying selenium into the CdTe absorber. As a result, PV 

cell efficiency is increased from 19.5% to 22.1% [4]. The 

second area is related with improving the working 

condition of PV cells. According to the PV cells inherent 

characteristics, PV cell efficiency can be increased, (1) by 

increasing the incident solar radiation falling on a PV cell, 

(2) by holding the temperature of PV cells at optimum 

temperatures, (3) by selecting an appropriate working 

point on I-V curve for maximum power harvesting. In this 

article 2nd method is conducted with a novel cooling 
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approach. Different PV cooling techniques are used in 

literature [5, 6]. PV modules can not convert whole solar 

radiation into electricity. Only around 20-25 % of solar 

radiation could be converted. The rest of the energy is 

converted into heat [7, 8]. The temperature of the PV cell 

increases gradually by environmental conditions. This 

results in a decrease in PV cell electrical efficiency [9, 10]. 

For this reason, “PV cooling” is one of the main methods 

to increase electrical power generation in PV modules. [9].  

Recycled cooling water can be used as hot water 

demands. For example, it might be used as hot water 

supply for homes [10].   

Lifetime and Efficiency of PV cell is important. In 

literature, the electrical efficiency of PV cell is increased 

between 15% to 23% [11]. The effect of temperature raise 

is higher in polycrystalline and monocrystalline silicon 

solar cells which is about 0.45%/oC, with respect to 

amorphous silicon cells which is about 0.25%/oC. 

Moreover, amorphous silicon has lower thermal 

coefficient with respect to the other technologies. For this 

reason, it is widely used in thermal cogeneration 

applications [12, 13]. To reduce cell temperature different 

cooling techniques are used. These can be natural or forced 

type cooling. Also, different coolants are used such as air, 

water, oil and some chemical compounds [9, 14].  

Different cooling techniques are used in PV cell 

cooling. Some of them are air based cooling (air channel, 

air gap), liquid based cooling (water flow, jet 

impingement, liquid immersion, submerging), phase 

change materials based (conductive) cooling. Matias et al., 

studied water cooling of PV panel with different coolant 

flow rate and compared the results [15]. They obtained 

efficiencies ranging from 5.30 % to 22.69% depending on 

the flow rate. 

In this study PV cell cooling with naturel flow with a 

novel approach is experimentally analyzed. Cooling 

mechanism is mounted on back of PV panel. It consists of 

mainly two parts, copper sheet and copper pipe which is 

mounted on the sheet in S model. The gap between the 

pipes are approximately 2 cm. The gap between pipes is 

minimized to obtain a better cooling effect. Water 

circulation is achieved by natural flow. PV panel cooling 

performance and the overall heat transfer can be increased 

by increasing the circulation capacity. However, 

increasing water consumption used in cooling will 

increase cost of power production. This results in 

reduction of efficiency of overall system.  

The experimental set up contains a PV module with the 

designed cooling system, two water tanks, and a DC load 

as shown in Figure 1. One of the tanks is used for hot water 

the other is for cold water storage. Water circulates from 

the cold water tank to the hot water tank by natural 

convection. The purpose of the DC load is to sample the 

I/V curve of the PV module. PV module is loaded with DC 

load by varying the load resistance to obtain I/V curve of 

the module.  

In experiments, PV cell temperature, solar radiation, 

environment temperature, cooling water temperature, 

voltage and current values of panel are recorded. Two 

Tommatech brand 10W polycrystalline PV modules are 

used in experimental analysis. One of the panels is 

equipped with a copper plate that has pipes.  The copper 

pipes are attached on a sheet of copper with a thickness of 

0.5 mm which adhered to the back of the PV module.  The 

second panel has no extra cooling equipment.  

 

2.  Solar Insolation Conditions in Osmaniye 

Environment for PV Energy Production 

In this section insolation duration and sun radiation for 

Osmaniye province is tabulated. The data presented here 

is obtained from General Directorate of Meteorology of 

Turkish Republic website. 

The monthly average solar radiation in the Osmaniye 

environment is above the Turkey average. Monthly global 

radiation for a long time period, 2004-2018, in Osmaniye 

environment is shown in figure 2. Also, average insolation 

duration in Osmaniye is above the Turkey average. 

Monthly insolation duration is given in figure 3. The whole 

data is obtained from General Directorate of Meteorology 

website. Longer insolation time and higher radiation 

means better PV output power. In Osmaniye province, the 

sun radiation and insolation duration suggest that PV 

energy production in this environment is efficiently 

sustainable.   

