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Abstract. A numerical model of heat transfer for predicting solar cell temperature in a high concentrating
photovoltaic module using non-uniform incident illumination is presented. The PV module, based on a
three-junction solar cell with a front contact to the cell, anti-reflected glass coating, and an active
aluminum back plate is modeled. The Gaussian distribution is adopted to simulate the irregularity in the
incident radiation. The cooling water is enforced to flow inside a rectangular duct behind the solar cell
assembly to lower the cell’s operating temperature. The continuity equation, momentum equation, energy
equation for the fluid, and energy equations for the solid materials in the solar cell assembly are solved
using a numerical marching technique. The effects of the standard deviation of light distribution, position
of the maximum radiation on the cell surface, Reynold's number, and concentration ratio on the
temperature of the solar cell are illustrated. At moderate values of concentration ratio, water was found to
be an effective cooling medium in reducing solar cell temperatures to acceptable levels. However, for
high concentrations, plain water-cooling system was unable to cool the solar cell adequately when the
system is subjected to a sharp non-uniform illumination distribution.
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Nomenclature
b channel width, m
C concentration ratio

Grt modified Grashof number, 9BYagh”
osz

intensity of incident light, W/m?

thermal conductivity, w/m -K
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channel length, m
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L dimensionless plate length, ¢
b Re
p pressure of fluid at any cross section, N/m?
p' pressure defect at any cross section, p-p,, N/m?
D, hydrostatic pressure, —p_gz , N/m?
n, pressure of fluid at the channel entrance, N/m?
P dimensionless pressure at any cross section, %
p:x:uao
Tavg average input heat flux, (1—m) lag W/m?
ub

Re Reynolds number, —°

v
t solar cell assembly thickness, m
T temperature at any point, K
T, inlet temperature, K
SD standard deviation
u, entrance axial velocity, m/s
u longitudinal velocity component at any point, m/s
u dimensionless longitudinal velocity, u/ U
v transverse velocity component at any point, m/s
\Y/ dimensionless transverse velocity, b * v/ U
y horizontal coordinate, m
Y dimensionless horizontal coordinate, y / b
z vertical coordinate, m
2o position of the maximum incident light, m
4 dimensionless vertical coordinate, z / (b * Re)

Greek Symbols
v kinematic fluid viscosity

p fluid density, kg/m®

w dynamic fluid viscosity, kg/m-s

o absorptivity

n efficiency of the solar cell

0 dimensionless temperature at any point, | kT

=

0, dimensionless inlet temperature at any point, | kT
o

Subscripts

ad adhesive material
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a Cu-Ag-Hg front contact
exit

fluid

glass

solid

wall of the channel
ambient or inlet
ductwallatY =0
ductwallatyY =1

1. Introduction

Energy is increasingly important in engineering problems, and researchers have
devoted much effort toward developing modern techniques to reduce the cost of its
production. Concentrating multi-junction photovoltaics represent an emerging
technology that aspires to produce a major amount of the global energy demand.
However, studies have shown that the performance of a photovoltaic system is
largely dependent on the cell temperature, and its efficiency is reduced with a
negative temperature coefficient. In addition, as a result of using an optical
concentrator, the incident illumination on the solar cell is strongly non-uniform,
increasing cell temperatures. Therefore, maintaining solar cell performance requires
cooling, and it can be either active or passive.

Several studies have investigated the thermal behavior of a CPV. A
theoretical thermal model was developed by Cui Min et al. [1] and Cotal and
Frost [2] for simulating the thermal performance of a solar cell under natural
convection heat transfer. Vicenza et al. [3] used an active cooling system consisting
of micro channels directly beneath the cells through which water circulates.
Moshfegh and Sandberg [4] carried out both numerical and experimental studies of
free convection heat transfer behind solar cells. The performance of hybrid
photovoltaic/thermal (PV/T) solar systems was evaluated by several researchers
[5,6,7]. Al-Amri and Mallick [8,9] presented a thermal model for predicting the
maximum cell temperatures in multi-junction concentrating solar cell systems that
were actively cooled by water-forced and air-forced convection. The thermal
performance was found to be substantially dependent on the geometrical parameters.
Micheli et al. [10] recently presented a thorough review of micro- and nano-
technologies that apply to CPV cooling and associated manufacturing technologies.
Carbon nano-tubes and high-conductive coating technologies are reportedly the
most effective at CPV cooling.

