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Abstract 
Heating a solar cell subjected to incident solar irradiance is studied. Laplace Integral Transform 
technique is applied to get the temperature field within the cell. The efficiency as a function of the 
cell temperature is estimated, and its variation with the local day time is thus clarified. Different 
cooling levels are considered. An illustrative example is given. The results show that the diurnal 
temperature variation of the cell is significant, while the efficiency is revealed to be a slowly vary-
ing function of temperature along the day time. It is revealed that as the temperature of the cell 
increases the efficiency decreases. Thus shading and cooling conditions may be useful to increase 
its efficiency. 
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1. Introduction 
Manufacturing of photovoltaic energy convertors with higher efficiencies is an important challenge. This topic has 
aroused the interest of many investigators [1]-[23].  

Heating a solar cell subjected to the incident global solar radiation affects its photovoltaic performance [17]- 
[23]. The solar p-n cell is a semiconductor photovoltaic device. The main parameters that characterize the solar 
cell outputs are [24]: the short circuit current ( )scI T , the open-circuit voltage ( )ocV T , and the diode saturation 
current ( )0I T . 

Such parameters depend principally on the cell temperature [24]. 
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The objective of the present trial is to find analytically the temperature of a solar cell subjected to incident 
global solar radiation and to reveal the variation of its efficiency along the local day time. 

Indeed few theoretical trials [15] [16] are made to predict theoretically the cell temperature. These attempts are 
basically numerically oriented. 

In the present work, we aim to find an analytical expression for cell temperature and its variation with the local 
day time by applying the integral Laplace transform technique as a well established method to solve the heating 
problem considering the cell as composed of two layers system, as a thin active film in perfect thermal contact 
with a bulk substrate. This problem is not easy to be solved due to the presence of a boundary condition of fourth 
kind at the interface between the two layers.  

Then we have to correlate this function with the solar cell efficiency through the cell temperature-dependent 
parameters to reveal its efficiency variation along the solar day length. 

2. Derivation of the Basic Equations 
To set up the heating problems in a general form, it is assumed that the target solar cell consists of two layers 
(Figure 1). 

The front layer (the film layer) is of finite thickness “ d ”, deposited on a substrate layer of semi-infinite di-
mensions as shown. The temperature field within the film layer is ( ),f x tθ  and that in the substrate layer in 

( ),z tρθ . The solar insulation ( )0q t , W/m2 is assumed to fall in x-direction perpendicular to the front surface. It 
is partly absorbed and partly reflected. The absorbed part is ( )0fA q t . 

Where, fA  is the absorption coefficient at the surface of the front layer subjected to the incident solar radia-
tion. 

Two coincident coordinate axes, x  and z  are considered. The substrate layer starts at x d= , or 0z = . To 
find fθ  and ρθ  the heat diffusion equations for both layers are written as follows: 

1) For the front layer: 

( ) ( )2

2

, ,
    ,  0,    0f f

f

x t x t
t x d

t x
θ θ

α
∂ ∂

= > ≤ ≤
∂ ∂

                      (1) 

2) In the substrate: 

( ) ( )2

2
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z t z t
t z
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θ θ
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where, 
pc

λα
ρ

=  is the thermal diffusivity written in terms of the thermal conductivity λ  (= W/mK) and the  

heat capacity per unit volume pcρ , ρ  is the density (kg/m3) and pC  is the specific heat (J/kg·K). 
θ , represents the excess temperature ( )0T T−  relative to the ambient temperature 0T . The system of Equa-

tions (1), and (2) is subjected to the following initial and boundary conditions: 

3)                                        ( ),0 0f xθ =                                   (3) 

4)                                        ( ),0 0zρθ =                                   (4) 

At 0x = , 
 

θρ

θf

f ρ

0            x = d x

z
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   0,Z =  ( )  –z x d=   
Figure 1. A schematic diagram for the suggested system.            
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5)                          
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At the interface between both layers, the boundary condition of the forth kind is: 

6)                                    ( ) ( ), 0,f d t tρθ θ=                                (6) 

7)                                
00

f
f f

zx
x z

ρθ θ
λ λ

==

∂ ∂
− = −

∂ ∂
                             (7) 

Moreover, the following condition is accepted: 