 

3.  Mathematical Model of Single PV Module  

Although many models have been proposed in the 

literature, two types of PV cell models stand out. The first of 

these is the single diode model as shown in figure 4. The 

second is two diode models as shown in figure 5. 

In this article, a single diode model is preferred due to its 

ease of use. The I/V characteristic of the model has been 

obtained by assuming constant temperature and solar 

insulation conditions.  I/V relationship of the single diode PV 

can be defined as follows: 

 

 
 

Figure 1 Experimental setup of the developed PV system. 
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      𝐼𝐷 = 𝐼0 (𝑒
(𝑉𝐷−𝑅𝑠𝐼𝑝𝑣)

𝑛𝑉𝑇 − 1) where  VT=kT/q        (1) 

 

 
Figure 2. Global radiation for Osmaniye center.   

 (kWh/m2.day) 

 

 
Figure 3. Insolation duration for Osmaniye city, hourly basis 

 

 

 
 

Figure 4. One diode equivalent model of PV panel. 

 

 
Figure 5. Two diode equivalent model of PV panel. 

 

Rsh in the model stands for the p-n junction leakage current 

in the solar cell. There is a metal base between the 

semiconductor layers. This metal base has a contact 

resistance. This resistance is modeled in design with the 

existence of Rs [16]. The diode D assumed to have I-V 

characteristic of the Shockley diode model as shown in 

equation (1), where I0 is reverse bias saturation current of the 

diode, ID is the current that flow through diode D, VD is the 

voltage across the diode D, k is the Boltzmann constant 

(1.3806503 × 10-23 J/K), n is the diode ideality factor, the 

thermal voltage is represented by VT, operating temperature 

of cell in degree Kelvin is represented by T and q is the 

electron charge (1.60217646 × 10-19 C).  

 

PV module load current is: 
 

𝐼𝑝𝑣 = 𝐼𝑝ℎ − 𝐼𝑠ℎ (𝑒
𝑞(𝑉𝑝𝑣−𝑅𝑠𝐼𝑝𝑣)

𝑁𝐾𝑇 − 1) −
(𝑉𝑝𝑣−𝑅𝑠𝐼𝑝𝑣)

𝑅𝑠ℎ
    (2) 

 

Where Iph is the main current produced by solar cell, the 

solar cell terminal current is symbolized by Ipv, the solar cell 

terminal voltage is symbolized by Vpv, the equivalent parallel 

resistance is represented by Rsh and the equivalent series 

resistance is represented by Rs. The resistances Rsh and Rs in 

equation (2) can be calculated by iteration. In iteration the 

constrained that the maximum power obtained from model 

should conform with peak power from the datasheet at MPP 

[17]. Table 1 shows some assumptions made for parameter 

estimation of PV panel. 

At Maximum Power Point, voltage (Vmp) and current (Imp) 

is used for calculation of the maximum output power (PMP), 

as follows: 

                               Pmp= ImpVmp        (3) 

The technical specification and parameters of the PV 

panels used in experiments are given in Table 2. 

 

Table 1. Initial conditions for parameter estimation 
   

At Short Circuit [dI/dV]sc = -1/Rsh,ref 

At the Maximum Power 

Point 

[dI/dV]sc = 0 

 

At Short Circuit Current I = Isc,ref,  V = 0 

At Open Circuit Voltage I=0,     V=Voc,ref 

At the Maximum Power 

Point 

I= Imp,ref, V=Vmp,ref 

 
 

Table 2.  PV module technical parameters used in analysis 
 

Parameters Symbol Values Units 

Solar irradiance  S  1000  W/m2 

Temperature T  25  oC 

Maximum power  P 10 W 

Nominal open circuit 

voltage  

Vocn 21.5 V 

Voltage at Maximum 

power 

Vmp 17.3 V 

Nominal short circuit 

current  

Iscn 0.71 A 

Current at Max. power  Imp 0.57 A 



 

 
To derive the following equations, PV module initial 

condition parameters are used in Equation (1) to find short 

circuit current of the model. Equation (3) represents short 

circuit current of the PV cell, Equation (4) represents PV 

cell load current, Equation (5) represents maximum 

current of the PV cell and Equation (7) represents current 

to voltage ratio of the model of PV cell respectively. The 

variables and their symbols used in equations while diode 

modelling is tabulated in Table 2.  

