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ABSTRACT 
This work deals with the solar cells with orientation on the calculation of operating temperature of the polycrystalline solar cell, 

which is under actual load. Operating conditions have a significant effect on the efficiency of solar cells. In the summer with 
increasing temperature, the efficiency decreases. In the winter, efficiency and output voltage are rising. The operating temperature is 
determined by intensity of solar radiation, the types of materials used by construction and operating condition. The aim of this work 
was simplify of the calculation of operating temperature of solar cells. The result of this work is a derived equation that allows a 
more accurate and faster calculation this temperature with using Matlab software. 
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environment, silicon, semiconductor 

 

1. INTRODUCTION 
 
One of the important operating factors of solar cells is 

their temperature, which has a significant seasonal effect 
on energy gain. The temperature of the solar cells is 
mainly influenced by the intensity of the sun's radiation 
and the temperature of environment. Increasing operating 
temperature also contributes electric current flowing 
through the solar cell. The generated heat is carried away 
from the solar cell into the environment. While the 
maximum surface temperature is relatively small, the 
proportion of heat emitted by the radiation is relatively 
small compared to the thermal conductivity of the 
surrounding materials [1], [2]. The resulting operating 
temperature of the solar cell is given by the balance 
between the heat produced and the heat consumed for 
heating the solar cells and the heat diverted to the 
environment [3], [4]. Heat ratios change significantly 
seasonally. In summer, sunlight is high, the temperature of 
environment reaches more than 30°C, and the temperature 
of solar cells up to around 60°C, in winter is low 
temperature of environment but the efficiency of solar 
cells is high [5], [6]. Two main materials are used in solar 
cell, silicon as semiconductor and copper as conductor [7]. 

 
2. EQUATION FOR CALCULATION OF 

OPERATING TEMPERATURE 
 
When a current I flows through the wire in time dt 

produces the heat dQ, part of this heat consumed to 
heating of the wire as dQ1 and the other part of this heat 
diverts to environment as dQ2. When a current I flows 
through the wire with resistance Rϑ then in time dt 
develop the heat dQ defined by equation: 
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Where R0 is resistance of wire for difference of 
elementary temperature Δϑ0 and l is length of wire. Part of 

the heat dQ1 consumed for heating the material and 
temperature change about d(Δϑ): 
 

       dclSdcVdcmdQ mm1
        (2) 

 
Where m is mass and V is volume of the wire. The part of 
the heat dQ2 diverted to environment in time dt: 
 

dtlodtSdQ P  2
                                   (3) 

 
Where SP is lateral surface area of wire. Other symbols are 
explained in Table 1. Perpetual balance of heat energy is 
defined by differential equation: 
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After substitution the previous equations (1), (2), (3) 
into equation (4) we get a new differential equation: 
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From the equation (7) we can express dt: 
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(9) 
This differential equation (9) can be simplified by 
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introducing the following substitutions: 
cSA m                                                                      (10) 
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After substitution (10), (11), (12) into (9) we get next 

equation: 
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We are using another substitution: 
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After a substitution (14) and (15) into (13) we get: 
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With helping this substitution we can solve the integral: 
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Increase of the temperature of wire ΔϑP is a difference 

between operating temperature ϑP and temperature of 
environment ϑE. 
 

EPP                                                                 (19) 
 

Initial increase of the temperature of wire ΔϑE is a 
difference between initial temperature of wire ϑW and 
temperature of environment ϑE. 
 

EWE                                                                 (20) 
 

Initial difference of the temperature of wire ΔϑW is a 
difference between initial temperature of wire ϑW and 
elementary temperature ϑ0. Elementary temperature ϑ0 can 
be found in physical tables [1], [8]. 

0  WW
                                                             (21) 

Operating difference of the temperature of wire Δϑ is a 
difference between operating temperature ϑP and initial 
temperature of wire ϑW. 
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In the next step equation (18) can be rewritten to this 

form: 
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The logarithm can be from this equation removed, so 

equation can be written in exponential form: 
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In the next steps, equation can be rewritten to this form: 
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Initial warming constant τ is defined by this equation: 
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After this the equation can be written like this: 
 

 
S

I
o

cS
t

E
S

I
o

cS
t

RR

WRR

P

RR

m

RR

m

ee

S

I
o

S

I













22

1

1

2

2






































  (28) 

 
For copper as conductor resistance decreases if 

temperature decreases. If resistance is defined Rϑ = 0 Ω, 
then superconducting conditions are achieved. When we 
take account with these conditions we can write equation 
ϑS = - ϑf. For silicon as semiconductor resistance decreases, 
but temperature increases. A very low resistance condition 
is achieved, but it is not superconducting. Here for the 
saturation temperature and fictive temperature we can 
write equation ϑS = - ϑf. For this forecasts the temperature 
coefficient of resistance αR can be defined: 
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For the temperature coefficient of resistance αR result 

equation can be written to this form: 
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For the volumetric specific heat capacity cV equation 

can be defined like this: 
 

mV cc                                                                     (35) 
 

