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Abstract. High operating temperatures of pho-
tovoltaic modules cause thermally-induced fail-
ures, degradation of the conversion efficiency
and long-term reliability. As such, photovoltaic
cells present limitations at high operating tem-
peratures and anisotropic temperature distribu-
tions. Therefore, in order to maintain the tem-
perature below the recommended operating tem-
perature, there is a need for an effective cool-
ing of the such power equipment. In this work,
the thermal distribution in solar cells for a high
concentration of photovoltaic system is numeri-
cally investigated using finite difference method.
The parametric study in this work reveals signif-
icance of environmental parameters such as in-
cident light, ambient conditions, wind velocity,
and also material characteristics as well as the
system size such as backplate emissivity, back-
plate coating, cell size, backplate thickness, and
backplate length on the solar cell temperature.
The solar cell temperature significantly reduces
as the backplate thickness and emissivity, wind
speed. However, reduction in backplate length
potentially lower the cost and temperature of the
solar cell. Also, increase in the incident light
and ambient temperature cause increase in the
solar cell temperature. It is anticipated that
this work will contribute to an improved passive
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device design, particularly at the initial design
stage when choosing the appropriate solar cell
size and backplate thickness depending on the lo-
cation of the project.

Keywords: Solar cells; backplate; photo-
voltaic; temperature distribution; finite differ-
ence method.

1. Introduction

The potentials of photovoltaics (PV) in provid-
ing solutions to the current energy and environ-
mental issues cannot be overemphasized. Solar
cells which are photo-electric conversion semi-
conductors, are used in PV modules to directly
convert absorbed solar radiation into electrical
power. The continuous and expanding applica-
tions require further improvements in PV con-
version efficiency and cost reduction in order
to encourage the wide implementation of PV.
Therefore, enhancing efficiency and improving
lifetime are also important concerns in energy
generation. One area of such improvement is in
the cooling of the power component.
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While most incident sunlight on the PV is ab-
sorbed by the solar cells, a significant amount
of absorbed sunlight that is not able to be
converted into electricity causes heat genera-
tion in the system, which consequently heats up
the solar cells, electrodes, solders, wires, and
sealants in the module, lowering system per-
formance as a whole [1-3]. It was established
that, the solar cell temperature (or module tem-
perature) increases up to 50°C and higher for
non-concentrated PVs [4-6] and 100°C for CPVs
[7]. The PV module conversion efficiency and
dependability are negatively impacted by this
temperature rise. In fact, the present Si cells
have a conversion efficiency of nearly 20% at
room temperature (25°C), but for every de-
gree Celsius that temperature rises, the rela-
tive efficiency decreases by about 0.45%, which
is called temperature coefficient [3]. Therefore,
as the temperature rises from 25°C to 60°C),
the efficiency drops from 20% to 17%. More-
over, it has been found that for every 10°C' in-
crease in operation temperature, the degrada-
tion rate of the PV module doubles [§]. Such
high temperatures cause thermally-induced fail-
ures, degradation of the conversion efficiency
and reduction long-term reliability of the PV
module. As such, photovoltaic cells present
limitations at high operating temperatures and
anisotropic temperature distributions. Conse-
quently, in order to maintain the temperature
below the recommended operating temperature,
improving long-term power generation perfor-
mance and system reliability, there is a need for
an effective PV module cooling method. As a
response to this, various works has been pre-
sented in the literature on the cooling of PV
modules [9-34]. Specifically, Wu et al. [34] pre-
sented an extensive indoor experimental investi-
gation to characterize the heat loss from a point
focus Fresnel lens PV Concentrator with a con-
centration ratio of 100x. The experiment was
conducted for various ambient air temperatures,
natural and forced convection, and a range of
simulated solar radiation intensities between 200
and 1000 W/m?2. Some years later, Al-Amri et
al. [10], developed a simple thermal model and
presented a closed-form solution for the predic-
tion of the solar cell temperature in the high
concentration of photovoltaic system.
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Indisputably, temperature and sun irradiation
in particular have a significant impact on the
performance of PV systems that are installed
outdoors. As a result, it is essential to cre-
ate precise prediction techniques for solar cells
and modules that can examine how temperature
changes and sun irradiation affect the electrical
properties. These prediction techniques are es-
sential for determining the potential energy out-
put and for maximizing PV system performance
in various environmental settings. To the best
knowledge of the authors, a nonlinear thermal
model which is a function of meteorological data
and the optical, thermal, and electrical proper-
ties of the CPV system is not available in the
literature. Therefore, in this work, nonlinear
thermal models for predicting the concentration
photovoltaic solar cell temperature distribution
which is related meteorological data and the op-
tical, thermal, and electrical properties of the
CPV system were developed and analysed for
a simple passive cooling method using a metal
heat-spreading plate. Moreover, numerical solu-
tion of finite difference method represents an ef-
ficient way of calculating the temperature distri-
bution in heat transfer processes. By segment-
ing the body into smaller domains, the FDM can
be utilized to solve any complex body. Further-
more, a greater degree of approximation error
removal can be achieved by selecting finer grids,
which need significant processing power. There-
fore, the finite difference method is used in this
work. To analyze the developed thermal mod-
els. The significance of the model parameters
such as incident light, ambient conditions, wind
velocity, the system size, backplate emissivity,
backplate coating, cell size, backplate thickness,
and backplate length on the solar cell tempera-
ture are investigated and discussed.