The non-uniform illumination profiles problem has been studied extensively,
focusing on the effects of non-uniformity on electrical performance [11]. However,
some research has addressed the thermal impacts of non-uniformity in radiation
shapes. Franklin and Conventry [12] showed, in their numerical and experimental
study, that there is a drop in both open-circuit voltage and efficiency in a silicon solar
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cell under non-uniform focused illumination, compared to a cell under uniform
illumination. In addition, results indicated that the temperature profile closely
resembles a Gaussian distribution. Conventry et al. [13] measured the thermal and
electrical output from a concentrating PV/thermal collector at 25-30 suns. They found
that the illumination flux intensity across the width of the solar cell was far from even.
Domenech-Garret [14] investigated the effects of a combination of non-uniform
illumination and non-uniform temperature on a silicon solar cell using Gaussian and
inverse Gaussian profiles to describe the temperature in the cell. Chemisana and
Rosell [15] studied, both numerically and experimentally, the effects of Gaussian and
anti-Gaussian temperature profiles on the cell's electrical parameters under various
types of concentrated illumination. Electric conversion efficiency increased under a
Gaussian temperature profile and decreased when the cell was subjected to an inverse
Gaussian temperature curve. The authors concluded that the temperature profile could
be tailored to maximize efficiency for specific radiation conditions. Al-Amri and
Mallick [16] studied the effects of combined radiation and air-forced convection on the
concentrating triple-junction solar cell temperature under non-uniform illumination
and found that surface radiation exchange inside the duct reduced the cell’s maximum
temperature. However, results showed that their cooling system was suitable only at
low concentrations (C<100). Recently, Xing et al. [17] investigated the thermal and
electrical performances of a silicon vertical multi-junction solar cell under non-
uniform radiation, revealing a noticeable increment in cell temperature as the degree of
non-uninformity was increased.

A thorough literature review reveals that the effects of non-uniform incident
light on the operating temperature of solar cells is yet to be well understood. The
feature of non-uniformity, and therefore its impact on the solar cell temperature, is
worthy of additional consideration and forms the focus of this work. Thus, the aim
of the present work is to extend the work of Al-Amri and Mallick [16] by using
water, instead of air, as a coolant medium to actively cool highly-concentrated solar
cell under non-uniform incident light. The effect of using different cooling mediums
will be explored, and a comparison between solar cell temperatures of the present
results and those obtained for active air cooling by Al-Amri and Mallick [16] will be
presented and discussed.

A numerical model of heat transfer was employed to simulate the
temperature distribution, under the non-uniform incident light, on highly-
concentrated triple-junction solar cells.

2. Mathematical Formulations

Fig. 1 shows the geometry of the physical problem and the coordinate system
considered in this study. The components consisted of a solar cell with three p-n
junctions made of galium indium phosphide (GalnP), galium arsenide (GaAs), and
germanium (Ge), a Cu-Ag-Hg frontal contact to the cell, a front glass coating, a rear
aluminum plate, and a sticky material used to attach the cell to the coating glass and
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the aluminum plate. The cooling water flows through channel behind the aluminum
plate, which its external plate was assumed to be adiabatic. The inlet temperature of

the fluid was assumed to be constant at T =27°C. The efficiency of the solar
cell (m1) and the optical system (nopt) were 0.38 and 0.85, respectively. The
dimensions and the thermo-physical properties of the components used in the model
can be found in [16].

The illumination distribution incident on the solar cell surface was assumed
to be non-uniform and in the shape of a Gaussian profile [12], where its formula can
be written as:

—Z(Z—zo)z

2C —=
1(2) = so?
@ 10 SD2r

where Z, is the position of the maximum illumination on the cell surface, C is the

concentration ratio, and SD is the standard deviation measuring how far incident
illumination is dispersed.