 

 

𝐼𝑠𝑐 = 𝐼𝐿 − 𝐼𝑜 [𝑒𝑥𝑝 (
𝐼𝑠𝑐𝑅𝑠

𝑎𝑟𝑓
) − 1] −

𝐼𝑠𝑐𝑅𝑠

𝑅𝑠ℎ
   (4) 

 

𝐼𝐿 =  𝐼𝑜 [𝑒𝑥𝑝 (
𝑉𝑜𝑐

𝑎𝑟𝑓
) − 1] −

𝑉𝑜𝑐

𝑅𝑠ℎ
       (5) 

 

𝐼𝑚 =  𝐼𝐿 − 𝐼𝑜  [𝑒𝑥𝑝 (
𝑉𝑚𝑝+𝐼𝑚𝑝𝑅𝑠

𝑎𝑟𝑓
) − 1] −

𝑉𝑚𝑝+𝐼𝑚𝑝𝑅𝑠

𝑅𝑠ℎ
  (6) 

 

[
𝑑𝐼

𝑑𝑉
]

𝑠𝑐
≅  −

1

𝑅𝑠ℎ
  (7) 

 

  
𝐼𝑚𝑝

𝑉𝑚𝑝
=

(
𝐼𝑜

𝑎𝑟𝑓
)𝑒𝑥𝑝(

𝑉𝑚𝑝𝐼𝑜+𝐼𝑚𝑝,𝑅𝑠

𝑎𝑟𝑒𝑓
) + 

1

𝑅𝑠ℎ,𝑟𝑓

1+(
𝐼𝑜𝑅𝑠
𝑎𝑟𝑓

)𝑒𝑥𝑝(
𝑉𝑚𝑝𝐼𝑜+𝐼𝑚𝑝𝑅𝑠

𝑎𝑟𝑓
) + 

𝑅𝑠
𝑅𝑠ℎ

     (8) 

 

The maximum power point efficiency of PV module 

heavily depends on the cell temperature[18].  PV module 

efficiency dominantly depends on temperature of module. It 

is obtained as the following: 

𝜂𝑚𝑝 =
𝐼𝑝𝑉𝑚𝑝

𝐺𝑇𝐴𝑀
=

𝑃𝑚𝑝

𝐺𝑇𝐴𝑀
   (9) 

where, A represents the aperture area and GT represents 

irradiance quantity that PV cell exposed, under standard test 

conditions; 25 oC, GT=1000 W/m2.  In literature a number   of 

correlations can be found   for   PV electrical   power   as   a 

function   of   cell/module operating temperature   and   basic   

environmental variables. Some correlation equations are 

linear and some of them are nonlinear [19]. As an example, 

the following multivariable nonlinear regression equation 

can be shown. 

 

       𝑃𝑚𝑝 = 𝑑1 + 𝑑2𝑇𝐶 + 𝑑3(𝑙𝑛𝐺𝑇)𝑚𝑑4𝑇𝐶(𝑙𝑛𝐺𝑇)𝑚        (10) 

 

Here, dj, j=1…4 and m are model parameters. 

 

4. Results and Discussion 
 

The experimental set up of PV panel efficiency analysis 

for two different panel is conducted at Osmaniye Korkutata 

University roof of Engineering Faculty. Experimental data 

used in this paper are taken on 12 August 2019 at midday. In 

the experimental set up two PV module is used.  

As previously stated, in this work two PV panels utilized. 

First one is unmodified panel, the other one is modified with 

copper cooling system which is consist of copper plate and 

pipes. The copper plate is attached back side of PV panel by 

using high heat transmission coefficient adhesive (Thermal 

Conductivity: 8.5 W/(m*K)). This type of adhesives can 

conduct heat from PV panel to copper sheet almost perfectly 

[20]. Water circulation through the pipes is supplied by 

natural convection flow. The data from PV panel with and 

without water cooling is collected simultaneously.  

Current-Voltage and Power-Voltage characteristics of PV 

panels are depicted in figure 6 and figure 7 respectively. 

As a result of experimental studies it has been shown that 

use of a water pipe system is comparatively inexpensive. The 

results of experiments show that output power of the PV 

solar system is effectively increased. Real time thermal 

images of PV panel were also recorded by using maximum 

ambient temperature. Thermal images shown in Figure 4 and 

Figure 5, at 13:30 the maximum temperature for a solar panel 

without and with water cooling 490C and 40.20C is observed 

respectively. 