2. Problem Formulation

Figure 1 presents high concentration of photo-
voltaic system. It is taken as depicted in the
Figure la that every module in the system has
the same heat transfer solutions because of their
similar size and form. The virtual perpendic-
ular dash lines in Figure 1b serve as adiabatic
lines that separate the modules from one an-
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other. Inside a single module, there is similar-
ity in heat transfer between the four triangular
areas confined between the two diagonal lines
of the square plate, shown in Figure 1b. The
two diagonal lines can be considered as adia-
batic lines [10]. Thus, as illustrated in Figure
lc, the problem can be defined as heat trans-
port through an extended fin with a trapezium
form. As a result, the heat transfer model for
the back plate will be developed based on the
following assumptions.

1. The convection and radiation heat trans-
fers from the solar cell to the environment
are negligible compared to the conduction
heat transfer to the backplate. This is be-
cause, at high values of the concentration
ratio (the surface area ratio at the aperture
and the receiver), the surface areas of solar
cells are very small compared to the surface
area of the aluminium backplate.

2. All the heat absorbed by the solar cell
is transferred to the aluminium backplate
through conduction.

3. The solar cell material is homogeneous and
isotropic for the unidirectional heat conduc-
tion flow along the fin length.

4. The thermal and physical properties of the
material for the solar cell are constant.

5. Thermal resistance and losses of conductive
heat transfers in solar cell material and the
adhesive layer are negligible. Thus, the heat
transfer problem of the CPV system can
be considered as a problem of heat trans-
fer through a rectangular plate.

6. There is a uniform incident radiation on the
surface area of the cells of the module.

7. A steady state heat transfer in the solar cell.

Using the stated assumptions, the thermal en-
ergy model are derived as follows

Energy at the base = energy out right face
+ energy lost by convection

+ energy lost by radiation

1)
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Fig. 1: The problem geometry: (a) high concentration
of photovoltaic system considered (b) the top
view of the solar cell and backplate top (c) the

direction of heat transfer and the boundary con-
ditions [10].