@)

The intensity of the incident light, 1(z), can be written in a non-dimensional form as:

1(2)= II(—Z) @

avg

where |, is the average incident illumination across the entire cell surface.
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Fig. (1). Geometry of the employed system

The equations governing the physical problem under consideration can be expressed
as the following [9]:

NPy ©)
oYy o7
* 2
v,y d—P+5(e-em) % (4)
oY oz dZ Re oY
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oY oz Pr oY?
2
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The continuity equation, Eq. (3), can be written in its integral form as:
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F= Jl' udy =1
0
The boundary conditions of the above equations are:
At channel entrance (Z = 0):
U=1,V=P=0,and 0=0,
At the first wall of the channel (Y = 0):

U=0,V=0and 9
oY

=0

Y=0

At the second wall of the channel (Y =1):

U=0,V=0and g, PO _ B
T OY |y OY |y
At solid-solid interfaces:
AtY = YS“HH) ,andj=1or2,
00, ~ 00,
6Y Y:YST(JHM) S a YZYS*(JHH)
ForY = YS(J‘HH) ,0<Z<Zcor(Z+le)<Z<L,andj=3or4,
00, _ 00, oo, (o —0y) 1(2)
] Vv, Kr

For Y = YSH and0<Z<Zgor(Zc+Le)<Z <L,

00, ke, 00, 1-na, (@-a,—o,) (2
oY e () Yve Krs, ¢
AtY = YS(I_HM) VZo<Z<(Z¢+ L), andj=3,4,o0r5,
o »
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Method of Solution

The conjugate convection field equations (i.e., continuity, momentum, and
energy) and the corresponding boundary conditions were transformed into finite
difference equations. These equations were then solved using a numerical marching
technique. The details of the solution procedure can be found in Coney and El-
Shaarawi [18], and the validation of the numerical code can be found in Al-Amri
and El-Shaarawi [19].

3. Results and Discussion

The incident illumination profiles obtained using C = 400 and m,,, = 0.85 in Eq.

(1) are shown in Figs. 2(a) and 2(b) at selected values for SD (0.0005, 0.001, and
0.002) and position of maximum illumination on the cell surface (zo= 2, 5, and
8 mm), respectively. The uniform incident light profile is shown in Fig. 2(a) for
comparative purposes. These profiles were used as code input data so that the effects
of these parameters on the temperature distribution of the solar cell could be studied.

To investigate the effect of using different cooling mediums on solar cell
temperatures, a comparison between solar cell temperatures of the present results
which used water as a cooling medium and those for active air cooling of Al-Amri
and Mallick [16] is carried out, for C=100, as shown in Figures 3 and 4 for different
values of Reynold's number and different standard deviation values, respectively. It
is clear that there is a huge drop in solar cell temperatures when the air is replaced
by water. These two figures indicate that air is inappropriate coolant medium at
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medium concentration ratios. In contrast, water is an excellent coolant medium at
these levels of concentration, and can also be efficient at higher C values as will be
shown further on in this paper.

Figs. 5(a), 5(b), and 5(c) show, for Z;=5 mm and Re = 500, the variations in

solar cell temperature with the axial distance from the channel entrance for both
uniform and non-uniform incident light for three selected values of concentration
ratio (C) namely, 100, 200, and 400 respectively. Results show that when
distribution is uniform, the solar cell temperature first increases sharply near the
entrance and then gradually increases until reaching its maximum value at the
channel exit. On the other hand, when the distribution is non-uniform, the
temperature of the first quarter of the solar cell remains constant at ambient
temperature, then rapidly increases to its maximum value at the center of the cell.
The temperature then drops sharply and gradually in the fourth quarter of the solar
cell, where temperatures are higher than those observed in the first quarter. The
figures show that the temperature profile becomes thinner, and the maximum
temperature increases, as the SD decreases. Also, the maximum temperature of the
solar cell is much higher when the light distribution is non-uniform rather than
uniform. Moreover, the effect of the non-uniformity on the solar cell temperature
increases with increasing concentration ratio. For example, as the incident light
distribution shifted from uniform to non-uniform at SD = 0.0005, the maximum
solar cell temperature is shown to increase from 38°C to 88.6°C (i.e., by 133%) and
from 71°C to 273°C (i.e., by 284%) when C is 100 and 400, respectively. From
another view point, as C increased from 100 to 400, the maximum solar cell
temperature increased from 38°C to 71°C (i.e.,, by 87%) for uniform light
distribution, but it increased from 88.6°C to 273°C (i.e., by 208%) for non-uniform
distribution at this SD. More importantly, these figures indicate that water can be a
proper medium to cool modern multi-junction solar cells up to C=200 and C=400
for strong and mild non-uniform light distributions, respectively.
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Fig. (2). Incident illumination profiles for C = 400 and nopt = 0.85 at (a) various SDs and (b)

