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ABSTRACT
A numerical investigation have been executed for improving
the efficiency of a photovoltaic cell by using two types of
fins(rectangular and triangular)at the rear of the cell to
increasing the area for losing heat. The study has been
executed under a certain circumstances, the variation of a
fluid velocity, fin length, fin thickness and fin spacing taken
into account. Under a certain circumstances the triangular fin
shows a higher ability for losing heat and higher performance
than the rectangular fin. The MATLAB program used in this
research to ensure the results.
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1. INTRODUCTION
The photovoltaic cell cooling is one of the important methods
to increase the efficiency of the cell beside an increase of the
power output. One of the main cooling methods used are
added an expansive surfaces on the back of the cell to increase
heat transfer and maintains a certain temperature level of the
cell to be working optimally. In other hand, it is possible to
using the heat removal in other utilizing like heating buildings
or through their use in industrial applications. Anja Royne [1]
investigated the Cooling of photovoltaic cells by using the
concentrating systems. The model that under considerations
comprise low and uniform cell temperatures, system accuracy,
sufficient ability for dealing with worst cases and minimum
power consumption by the system. He studied different
systems of solar concentrations systems typed according to its
geometry. Linxiao Zhu [2] introduces a general approach to
lower the operating temperature of a solar cell, while
maintaining its solar absorption at the same average. He
presents an ideal scheme for the irradiative cooling of solar
cells and prove that the ideal scheme can lower its operating
temperature by 18.3 K. also his investigation demonstrate that
a micro-photonic design based on real material properties that
approaches the performance of the ideal scheme. Also he
show that the irradiative cooling effect is substantial, even in
the presence of significant convection and conduction and
parasitic solar absorption in the cooling layer, to achieve that
he provides a sufficient thin for cooling layer. Bryce Cruey,
Jordan King & Bob Tingleff [3] investigated the cooling of a
photovoltaic panel by using fins and duct putted in the rear
surface of the panel, they studied the effect of various
parameters of fins to the power output, a forced convection
had been assumed in the rear duct of panel. Their models had
been suggested that the solar concentration is maximum for
air velocity in the duct. White, Chapman [4] studied the effect
of heat transfer through the fins by putting the fins rear the
surface of photovoltaic cell to increase the surface area for
losing heat, they had been modeled a formulation by using a

conduction and convection heat transfer throughout the fins,
and by assume that heat transferred in one dimension and
steady state condition. The results give a good approach to the
temperature gradient in the fins. J.K. Tonui, Y.
Tripanagnostopoulos [5] satisfied the cooling of photovoltaic
cell by air with using a suspended thin flat metallic sheet at
the middle or fins at the back wall of an air duct to augments
heat transfer to improve the performance of solar collector.
Their results of thermal efficiencies are compared with the
typical PV/T air system. S.A. Kalogirou Tripanagnostopoulos
[6] presents TRNSYS simulation results for hybrid PV/T solar
systems for domestic hot water applications both passive
(thermosyphonic) and active. Prototype models made from
polycrystalline silicon (pc-Si) and amorphous silicon (a-Si)
PV module types combined with water heat extraction units
were tested with respect to their electrical and thermal
efficiencies, and their performance characteristics were
evaluated. The TRNSYS simulation results are based on these
PV/T systems and were performed for three locations at
different latitudes. The results show that a considerable
amount of thermal and electrical energy is produced by the
PV/T systems, and the economic viability of the systems is
improved.

2. OBJECTIVE OF RESEARCH
From this research the effect of fins installed at the rear of a
photovoltaic panel can be studied by using two types of fin to
compute the efficiency and studies it effects on the
performance of photovoltaic cell, in addition to that evaluate
the power output and then compared the efficiency for both
types under study. Fin Thickness, fin length, fin spacing and
air velocity at the rear duct is taken into account in this
investigation about the photovoltaic panel.

3. GOVERNING EQUATIONS

The procedure is used for expanding surface for a one
dimensional heat transfer by assuming a steady state condition
and by applying the first law of thermodynamics of a control
volume. Assuming qx represents the heat conducted into a
control volume, qx+dx the heat conducted out of control
volume; dqconv is the heat conductive to the surrounding [7,
8, 9 and 10].
energy conducted into
energy conducted out
=
control vloume
of contrl volume
+

energy convected to
the sorrounding

(1)

3.1 Assumptions
Several assumptions that could help to find the mathematical
model [11 and 12]:
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In the analysis of fins, we consider steady operation with
no heat generation
In the fin, and we assume the thermal conductivity k of
the material to remains constant.
Also assume the convection heat transfer coefficient h to
be constant and uniform over the entire surface of the fin
for convenience in the analysis.