The mathematical representation of the Eq. (1)
is

0 dAg,
Gy = (qy + 6qay) +h— LT —T,)éy
dAsu
+oe ay ! (T* — T oy

After collecting like terms, we have

_9a _
oy

dAquy
dy

h (T —T,)+oc (T* - T

3)
The heat conduction rate is given by Fourier’s
law as given

dAsuf
d

oT
q= _kAcr Fy (4)
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The introduction of Eq. (4) into Eq. (3) pro- where
vides, hep = h + 40eT? (14)
9 (—k Aﬂg) " A The respective heat transfer coefficient for the
- ") s 1)y 4 e &5 (74 74y convection and radiation are given as [10]
dy dy dy ‘
()
where he = O.848ka\/ % (”PTCOS(“’)>
v
Agr =2t (y + a) = ddACT =2t (15)
YA 1 [ vPrcos(w)
Asurg =2y (y +20) = =g =4y +a) =0.848 [ | = [ ———=) | ka
Therefore, Eq. (5) gives h, = 40eT? (16)
9 (( )T The combined heat transfer coefficient is the
y+a) %) : coc ‘
2kt, v) _ h(y + a)(T — T,) sum of th'e convect.lon .and radiation heat trans
Oy fer coefficients, which is
+doe(y +a)(T* — T
s 1 (oP
hoy = 0.848 [ [ (ETeoS@IN ) o ypers
. . bN v
After expansion, we arrive at (a7)
kte ( +a)a2—T+kta—T— Therefore, the th 1 model b
c\Y 8y2 c 6y = (7) erefore, the thermal model becomes

2h(y + a)(T — T,) + 20e(y + a)(T* — T2)
The above equation can be expressed as

PT 1 9T 2n(T -T,) 20e(T* -T2

oy?  (y+a)dy tok t.k

(3)
For the case when the temperature between the
base and tip of the fin is small, the radiative term
can be linearized. Using Roseland’s approxima-
tion for the radiative term in the model, with

the aid of Taylor series, expanding 7% about T,

T2 T 4 4T3 (T = T,) + 6T2(T — To)? + 4T (T = To)* + ...

and ignoring the higher order components in E(}?q)
(9), we have
T4 = 4T3T — 372 (10)
Therefore,
T — T3 = 4T3(T - T,) (11)

Substituting Eq. (11) into Eq. (12) , we have

82T+ 10T _ 2h(T —T,) 8oeT3(T —1T,)
oy?  (y+a)dy t.k t.k
(12)

For the steady state heat transfer, we have

0T 1 9T 2h(T—T,

- = _ # =0 (13)

dy?  (y+a) dy tk
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PT 1 or
o (y+a)dy

2 (0.848 ( = (%”)) ko + 4aeT3) (T —T,)

tok =0
(18)
The boundary conditions are

d7T . 70,2 XCXIX?]opt(lf’r]STc)

dy 2a X k X t. ’
at y=0,fort >0 (19)

dr

d—yzO, aty=b—a, fort>0 (20)

As illustrated in Fig. 1b, only a quarter of the
heat flux via the x-direction is examined due
to the symmetry of the geometry under consid-
eration. The boundary conditions represented
in equations (19) and (20) depict the condi-
tions seen in Figure lc. It displays the heat
flux value that is transported from the solar cell
to the plate as well as the adiabatic value at
the trapezoid’s longer and shorter bases, respec-
tively. (9a)

3. Method of Solution

While Eq. (18) is a nonlinear differential equa-
tion, Eq. (18) is a linear differential equation

(© 2025 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 9 | ISSUE: 3 | 2025 | SEPTEMBER

with variable coefficient. It is very difficult
to establish the exact solution of the nonlinear
model. The use and the accuracy of finite differ-
ence method for the analysis of nonlinear prob-
lems has earlier been pointed out by Han et al.
(2005). Therefore, in this work, finite difference
method is used to discretize the governing Eq.
(8) combined with the boundary conditions of
Eq. (19) and (18). The finite difference forms
or schemes for the differentials in the governing
differential equations are given as

d°T _ T —2Ti + Tia

—_— 21
dy? (Ay)? 21
dI' T =Ty Ty —Tion T —Tis
dy Ay N 2Ay N Ay
(22)

Substituting the above finite difference schemes
into Eq. (21) and (22) into the developed models
in Egs. (8) and (18), we obtain equivalent finite
difference scheme as

For the nonlinear model

1 vPTcos(w)) . L
Tipr — 2T+ T 2 <0‘848 < bN ( v ) ka) (T -To)