For the substitutions constant A, B, D and initial 
warming constant τ equations can be defined [1], [2] like 
this: 
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Result equation can be written to this form: 
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3. CALCULATION OF OPERATING 

TEMPERATURE 
 
For the next calculation we ascertain properties of 

materials, which are used in polycrystalline solar cells [1], 
[8]. For calculation will be used silicon as semiconductor 
and copper as conductor. All necessary properties we can 
see in table. 

 
Table 1  Properties of the materials 

 

 
 

In the next graphs are shown calculated values of 
operating temperature ϑP in dependence on time t.  For 
calculations is used equation (40). These graphs are made 
for different current I which flow through polycrystalline 
solar cell. Initial temperature of wire ϑW is the same than 
temperature of environment ϑE. Fig. 1 and Fig. 3 are for 
silicon, Fig. 2 and Fig. 4 are for copper. Fig. 1 and Fig. 2 
are for the current I = 8,36 A, Fig. 3 and Fig. 4 are for the 
current I = 4,18 A. 

 
 

Fig. 1  Calculated operating temperatures ϑP for the current 
 I = 8,36 A for the silicon 

 

 
 

Fig. 2  Calculated operating temperatures ϑP for the current  
I = 8,36 A for the copper 

 

 
 

Fig. 3  Calculated operating temperatures ϑP for the current  
I = 4,18 A for the silicon 

 
The main influence for current I has solar radiation. 

The average current I of the solar cell can be ascertained 
for every single month [9]. The average current I of 
polycrystalline solar cell was measured in each month at 
the time of maximum sunlight about 12 hours, for the 
clear sky. Results are shown in Fig. 5 [10]. 

Material - Si Cu

Specific resistance ςR 1.10
-1

 Ω.m 1,678.10
-8

 Ω.m

Density ςm 2329 kg.m
-3

8960 kg.m
-3

Specific heat capacity c 704,5984583 J.kg
-1

.°C
-1

383 J.kg
-1

.°C
-1

Volumetric specific heat capacity cV 1641009,809 J.m
-3

.°C
-1

3431680 J.m
-3

.°C
-1

Fictive temperature ϑf  -47,100271 °C 234,5 °C

Elementary temperature of environment ϑ0 20 °C 20 °C

Temperature coefficient of resistance αR  -3,69.10
-2

 °C
-1

3,929273084.10
-3

 °C
-1

Coefficient of thermal expansion αL 2.10
-6

 °C
-1

1,65.10
-5

 °C
-1

Section S 2,4336.10
-2

 m
2

1.10
-6

 m
2

Circumference o 6,24.10
-1

 m 5.10
-3

 m

Dimension x 0,156 m 5.10
-4

 m

Dimension y 0,156 m 2.10
-3

 m

Coefficient of heat transfer λ 10 W.°C
-1

.m
-2

10 W.°C
-1

.m
-2
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Fig. 4  Calculated operating temperatures ϑP for the current  
I = 4,18 A for the copper 

 

 
 

Fig. 5  The average current I 

 
For calculation of operating temperature ϑP, the 

equality of temperature of environment ϑE and initial 
temperature of material ϑW can be supposed. Here is used 
equation (40) and calculations are made in time t = 600 s. 
For the calculation of operating temperature ϑP is needed 
the knowladge of the temperature of environment ϑE. In 
these pictures are shown the influence of temperature of 
environment ϑE and current I to the operating temperature 
ϑP. The temperature of environment ϑE was ascertained as 
average temperature for every single month in four Slovak  
 

 
 

Fig. 6  The temperature of environment ϑE and calculation of the 
operating temperature ϑP in Bratislava 

towns Bratislava, Košice, Poprad, Žilina and Italian town 
Bologna. Maximal values of operating temperature ϑP 
were achieved in summer and minimal values of operating 
temperature ϑP were achieved in winter. 

Slovak town with warmer climate is Bratislava [11]. 
These calculations of operating temperature ϑP are shown 
in Fig. 6 for silicon and copper. Maximal value of 
operating temperature ϑP for copper is 49,8412 °C and for 
silicon is 29,4895 °C. Minimal value of operating 
temperature ϑP for copper is 2,1037 °C and for silicon is 
1,3533 °C. 

Another Slovak town with warmer climate is Košice 
[11]. These calculations of operating temperature ϑP are 
shown in Fig. 7 for silicon and copper. Maximal value of 
operating temperature ϑP for copper is 48,7539 °C and for 
silicon is 28,6134 °C. Minimal value of operating 
temperature ϑP for copper is 0,0944 °C and for silicon is   
-0,6314 °C. 