The temperature of the PV panel was varying from 35.20C 

to 400C depending on the sunniest (there were some mist).  

At the same time, temperature of the water-cooled panel was 

varying between 34.2oC to 40.2oC respectively. Drop in 

panel temperature is due to cooling water. The cooling water 

is supplied from water tank. It has an average temperature of 

27 oC. At the beginning, water cooling of PV panel has 

reduced the surface temperature of the panel below the 

environment temperature. 

 As temperature is decreased on PV panel, the efficiency 

of the panel is enhanced. Power efficiency of water cooled 

PV panel with respect to non-cooled can be achieved by 

equation: 
 

𝜂 =  
𝑃 max 𝑤𝑖𝑡ℎ 𝑐𝑜𝑜𝑙𝑖𝑛𝑔−𝑃𝑚𝑎𝑥 𝑤/𝑜𝑢𝑡𝑐𝑜𝑜𝑙𝑖𝑛𝑔

𝑃𝑚𝑎𝑥 𝑤/𝑜𝑢𝑡𝑐𝑜𝑜𝑙𝑖𝑛𝑔
  (10) 

 

Water cooled PV efficiency varies between 5.8 and 6.5 %. 

During August, midday PV efficiency is measured and its 

average value is approximately 6.2 %. 

 

 
Figure 4. Front view of photovoltaic panel. (left side: 

Normal image, Right-side: thermal image) 
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Table 3. Temperature values of water cooled PV panel and 

environment 

 PV with 

cooling 

Environ

ment 

PV without 

cooling 

Min temp(0C) 34.2 35.2 51 

Max temp(0C) 40.2 40 63 

Average temp(0C) 37.5 37 56 

 

 

 
Figure 5. Backside, normal and thermal view of developed PV 

 
Figure 6. Voltage- Current PV module Characteristics 

 

 
 

Figure 7. Voltage- Power PV module Characteristics 

 

 

4. Conclusions 
 

The electrical efficiency of PV panel with water cooling 

is compared with normal PV panel. The efficiency results of 

conducted experimental studies are promising. Better results 

are obtained with respect to previous studies. As a result of 

cooling, the temperature of panel decreases slightly. Thus, 

the PV panel maximum power (Pmp) and open circuit voltage 

(Voc) increase slightly while short circuit current (Isc) 

decreases slightly. If the overall efficiency of proposed 

system is considered, water cooled PV system is better than 

normal PV panel approximately by % 6.2 for experimental 

test conditions. 

The efficiency of PV panel with proposed method is better 

than most of the results obtained in literature [9, 14]. 

 

Declaration 

The author(s) declared no potential conflicts of interest 

with respect to the research, authorship, and/or publication of 

this article. The author(s) also declared that this article is 

original, was prepared in accordance with international 

publication and research ethics, and ethical committee 

permission or any special permission is not required. 
 

Author Contributions 

M. Uçman prepared experimental setup. All authors 

contributed to data collection phase. H. Erol wrote the 

manuscript. Z. Kesilmiş made proofreading of manuscript. 

 

References 
 

1. Bulbul, S., G. Ertuğrul, and F. Arli, Investigation of usage 

potentials of global energy systems. International Advanced 

Researches and Engineering, 2018. 2(1): p. 58-67. 

2. Fuqiang, W., C. Ziming, T. Jianyu, Y. Yuan, S. Yong, and 

L. Linhua, Progress in concentrated solar power technology 

with parabolic trough collector system: A comprehensive 

review. Renewable and Sustainable Energy Reviews, 2017. 

79: p. 1314-1328. 

3. Xu, J., C.C. Boyd, Z.J. Yu, A.F. Palmstrom, D.J. Witter, 

B.W. Larson, R.M. France, J. Werner, S.P. Harvey, E.J. 

Wolf, W. Weigand, S. Manzoor, M.F.A.M. van Hest, J.J. 

Berry, J.M. Luther, Z.C. Holman, and M.D. McGehee, 

Triple-halide wide–band gap perovskites with suppressed 

phase segregation for efficient tandems. Science, 2020. 

367(6482): p. 1097-1104. 

4. Fiducia, T.A.M., B.G. Mendis, K. Li, C.R.M. Grovenor, 

A.H. Munshi, K. Barth, W.S. Sampath, L.D. Wright, A. 