(Ay)* tek
L1 Tin =T\ 20e(T-T))
(iAy + a) Ay tek B
(23)
After collecting the like terms, we have
1 1 20¢ 1
et i | T = o T+ T
((Ay)2 T lidyta) Ay) TR T (ag? T
1 (wvPrcos(w)
NS . . 2 (0.848( iy (Lrente) )) ka) .
(Ay)?  (iAy+a) Ay tck ‘
2 (0.848 ( & (7“’”;’5(”) ka)
- T, + 2%
tok “T otk
(24)
linear thermal model with variable coefficient
Ti1 — 2T + T 1 (TH—l *Ti>
(Ay)? (iAy +a) Ay
2 (0.848 < & (%“ﬂ) ko + 405Tj> (T, - T,)
- tok =0
(25)
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After collecting the like terms, we get

R S SR P R
(Ay)? " (Dy+a)dy ) T ag? T

o

2 1
+ | =5+ +
( (Ay)®  (iAy+a)Ay

(26)
The finite difference discretization for of the
boundary conditions are

—CL2 x C x I x Nopt (1 — nSTC)
T2T0+2( 2a x k x t. )Ay
(27)
TM_1 = T]y[+1, ati =M (28)

The algebraic evaluations of the numerical
scheme of Eq. (26) with the boundary condi-
tions in Egs. (27) and (28) are solved using
MATLAB. The results from the nodal points
considered are plotted for verification and val-
idations as shown in the next section.

4. Results and Discussion

The solutions of the developed numerical
method were validated and then also verified
with the experimental investigation by Wu et
al. [34] and analytical solutions by Al-Amri et
al. [10]. Figures. 1-5 depict the variation of
the solar cell temperature with the solar irra-
diance from the present numerical solution and
the published experimental work of [34]. As it
could been seen that the results of the present
study agree very well with the results of the ex-
periment as presented in the literature.

Also, Figures 6-9 present the variation of the
solar cell temperature with the solar irradiance
from the present numerical solution of the linear
thermal model and the published analytical so-
lution of Al-Amri [10]. The analytical solution
in the literature also verified the numerical so-
lution in the present study. It should be noted
that all the parameters used for the simulations
in the present study are form the work of Wu et
al. [34] and Al-Amri et al. [10].

The significance of emissivity on the solar cell
temperature for four different values of ambi-
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Fig. 2: Comparison of the experimental and the present

numerical results of free convection at an ambi-
ent temperature of 50°C.
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ent temperature of 20°C.
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4: Comparison of the experimental and the present

numerical results of forced convection at an am-
bient temperature of 50°C'.

ent temperature is illustrated in Figure 10. The
results demonstrated that heat transfer by ra-
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: Comparison of the experimental and the present
numerical results of the linear models for free
and forced convection at an ambient tempera-
ture of 20°C and 50°C'.
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Fig. 6: Comparison of analytical and the present nu-
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merical results for the linear model of free con-
vection at an ambient temperature of 50°C.
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: Comparison of analytical and the present nu-

merical results for the linear model of free con-
vection at an ambient temperature of 50°C.

diation reduces the temperature of a solar cell.
Furthermore, it was established that the cell
temperature consistently exceeded the accept-
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Fig. 8: Comparison of analytical and the present nu-
merical results for the linear model of forced con-
vection at an ambient temperature of 20°C.

Fig. 9: Comparison of analytical and the present nu-
merical results of the linear models for free and
forced convection at an ambient temperature

20°C and 50°C.

Solar cell termperature (°C)

o] 0.1 0.2 0.3 0.4
emmisivy,

05 06 07 08 09 1
¢

Fig. 10: Effects of emissivity on the solar cell tempera-

ture at different ambient temperature.

able threshold of 80°C' in a harsh/hostile envi-
ronment (50°C'). This result indicates that the
solar cell will deteriorate more quickly. On the
other hand, at 40°C, the gray backplate sur-
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face’s surface radiation can assist in running the
concentrated photovoltaic system below the ad-
vised safe temperature. Despite the backplate’s
emissivity, the working temperature is always
below 80°C' in mild weather of ambient temper-
ature of 20°C' and 30°C as illustrated in the fig-
ure.

&

Solar celtemperature (°C)
a

Wind speed, v (miE)

Fig. 11: Effects of wind speed on the solar cell temper-
ature at different ambient temperature.