𝑥

𝐴𝑐 = 2𝑏𝑊 𝐿
(14)
𝑃 = 2(𝑊 + 𝑏) ≈ 2𝑊
(15)
And the dimensionless temperature is
𝜃 𝑥 = 𝑇 𝑥 − 𝑇∞

In the form of equation:
𝑞𝑥 = 𝑞𝑥+𝑑𝑥 + 𝑑𝑞𝑐𝑜𝑛𝑣

(2)

We know that:

The fin differential equation for a triangular uniform cross
sectional will be a Bessel function type:
𝑑2𝜃

𝑑𝑇

𝑞𝑥 = −𝑘𝐴𝑐 𝑑𝑥

(3)

(16)

𝑑𝜃

𝑥 𝑑𝑥 2 + 𝑑𝑥 − 𝑁 2 𝜃 = 0

(17)

𝐿

𝑑𝑞

𝑞𝑥+𝑑𝑥 = 𝑞𝑥 + 𝑑𝑥𝑥 𝑑𝑥
𝑑𝑞𝑐𝑜𝑛𝑣 =  𝑑𝐴𝑠 𝑇 − 𝑇∞

(4)
(5)

Ac Is a cross sectional area of the fin As is a surface area of
the fin and T∞ represents the temperature of the surrounding
and it's constant. Substituting equations 3, 4 &5 into equation
(2) and simplifying [7]:
𝑑
𝑑𝑥

𝑑𝑇



𝐴𝑐 𝑑𝑥 𝑑𝑥 − 𝑘 𝑑𝐴𝑠 𝑇 − 𝑇∞ = 0

𝑁 2 = 𝑘𝑏
(18)

Boundary condition:
At x = L, θ = θb , At x = 0, θ = finite
Solving equation (17) we found that [20]:
𝜃 𝑥 =

(6)
𝑑2𝑇
𝑑𝑥 2

1 𝑑𝐴 𝑐 𝑑𝑇

+𝐴

𝑐

𝑑𝑥 𝑑𝑥

1  𝑑𝐴 𝑠

−𝐴

𝑐

𝑇 − 𝑇∞ = 0

𝑘 𝑑𝑥

(7)

𝜃𝑏 𝐼0 (2𝑁 𝑥)

(19)

𝐼0 (2𝑁 𝐿)
𝑑𝑇

𝑞𝐿 = 𝑘𝐴𝑐 𝑑𝑥

𝑥=𝐿

= 2𝐿𝜃𝑏 𝑘𝑏

𝐼1 2𝑁 𝐿
𝐼0 2𝑁

𝐿

Assume for simplifying the above equation that T − T∞ =
θ∞ , As = Px where P is the fin perimeter.

(20)

𝑑𝐴 𝑠

𝐼1 is modified first order Bessel's function of first kind.

𝑑𝑥

2

=𝑃

𝑃

𝑚 = 𝑘𝐴

𝑐

(8)

𝐼0 is modified zero order Bessel's function of first kind.

Now we have two types of fin:

3.2 Numerical Investigations

a. Constant cross sectional rectangular fins Fig.1, which

The energy balance for a PV panel Fig.3 & Fig.4 with fins at
a steady state is [1, 21]:

means that

dA c
dx

= 0 in this case equation (7) becomes [7 ,

𝑑𝑥 2

− 𝑚2 𝜃 = 0

(21)

All terms in equation (21) computed to find the power output
of the photovoltaic panel and by using some assumption to
complete the solution.

8, 13, 14, 15]
𝑑2𝜃

𝐼 = 𝑞𝑟𝑎𝑑𝑓 + 𝑞𝑐𝑜𝑛𝑣𝑓 + 𝑞𝑓 + 𝑞𝑟𝑎𝑑𝑏 + 𝑞𝑐𝑜𝑛𝑣𝑏 + 𝑃𝑒

(9)

This is a linear homogenous second order differential equation
with constant coefficients. The general solution for this
equation is:
𝜃 𝑥 = 𝐶1 𝑒 𝑚𝑥 + 𝐶2 𝑒 −𝑚𝑥
(10)
Boundary conditions:
At x = 0 → θ = θb = Tb − T∞ , At x = L → θ = finite
So the solution of equation (10) with these boundary
conditions is [7, 8]:

4
𝑞𝑟𝑎𝑑𝑓 = 𝜖𝜎 𝑇𝑔4 − 𝑇𝑒𝑓
(22)
4
𝑞𝑟𝑎𝑑𝑏 = 𝜖𝜎 𝑇𝑏4 − 𝑇𝑒𝑏
(23)