Abbas, J.W. Bowers, and J.M. Walls, Understanding the 

role of selenium in defect passivation for highly efficient 

selenium-alloyed cadmium telluride solar cells. Nature 

Energy, 2019. 4(6): p. 504-511. 

5. Ali, H.M., Recent advancements in PV cooling and 

efficiency enhancement integrating phase change materials 

based systems – A comprehensive review. Solar Energy, 

2020. 197: p. 163-198. 

6. Shafique, M., X. Luo, and J. Zuo, Photovoltaic-green roofs: 

A review of benefits, limitations, and trends. Solar Energy, 

2020. 202: p. 485-497. 

7. Kumar, P., A.K. Shukla, K. Sudhakar, and R. Mamat, 

Experimental exergy analysis of water-cooled PV module. 

International Journal of Exergy, 2017. 23(3): p. 197-209. 

8. Bianchini, A., A. Guzzini, M. Pellegrini, and C. Saccani, 

Photovoltaic/thermal (PV/T) solar system: Experimental 

measurements, performance analysis and economic 

assessment. Renewable Energy, 2017. 111: p. 543-555. 

012 

module 

 



 

 
9. Erol, H., M. Uçman, and Z. Kesilmiş, The effect of fan 

cooling on Photovoltaic Efficiency of PV panels in 

Osmaniye Environment. Majlesi Journal of Mechatronic 

Systems, 2017. 6(3): p. 29-33. 

10. Bahaidarah, H., A. Subhan, P. Gandhidasan, and S. Rehman, 

Performance evaluation of a PV (photovoltaic) module by 

back surface water cooling for hot climatic conditions. 

Energy, 2013. 59: p. 445-453. 

11. Clean energy revıews. [cited 2020 29 June]; Available from: 

https://www.cleanenergyreviews.info/blog/most-efficient-

solar-panels. 

12. Huang, G., S.R. Curt, K. Wang, and C.N. Markides, 

Challenges and opportunities for nanomaterials in spectral 

splitting for high-performance hybrid solar photovoltaic-

thermal applications: A review. Nano Materials Science, 

2020. 2(3): p. 183-203. 

13. Ren, X., J. Li, M. Hu, G. Pei, D. Jiao, X. Zhao, and J. Ji, 

Feasibility of an innovative amorphous silicon 

photovoltaic/thermal system for medium temperature 

applications. Applied Energy, 2019. 252: p. 113427. 

14. Matias, C.A., L.M. Santos, A.J. Alves, and W.P. Calixto, 

Electrical performance evaluation of PV panel through 

water cooling technique. 2016 IEEE 16th International 

Conference on Environment and Electrical Engineering 

(Eeeic), 2016. Florence, Italy.  

15. Matias, C.A., L.M. Santos, A.J. Alves, and W.P. Calixto, 

Increasing photovoltaic panel power through water cooling 

technique. Transactions on Environment and Electrical 

Engineering, 2017. 2(1): p. 60-66. 

16. Hui, G., Q. Da-yong, W. Yue-hu, Z. Yu-ming, and Z. Yi-

men. The intermediate semiconductor layer for the ohmic 

contact to silicon carbide by Germanium implantation. in 

Junction Technology, 2008. IWJT '08. Extended Abstracts - 

2008 8th International workshop on. 2008. 

17. Gaikwad, K. and S. Lokhande. Novel maximum power point 

tracking (MPPT) algorithm for solar tree application. in 

2015 International Conference on Energy Systems and 

Applications. 2015. 

18. Kesilmiş, Z., H. Erol, and M. Uçman, Power optimization in 

partially shaded photovoltaic systems. Tehnički glasnik, 

2018. 12: p. 34-38. 

19. Rosell, J.I. and M. Ibáñez, Modelling power output in 

photovoltaic modules for outdoor operating conditions. 

Energy Conversion and Management, 2006. 47(15): p. 

2424-2430. 

20. Uçman, M., Fotovoltaik termal (FV/T) ve bina entegreli 

FV/T (BIPV/T) sistemlerde akışkan kullanımının elektriksel 

karakteristik üzerine etkisinin incelenmesi in Electrical and 

Electronics Engineering. 2017, Osmaniye Korkut Ata 

University: Turkey. p. 111. 

 

013                    Erol et al., International Advanced Researches and Engineering Journal 05(01): 008-013, 2021 

https://www.cleanenergyreviews.info/blog/most-efficient-solar-panels
https://www.cleanenergyreviews.info/blog/most-efficient-solar-panels