8)                                      ( ), 0p tθ ∞ =                                     (8) 

In addition, one has to consider the heat balance condition written in the form: 

( ) ( ) ( ) ( )00 0 0
0

d , d , d 0, d
f p

t d t
f f p f p p p f

o
A q t t c x t x C z t z h t tξ ρ θ ρ θ θ

∞

= + +∫ ∫ ∫ ∫                (9) 

0h  (W/m2 K) is the heat transfer coefficient at the front surface. 
And 0 1x< <  is the fraction of the solar energy absorbed at the front surface that is consumed in heating the 

cell and is not converted into photovoltaic power.  
To solve the system of Equations (1), and (2), one has to apply the integral Laplace transform rules to the system 

and also to the initial and boundary conditions. 
Reference [25] solved a laser heating problem similar to the problem considered in the present work. The 

fundamental difference between both works is that the laser irradiance is considered constant. Moreover cooling 
conditions are neglected in [25]. These factors are taken into consideration for the present problem. 

The incident solar irradiance function ( )0q t  received on a horizontal surface is taken in the form published 
elsewhere by the authors of the present work [26]. 

( ) 2
max

π4 1 sin ,  W m
o

t t tq t q
td td td
 = − 
 

                              (10) 

where maxq  is the maximum value occurring at a local midday time maxt . 
t  is the local day time starting from sunrise rt  up to sunset st . 

( ) –d s rt t t=  is the length of the solar day given as [27]. 

( )112 284Cos tan tan ,  where  is the latitude, and 23.45 sin360
15 365d

nt ϕ δ ϕ δ− ′+ = − =  
 

          (11) 

is the solar declination [27]. 
n′  is the day of the year ( )1 365n< <  starting from 1 January. Taking Laplace transform with respect to time 

and following the same steps as in [25], one can get finally the temperature fields in the form: 
In the front layer: 
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In the substrate: 
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where, 

1 ,     
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In the present work, data for ( )q t  published in Jeddah [28], is considered. 
where 2

max   910 W/mq = , and 13.18dt =  hours. 
For a single layer system, one has to substitute  0δ =  and  1Ω= . 
The following relations are also considered: 

1)                                    
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∞

=

= <
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2) The convolution theory [29]: 

( ) ( ){ } ( ) ( )1
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d
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L f s f s f t u f u u− = −∫                          (16) 

where ( )1f s  is the Laplace transform of the function ( )1f t . 
And ( )2f s  is the Laplace transform of the function ( )2f t . 
3) The following inverse Laplace transforms [30] is considered: 
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where, erfc ≡ is the complementary error function. 
In the following the variation of the cell efficiency as a function of its temperature is studied where: 
The efficiency η  is defined as [23]: 

in

oc scV I FF
P

η =                                     (18) 

The physical quantities that are function of the temperature are indicated as: 
ocV  is the open-circuit voltage with an ideal value [23]: 

0

ln 1sc
oc

IkTV
e I

 
= + 

 
                                      (19) 

k —Boltzmann’s constant ( 231.38 10  J/k−= × ). 
e —is the electron charge ( 191.6 10−= − ×  coulomb). 
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scI —is the short-circuit current, ideally this is equal to the light-generated current. 
scI  is given as [31]. 

( ) ( ) ( ) ( )( )21 exp , msc ph gI QA T en E Aα= − −                          (20) 

Q —is the collection efficiency (is taken as 0.8), ( )A T  is the absorption coefficient for solid silicon at its 
surface and is given for the range T = 300˚K - 1685 ˚K by the relation [31]: 

( ) ( )5
0 1 0, 0.678 3.12 10  TT A AT t −= + = − ×                          (21) 

For an ionized donor impurity concentration of value 25 310  mdN −= , the temperature variation of the attenu-
ation coefficient α is given by the relation [31]: 

( ) ( )1expT a T Tα =                                 (22) 

where, 4 1  3.17 10  ma −= ×  and T1 =346 ˚K. 
l , m  is the thickness of the absorbing semiconductor bulk. 

phn , ( )gE , is the number of photons with energy greater than the band gap gE . 
Moreover, 0I , the diode saturation current is given as in [23] [32]. 