various values of z,.



The Effect of Cooling Medium on the Temperature ... 29

m¥
—»-Air Cookd-Re=500[16] |
—a - Air Cooled -Re=2000[16] / _ \
I i - / !
400F —m—Water Cooked - Be =300 g f“‘ )
o —A—Water Cookd-Re <2000 [ / 4\
o { \ 5
B r;‘ N
= 300k
B 0 jff i.m‘ N
Z i *, \‘\
E P! SN
= i ! \\ n.
= 200p -
3 ”.' W Twe
= f e TE—
= 'y A
Z /) ' S
100 / :
/
Jl.f a-m_
by —p=F="d 2 e
0 02 0. 08 08

distance along solar cell, (z1)
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Fig. 5(c). Variation in solar cell temperature using various values of SD when z,= 0.5, Re = 500, and
C =400.

Figs. 6(a), 6(b), and 6(c) show, for Z,= 5 mm, Re = 1000, and selected values

of SD (0.0005, 0.001, and 0.002), how solar cell temperature varies with axial
distance from the channel entrance for both uniform and non-uniform incident light
when C= 100, 200, and 400, respectively. Likewise, Figs. 7(a), 7(b), and 7(c) show
the same phenomenon when Re = 2000. An obvious reduction in the maximum cell
temperature as Re increases can be observed from these figures. The effect of Re on
the maximum temperature is more pronounced when the incident light profile is
non-uniform than when it is uniform. As seen in Figs. 6 and 7, the maximum solar
cell temperature falls down from 71°C to 54°C (i.e., by 24%) as Re increases from
500 to 2000 when the profile is uniform but from 273°C to 171°C (i.e., by 37%)
when the profile is non-uniform.
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Fig. 6(b). Variation in solar cell temperature using various values of SD when z,= 0.5, Re = 1000,
and C = 200.
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The effect of the position of maximum incident light on the solar cell
temperature distribution is shown in Fig. 8. A hot spot formed on the portion of the
cell surface that was exposed to a large amount of light. This spot became more
pronounced when the maximum incident light was at the center of the cell (because
of the presence of contact metal), and it was slightly less pronounced when the
position was near the leading edge (because of high convective heat transfer near the
entrance of the channel).
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60
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solar eell temperature {°C)

20 A

distance along solar cell, {z/1)

Fig. (8). Variation in solar cell temperature using various values of zo when SD = 0.0005, Re = 100,
and C =200

4. Conclusions

The effects of active water cooling on the temperature of a high-concentrating triple-
junction solar cell under non-uniformity of incident radiation were modeled. Non-
uniformity was simulated using a Gaussian distribution and was found to drastically
change the temperature distribution of the solar cell, causing hot spots in some parts
of the cell surface. The effect of non-uniformity increases as the concentration ratio
increases, and it decreases as either the Reynolds number or standard deviation
increases. Moreover, contrary to the case of active air cooling, water cooling was
found to be a useful tool for removing heat from solar cell at moderate
concentrations. Nevertheless, the conventional water cooling system was inadequate
at cooling the solar cell at high concentration ratios (C>400) under sharp non-
uniform illumination distribution, even when Re was high (up to 2000). Therefore,
to improve the performance of such photovoltaic systems, it will be necessary to
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redistribute the incident light on the cell surface to alleviate non-uniformity or to use
more effective cooling systems.
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