𝑞𝑐𝑜𝑛𝑣𝑓 = 𝑓 (𝑇𝑔 − 𝑇𝑒𝑓 )
(24)
𝑞𝑐𝑜𝑛𝑣𝑏 = 𝑏 𝑇𝑏 − 𝑇𝑒𝑏
(25)
The efficiency of photovoltaic cell can be computed from:

𝜃=
𝑞𝑓 =

𝜃𝐿

𝑠𝑖𝑛  𝑚𝑥 +𝑠𝑖𝑛  𝑚 (𝐿−𝑥)

𝜃𝑏

sinh 𝑚𝐿
𝜃
𝑐𝑜𝑠  𝑚𝐿 − 𝐿 𝜃
𝑀 𝑠𝑖𝑛  (𝑚𝐿 ) 𝑏

𝑀 = 𝜃𝑏 𝑘𝐴𝑐 𝑃

(11)
(12)
(13)

b. Variable cross sectional rectangular fins Fig.2, Consider
the triangular shaped fin shown in Figure below, The fin
is W wide (in and out of the paper), and it is assumed that
W ≫L ≫b, the x axis base is from the tip of fin x = L .
The cross sectional area and perimeter of the fin, for these
assumptions, will be [8, 16, 17, 18, and 19]

𝜂=
(26)

𝑃𝑒
𝐼

The fin is an extended surface begins from substrate layer at
the rear surface of the panel. The temperature of environment
takes into our study as 25C ° . the other parameters that are be
using in the program putted in the table (2).
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3.3 Heat Transfer Coefficient for Front and
Rear Surface Panel
Heat transfer coefficient for an inclined plane computed from
[3, 7, and 10]:
𝑓 𝐿

𝑁𝑢𝐿 =

𝑘𝑓

1

0.67𝑅𝑎 𝐿

= 0.68 +

0.492
𝑃𝑟

1+

9

4
4

16

(27)

9

Where NuL is Nusselt Number, k f is the thermal conductivity
of the fluid, and L is the length of the side of the plane in the
direction of fluid flow. The parameter RaL is the Rayleigh
Number averaged over the length of the surface, and is the
product of the Grashof (GrL ) and Prandtl (PrL ) dimensionless
numbers. The Grashof Number is the ratio between buoyancy
forces and viscous forces.
𝐺𝑟𝐿 =

𝑔. 𝑐𝑜𝑠𝜃 𝛽 . 𝑇𝑔 −𝑇𝑒𝑓 .𝐿3

(28)

𝜈2

Where g is the gravitational constant, β the volumetric
expansion coefficient and it is equal to 1/Tef , L is the
characteristic length, θ is the angle between the zenith and the
surface panel, and ν is the kinematic viscosity of the fluid.
The Prandtl Number is found by:
𝜈

𝑃𝑟𝐿 = 𝛼

(29)

Where α is the thermal diffusivity.
Equation (28) can be used for values of θ between 0 and 60,
and laminar flow conditions. The critical Rayleigh number is
[3, 7, 10]:
𝑅𝑎𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = 3 ∗ 105 𝑒𝑥𝑝 0.136 𝑐𝑜𝑠 90 − 𝜃

(30)

For turbulent flow the heat transfer coefficient is:
2
1

𝐿 𝐿

𝑁𝑢𝐿 =

𝑘𝑓

0.387𝑅𝑎 𝐿

= 0.825 +

1+

0.492
𝑃𝑟

9

6
8

16

27

(31)

For a rear surface of the photovoltaic panel, the heat transfer
coefficient can be evaluated:
𝑁𝑢𝐿 =

𝑏 𝐿
𝑘𝑓

1

= 0.664 ∗ 𝑅𝑒𝐿 ∗ 𝑃𝑟𝐿

3

(32)

Where in this case the forced convection will be achieve and
ReL is Reynolds number.
ReL =

u.L

(33)

ν

Where u is the velocity of the fluid (m/s). Equation (32) is for
laminar flow (ReL < 5 ∗ 105 ). for transitional flow with
5 ∗ 105 < ReL < 107 the following equation can be used:
𝑁𝑢𝐿 = 𝑃𝑟

