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ABSTRACT 

The current study investigated the effect of cooling on parasitic resistances of solar PV modules in an uncontrolled 

environment. An experimental setup comprising of two solar PV modules were subjected to the same external 

conditions and the data were collected between the hours of 09:00 to 16:00 with one of the solar modules been 

subjected to cooling process using a DC submersible pump. The DC submersible pump was consistently controlled 

(power ON/OFF) by module's surface temperature. The results have shown that solar PV module series resistance RS 

tends to decrease as module's temperature decreases through the process of cooling from 4.49Ω to 2.53Ω, whereas 

its shunt resistance RSH increases with decrease in module's temperature from 92.83Ω to 335.89Ω. The relationship 

between modules' output power, Pmax and series resistances, RS were established to be exponential functions. 

Modules' output power, Pmax and equivalent resistances, Req were observed to be exponentially related. Under initial 

power condition of RS=0, the solar module maximum power with cooling and without cooling unit were found to be 

132.49W and 92.45W respectively. Under ideal solar module condition of Rs→0 and RSH→∞, there was 8.6% 

improvement in maximum power resulting from effect of cooling. Short circuit current and output power were also 

observed to be linearly related with negative gradients. Hence, minimising solar PV module temperature through the 

process of cooling caused equivalent, and series resistances to decreases but shunt resistance increases; the 

cumulative effect was exponential increase in solar module maximum power.  
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1. INTRODUCTION 

Electrical behaviour of solar photovoltaic cells are 

governed by some parameters. These parameters can 

be categorized into internal and external parameters. 

Series resistance RS; shunt resistance Rsh; and 

saturation current IS are categorized under internal 

parameters. External parameters include irradiance, G 

and temperature, T. 

The fill factors (FF) of commercial solar cells are 

lower than ideal primarily due to series resistance 

(RS), which will become larger as substrate size 

increases. However, in both laboratory and production 

cells, the fill factor is not solely limited by the RS but 

also by effects such as low shunt resistance and non-

ideal diode parameters (Bowden and Rohatgi, 2001). 

The series and shunt resistances were determined 

using analytical five point method (Cotfas, 2010), as 

thus given in equations 1 and 2. 
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Solar cells' series parasitic resistances rS is defined as 

the ratio between solar cells' series resistance to 

characteristic resistance of the solar cells. However, 

solar cell characteristic resistance is defined as the 

ratio between voltage to current at maximum power 

operating point. That is, 
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Where characteristic resistance, RCH is 

max
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Series and shunt resistances affect the fill factor of 

solar photovoltaic modules as expressed in the 

equations below 
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Where: RCH is the characteristic resistance, FFs and 

FFsh are fill factors in the absence of RS and Rsh, and 

FF0 is the fill factor. 

Problems associated with series resistance stems from 

high current densities under concentrated light. The 

shunt resistance is due to the leakage current at the 

junction and depends on the method of junction 

construction. The voltage-current characteristic 

equation of a non-ideal solar cell is given in equation 

8, while the equivalent circuit model is shown in 

Figure 1 (Massoud et al., 2012), 

 
Figure 1. Equivalent circuit model for a non-ideal solar cell 
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Where: I is the current to the load, Iph is the photon-

generated current, Is is the diode reverse saturation 

current, q is the electron charge, V is the voltage 

across the diode, k is the Boltzmann’s constant, T is 

the junction temperature, A is the ideality factor of the 

diode, and Rs and Rsh are the series and shunt 

resistances of the cell respectively. 

Bensalem and Chegaar (2013) investigated thermal 

behaviour of parasitic resistances of polycrystalline 

silicon solar cells in a controlled environment under 

constant illumination of 1000 Wm-2 and found out that 

the series resistance increases with temperature 

whereas shunt resistance decreases with temperature. 

El-Shaer et al. (2014) carried out a study on the effect 

of light intensity and temperature on crystalline silicon 

solar modules parameters and reported that the series 

resistance of each module decreases with increasing 

light intensity due to the increase in conductivity of 

the active layer. The parallel resistance also decreases 

with increase in light intensity. 

Ghoneim et al. (2011) analysed the performance 

parameters of amorphous photovoltaic modules under 

different environmental conditions and reported that 

series resistance Rs exhibits a dramatic change with 

illumination intensity, that is, it increases from 

approximately 6.5 to 12.3Ω within a narrow range of 

irradiance. As the intensity is increased, Rs starts to 

decrease slowly in the medium range of irradiance 

then quickly in the high range (≥800 W/m²). 

Dieme and Sane (2016) investigated the impact of 

parasitic resistances on the output power of a parallel 

vertical junction silicon solar cell and reported that the 

power increases along with shunt resistance but 

decreases with increase in series resistance. In other 

words, a solar cell is considered powerful when the 

series resistance is low and shunt resistance is high. 

A study carried out by Tobnaghi et al. (2013) on the 

effect of temperature on electrical parameters of solar 

cells have shown that the most significant change by 

temperature is voltage which decreases with 

increasing temperature while output current slightly 

increase by temperature. It was also reported that 

reduction in the open-circuit voltage for silicon solar 

cells is about 2 mV/oC (Tobnaghi et al., 2013). In 

addition, increase in temperature causes reduction in 

maximum power output by 0.005 mW/oC. The best 

performance of solar panels in sunny and cold days 

has been suggested. 
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A study carried out by Ike (2013) on the effect of 

temperature on the performance of a photovoltaic 

solar system in eastern Nigeria have shown that there 

is an indirect proportionality between the power 

output performance of the system and the ambient 

temperature. It was concluded that due to 

unfavourable condition resulting from very high 

ambient temperature compared to the low ambient 

temperature in converting solar energy into electricity 

using solar modules, the solar photovoltaic panels 

should be installed at a place where they receive more 

air current so that the temperature remains low for 

enhanced power output. In other words, effective 

cooling by air can reduce modules temperature 

thereby improving on its power output. 