3 2
0 exp     m ,gE

I nT Am
kT

 
= − 

 
                            (23) 

where, n  is the non-ideality factor, this factor is taken as unity. 
Besides, one has to consider the dependence of the band gap on the temperature expressed as in [32]: 

( ) ( )
2

0g g
a TE T E
T b
′

= −
+

                              (24) 

The values of ( )0gE , a′  and b  for silicon [32] are: 
( ) 4 10 1.16 eV,     7 10  eVKgE a − −′= = × , b = 1100 ˚K.  

inP  is the received incident solar irradiance W/m2. 

3. Computations 
As an illustrative example, a single layer ( )1Ω =  solar silicon cell of thickness 0.02 m is considered. Its tem-
perature is computed, at different values of the local day time, t , the temperature at 0x =  for simplicity is ac-
cepted as the cell temperature, rather than taken an average value along its thickness. 

Corresponding to each value ( )tθ  of the cell, one has to compute all the physical quantities required to esti-
mate its efficiency ( )tη  namely, gE , 0I , scI , ocV . These functions are given in Table 1 the efficiency ( )tη  
as a function of the local day time is illustrated as graphically in Figure 2. 
 

Table 1. The efficiency η as a function of local day time.            

Day Time (hours) η 

0 #DIV/0! 
2.59 0.2846 
3.59 0.2875 
4.59 0.2850 
5.59 0.2805 
6.59 0.2753 
7.59 0.2697 
8.59 0.2642 
9.59 0.2590 

10.59 0.2540 
11.59 0.2473 
12.59 0.2381 
13.18 0.2152 
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The cell temperature as a function of the local day time for three different values of the heat transfer coefficients 
0 3.5,5,10h =  W/m2K, limiting the cooling conditions, are given in Table 2, Table 3, and Table 4. 
The effect of the different cooling levels on ( )tθ  is shown graphically in Figure 3. 

 

 
Figure 2. Efficiency as a function of local day time.                                   

 

 
Figure 3. The cell difference temperature as a function of local day time with the coefficient of 
heat transfer (h), and the thickness (=0.02 m) as parameters.                                
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Table 2. The cell difference temperature as a function of local day 
time, 2

0 3.5 W/m Kh = , 2
max 910 W/mq = , 13.18 hoursdt =  

[11].                                                    

Time 
(hours) 

θ 
K 

0 0 

1.59 11.5840 

2.59 24.4020 

3.59 38.7130 

4.59 53.2690 

5.59 67.1340 

6.59 79.5470 

7.59 89.8600 

8.59 97.5050 

9.59 101.9700 

10.59 102.8000 

11.59 99.5690 

12.59 91.8720 

13.18 85.0880 

 
Table 3. The cell difference temperature as a function of local day 
time with the coefficient of heat transfer (h0 = 5 W/m2 K) and the 
thickness d = 0.02 m, taken as parameters.                      

Time 
(hours) 

θ 
K 

0 0 

1.59 11.5340 

2.59 24.2700 

3.59 38.4550 

4.59 52.8530 

5.59 66.5380 

6.59 78.7580 

7.59 88.8740 

8.59 96.3270 

9.59 100.6200 

10.59 101.2900 

11.59 97.9370 

12.59 90.1610 

13.18 83.3530 

4. Conclusions 
The obtained results reveal that: 

1) The temperature variation of the solar cell with the local day time is significant within the considered oper-
ating conditions. 

2) The cooling conditions slightly affect the temperature of the cell. 
3) The efficiency of the cell varies slowly with the local day time. 
4) Computations reveal that the efficiency η  ranges between 21% - 28% for the considered silicon cell. 
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Table 4. The cell difference temperature as a function of local day 
time with the coefficient of heat transfer (h0 = 10 W/m2K) and the 
thickness d = 0.02 m, taken as parameters.                      

Time 
(hours) 

θ 
K 

0 0 

1.59 11.3960 

2.59 23.8450 

3.59 37.6230 

4.59 51.5180 

5.59 64.6320 

6.59 76.2410 

7.59 85.7370 
8.59 92.5900 
9.59 96.3320 
10.59 96.5360 

11.59 92.8170 

12.59 84.8150 

13.18 77.9500 

 
5) As the solar cell temperature increases its efficiency decreases. Thus shading and cooling conditions may be 

useful to increase its efficiency. 
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