Figure 11 shows the impact of the wind speed
under two different ambient temperatures on the
temperature of the solar cell. It is shown that
the solar cell temperature decreases significantly
as the wind speed increases. This is because high
wind speeds increase high convection heat trans-
fer coefficient. Therefore, as the wind speed in-
crease, the coefficient of heat transfer increases
which consequently causes increased cooling of
the solar cell and thereby decreases its tempera-
ture. It should be noted that the rate of reduc-
tion rate of temperature decreases with higher
wind velocities and reaches a steady rate at a
high value of the wind speed.

Figure 12 presents the effect of backplate
length on the temperature of the solar cell under
different ambient temperature. It is shown in
the figure that the solar cell temperature signif-
icantly decreases with the backplate length. Al-
though, using backplate of longer length seems
desirable to make the solar cell operate below
the established threshold temperature of 80°C,
it should be well noted that increasing the size
of the backplate means higher initial cost and
increased power consumption which will be re-
quired for tracking. Therefore, there is a need to
determine an optimal length that results in the
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12: Effects of backplate length on the solar cell
temperature at different ambient temperature.

Fig.

maximum net power output and minimum cost
of the system.

Also, it could be established that the initial cost
of the system can be decreased by reducing the
backplate length, which also increases solar cell
airflow and lowers cell temperature. Smaller cell
sizes are more suited for harsh environment with
ambient temperatures above 40°C. This facili-
tates the control of the cell temperature drop
below the 80°C threshold value.

Solarce lltemperatune (U [5]
. = .

Backplate thickness, 1 (m)

13: Effects of backplate thickness on the solar cell
temperature at different ambient temperature.

Fig.

As the backplate thickness increases, the tem-
perature of the solar cell decreases rapidly until
the thickness after 8mm of the backplate thick-
ness that the solar cell temperature becomes
constant as depicted in Figure 13. However, it
is shown that regardless of plate thickness, in
a severe/harsh environment, the cell tempera-
ture always rises above the safe operating value.
Although the thicker the plate thickness, the
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lower the solar cell temperature and that means
higher initial cost and increased power consump-
tion which will be required for tracking. There-
fore, there is a need to determine an optimal
length that results in the maximum net power
output and minimum cost of the system.

5. Conclusion

The thermal distribution in solar cells for a high
concentration of photovoltaic system has been
modelled and solved numerically using finite dif-
ference method. The results of the numerical
solutions were validated and then also verified
with the experimental investigation and analyt-
ical solutions, respectively. The results demon-
strated that the wind speed and heat transfer
by radiation reduces the temperature of a solar
cell. The solar cell temperature significantly de-
creases with the backplate length. As the back-
plate thickness increases, the temperature of the
solar cell decreases rapidly until the thickness af-
ter 8 mm of the backplate thickness that the
solar cell temperature becomes constant. Al-
though, using backplate of longer length and
larger thickness are seen as desirable to make the
solar cell operate below the established thresh-
old temperature, such will result in higher ini-
tial cost and increased power consumption which
will be required for tracking. Therefore, there
is a need to determine an optimal length that
results in the maximum net power output and
minimum cost of the system. It is expected that
this work would improve the design of passive
devices, especially in the early stages of select-
ing the right backplate thickness and solar cell
size based on the project’s location.

Nomenclature

Nopt  optical efficiency of the Fresnel lens

nstco  electrical efficiency at STC

v kinematic viscosity of air, m2.s~*

o Stefan—Boltzmann constant (5.67 x10~8
W m~2 K™%)

€ emissivity of aluminium backplate
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A, cross-sectional area, which varies with y,
m2

Agury surface area of the differential element,
m2

he a function of wind speed and direction

I incident radiation, W.m 2

k backplate thermal conductivity,
Wm LK1

kq thermal conductivity of air,
0.026Wm~ 1K1

N number of solar cells (or modules) in
each row

Pr Prandtl number of air

T temperature at any point in the plate, K

Ta ambient temperature T

T. backplate thickness, m

v wind speed, m.s™!

w wind direction, degrees

a half of the solar cell length, m

b half of aluminium backplate length for
each module, m

C concentration ratio, found in: C = b?/a?

d half length of the surface, m

h combined heat transfer coefficient,
W/(m2.K)
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