 

 
 

Fig. 7  The temperature of environment ϑE and calculation of the 
operating temperature ϑP in Košice 

 
Slovak town with cooler climate is Poprad [11]. These 

calculations of operating temperature ϑP are shown in Fig. 
8 and for silicon and copper. Maximal value of operating 
temperature ϑP for copper is 44,4045 °C and for silicon is 
25,6249 °C. Minimal value of operating temperature ϑP 
for copper is -0,3439 °C and for silicon is -0,7783 °C. 

 

 
 

Fig. 8  The temperature of environment ϑE and calculation of the 
operating temperature ϑP in Poprad 
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Another Slovak town with cooler climate is Žilina 
[11]. These calculations of operating temperature ϑP are 
shown in Fig. 9 for silicon and copper. Maximal value of 
operating temperature ϑP for copper is 42,2298 °C and for 
silicon is 23,8427 °C. Minimal value of operating 
temperature ϑP for copper is -1,3467 °C and for silicon is  
-1,7736 °C.  
 

 
 

Fig. 9  The temperature of environment ϑE and calculation of the 
operating temperature ϑP in Žilina 

 
For example is reported town in southern country with 

warmer climate. Here was chosen Italian town Bologna 
[12]. These calculations of operating temperature ϑP are 
shown in Fig. 10 for silicon and copper. Maximal value of 
operating temperature ϑP for copper is 51,9072 °C and for 
silicon is 31,1542 °C. Minimal value of operating 
temperature ϑP for copper is 4,0126 °C and for silicon is 
3,2387 °C. 

 

 
 

Fig. 10  The temperature of environment ϑE and calculation of 
the operating temperature ϑP in Bologna 

 
For comparison of results, the temperature of 

environment ϑE was ascertained as average temperature 
for every single month in Italian town Bologna and the 
measured results from model described in article can be 
used [12]. Here is used nominal value of current I of 
polycrystalline solar cell and it is 8,36 A. At the same 
time, it is necessary to take into account the previous 
operation of the solar cell. In this comparison is supposed 
that, the initial temperature of material ϑW is 8 °C higher 
than the temperature of environment ϑE. Here is used 

equation (40) and calculations are made in time t = 1200 s. 
In case 1, temperature ϑM was measured on the glass of 
the solar panel. In case 2, temperature ϑM was measured 
on the surface of solar cell next to copper wire. 
 

 
 

Fig. 11  The temperature of environment ϑE, calculation of the 
operating temperature ϑP and measured temperatures ϑM  

in Bologna 
 
4. CONCLUSION 

 
For the calculating the operating temperature ϑP of the 

solar cells is used equation (40). This new equation 
successfully shows influence of material to operating 
temperature ϑP. In these graphs is shown increase of 
operating temperature ϑP in time t. The current I have 
important impact to increasing of operating temperature 
ϑP. The equation (40) calculates with temperature 
coefficient of resistance αR. This effect is better shown, 
when higher current I flow through solar cell [13], [14], 
[15], [16]. The copper as conductor has a coefficient of 
resistance αR positive and the silicon as semiconductor has 
a coefficient of resistance αR negative. These differences 
are shown on the figures 1 - 4. 

The solar cells have different properties in different 
temperature of environment ϑE and different current I. For 
calculations the current I and the temperature of 
environment ϑE were ascertained as average temperature 
for every single month. Then we expected the equality of 
temperature of environment ϑE and initial temperature of 
material ϑW. The equation (40) calculates operating 
temperature ϑP per month for copper as conductor and for 
silicon as semiconductor. These calculations are shown on 
the figures 6 - 10. 

The calculated values of operating temperature ϑP for 
copper wire approximate to the values of measured 
temperature ϑM next to copper wire in case 2. At the same 
time, we can consider values of operating temperature ϑP 
for silicon, temperature of environment ϑE and measured 
temperature ϑM on the glass in case 1. On the figure 11 we 
can see these calculations [12]. 

Currently, we need to verify the operating temperature 
ϑP of solar cells, because their efficiency by higher 
temperature decreasing.  The ascertaining of the operating 
temperature ϑP is important for design and efficiency of 
solar cells and for reliability of solar cells [17], [18], [19]. 
These calculations can be used also for design other 
semiconductor components like diodes, transistors, chips 
and circuit boards. 
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The proposed analysis of polycrystalline solar cell can 
be easily expanded to take into account different scenarios 
of temperature of environment ϑE in different towns, 
temperature of material ϑW, variation of current I 
according to intensity of solar radiation and other 
conditions that occur during the different year season. 
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