Temperature among other factors contributes in 

affecting the performance of the solar modules. 

Reviewed literatures on the effect of temperature on 

parasitic resistances limited the studies under 

controlled environments. However, this study was 

carried out in an uncontrolled environment. 

 

2. EXPERIMENTAL PROCEDURE 

The experiment was setup at Sokoto Energy Research 

Centre located in Usmanu Danfodiyo University, 

Sokoto Nigeria. In the setup, two (2) polycrystalline 

silicon solar modules manufactured by JOYSOLAR 

with total area of 1.08 m2 were deployed; the solar 

modules were oriented to face true South supported by 

structures that were designed to provide tilt angles of 

15°. The fluid circulation by a DC submersible pump 

was regulated at a module's preset temperature of 

45oC.  

The experiment was conducted under the same 

outdoor conditions of solar radiation, ambient 

temperature, wind speed and humidity. Solar 

radiation, ambient temperature, modules surface 

temperature, wind speed and humidity were measured 

and recorded between the hours of 09:00 to 16:00 

daily for a period of three (3) months (May - July) at 

an interval of 30 minute. The experimental setup and 

the equivalent circuit diagram are shown in Figures 2 

and 3 respectively. At seven different positions of 

slider on rheostat, currents and voltages were 

measured and tabulated for the two solar modules for 

every interval of 30minute. In addition, short circuit 

current, ISC and open circuit voltage, VOC were 

measured and recorded. 

 

 

Figure 2. Experimental setup 
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Figure 3. Equivalent circuit diagram for cooling system 

 

 

3. RESULTS AND DISCUSSION 

The relationship between output power and series 

resistance for solar modules with and without cooling 

is shown in Figure 4. Modules' output power varies 

exponentially with series resistance for both solar 

module with and without cooling. Therefore, the Pmax 

and Rs for the two solar modules are related as thus: 

SRpvt

m eP 15.049.132    ... (9) 

SRpv

m eP 04.045.92    ... (10)  

Exponential coefficients 132.49 and 92.45 in 

equations 8 and 9 are the vertical stretching factors, 

otherwise referred to as initial maximum power 

conditions at RS equals zero (i.e., RS→0). Therefore, 

at RS≈0,  

 WPandWP pv

m

pvt

m 45.9249.132   

 

 

 
Figure 4: Output power-Vs-series resistance relationship for PV modules with & without cooling 
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 In terms of the equivalent resistance, Req, modules' 

output power for PV module with and without cooling 

are exponential functions of Req, as thus shown in 

Figure 5. 

 

 
Figure 5: Output power-Vs-equivalent resistance relationship for PV module with and without cooling 

The output power for modules with and without 

cooling systems are given in equations 10 and 11 

respectively. 

eqRpvt

m eP
148.0

14.132


   ... (11)

eqRpv

m eP
146.0

01.111


   ... (12) 

For an ideal solar module, Rs is extremely small and 

Rsh high, that is, Rs≈0 and Rsh≈∞; therefore, Req=0. 

 WP pvt

m 14.132
,
 and 

 
 WP pv

m 01.111  

Therefore, the percentage difference in terms of 

maximum power between solar module with cooling 

and without cooling unit as a function of module 

equivalent is 8.6%. 

Series and shunt resistances are pictorially compared 

in Figures 6 and 7. This enables proper analysis of 

effect of cooling on the solar modules parasitic 

resistances. 

 
Figure 6: Effect of cooling on module series resistances 
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It can therefore be concluded that, the lower the 

temperature, the smaller the series resistance. The 

average series resistances recorded for modules with 

and without cooling system are 2.53Ω and 4.46Ω 

respectively. 

 
Figure 7: Effect of cooling on modules' shunt resistances 

It can be observed from Figure 6 that minimizing solar 
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resistance values. The mean shunt resistances for PV 
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PV module temperature appreciates, the PV module 

shunt resistance decreases. 

The result in Figure 8 is a relationship between solar 

cells characteristic resistances and short circuit 

current. 

 
Figure 8: Rch - Isc characteristic for modules with and without cooling system. 
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Figure 9: Pmax - Rch characteristic for modules with and without cooling system. 

Power losses per 1Ω increase in characteristic 

resistance for PV module with and without cooling 

system are 6.32W and 5.36W respectively. 

Furthermore, the effect of cooling on PV modules' 

parasitic resistances (rs and rsh) is shown in Figure 10.  

 

 

 
Figure 10: Effect of cooling on module parasitic resistances 
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4. CONCLUSION 

The results presented have clearly shown that the 

cooling process has effect on the module maximum 

power both in the case of series resistance and 

equivalent parasitic resistance with initial maximum 

power as 132.49W and 92.45W for PV module with 

cooling and without cooling. The maximum power 

under ideal PV module conditions of Rs and Rsh for 

PV module with cooling unit recorded a maximum 

power of 132.14W whereas the module without 

cooling recorded power of 111.01W, with percentage 

difference of 8.6%. 

It could also be concluded that the cooling process 

resulted in lowering the PV module temperature 

thereby causing PV modules' (with and without 

cooling system) Rs and Rsh to be 2.53 Ω & 335.89Ω, 

and 4.49 Ω & 92.83 Ω respectively. In other words, 

since PV/T fill factor is greater than PV module fill 

factor, it can therefore be deduced that a decrease and 

an increase in series and shunt resistances cause fill 

factor to improve. The reverse is the case for Rs>>0 

and Rsh<<∞; that is, the fill factor tends to decrease. 
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