1

3 0.037𝑅𝑒𝐿0.8

− 850

install at the rear of the photovoltaic cell. Fig.5 shows a
comparison between rectangular and triangular fin efficiency
under the effects of fluid velocity, in general we can see that
the efficiency of fin increases with increasing the velocity of
fluid. At the same time the triangular fin have slightly much
higher efficiency than the rectangular one, this quantity
increasing slightly with increasing velocity of fluid until it
reach the turbulent region, which is above 8m/s fluid velocity.
This is can be available only when pump is installed to push
the fluid. Still speak about fluid velocity and its effect to the
another parameter, which is cell temperature as in Fig.6, as
the fluid velocity increase, this is cause to cell temperature
drops to lower values which is increase the panel efficiency.
So from Fig.5 and Fig.6 we see that the efficiency increase
with decreasing the cell temperature. This is in fact comes
from that the performance of cell much better for a certain
temperature values.
The effect of fin thickness to the efficiency shows in Fig.7. It
is obvious that efficiency increases with increasing fin
thickness, we can see also that triangular efficiency has larger
value than the rectangular one at a little fin thickness, ones the
thickness begin to increase, the efficiency of rectangular fin
become larger than that of triangular fin, this is because of
that the surface area of rectangular fin become larger and the
thickness having importance in calculation as its increase.
Fig.8 represents the effect of fin thickness to the cell
temperature, the cell temperature drops as the fin thickness
becomes higher. There is a slightly difference between
rectangular and triangular fin which gives the triangular one
the preference. Fig.9 shows the effect of fin spacing to the cell
efficiency. As the spacing increase and the surface area that
heat loss through it decrease, the cell efficiency will decrease.
Fig.10 shows that the cell temperature starts to increase with
increasing the fin spacing, this cause to decreasing in the
performance of photovoltaic panel cell. Finally the discussion
of the effect of fin length to the cell efficiency and
temperature shown in Fig.11 and Fig.12, from Fig.11 the cell
efficiency increases with fin length, this is because the surface
area that through it the heat is lost becomes bigger, also we
see that the triangular fin is better performance than that of
rectangular fin. Fig.12 represents the effect of fin length to the
cell temperature, it is obvious that cell temperature decreases
as the fin length increases which is cause to the performance
of cell be increases.

5. CONCLUSIONS
From the results of figures (5 to 12), the conclusions can be
putted in a several points:
1.

Increasing the fluid velocity from 0.25 m/s to the
turbulent region at 8 m/s will increase the
photovoltaic panel efficiency with triangular fin by
25% and for rectangular fin by 14%.

(34)

In this study we use the laminar flow (𝑅𝑒𝐿 < 5 ∗ 105 ).

Increasing the fluid velocity from 0.25 m/s to the
turbulent region at 8 m/s causes a decreasing in a
cell temperature by 23% for a photovoltaic cell with
triangular fin and 27% for a photovoltaic cell with a
rectangular fin.

4. RESULTS AND DISCUSSION
The results of this research were found by using MATLAB
program by building a program which is dealing with a
different variables and input data. The figures below shows
the effect of different variables on the efficiency of
photovoltaic cell, like velocity of fluid, fin thickness, fin
length and fin spacing for rectangular and triangular fin and
compare the results for finding the suitable shape of fin to

Effect of fluid velocity.

2.

Effect of fin thickness.
Increasing the fin thickness from 0.002 m to 0.05 m
will increase the photovoltaic efficiency with
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triangular fin by 0.8% and for rectangular fin by
3%.

4.

Increasing the fin length from 0.01 m to 0.1 m will
increase the photovoltaic efficiency with a
triangular fin by 13% and with a rectangular fin by
12%.

Increasing the fin thickness from 0.002 m to 0.05 m
causes a decreasing in a cell temperature with a
triangular fin by 4% and for rectangular fin by 5%.
3.

Effect of fin spacing.
Increasing the fin spacing from 0.025 m to 0.3 m
will decrease the photovoltaic efficiency with a
triangular fin by 19% and with rectangular fin by
19%.

Effect of fin length.

Increasing the fin length from 0.01 m to 0.1 m will
decrease the cell temperature with a triangular fin
by 18% and with a rectangular fin by 14%.

6. RECOMMENDATIONS

In the future works,
configurations of fins,
manufactory extended
variation of material
photovoltaic cell.
Table 1. Nomenclatures

Increasing the fin spacing from 0.025 m to 0.3 m
will increase the cell temperature with a triangular
fin by 28% and with a rectangular fin by 24%.

the study of the effect of other
different materials can be used in
surface, and show the effects of
properties to the performance of

𝒒𝒓𝒂𝒅𝒇

Radiation heat flux at the front surface

(W/m2)

𝒒𝒄𝒐𝒏𝒗𝒇

Convection heat flux at the front surface

(W/m2)

𝒒𝒓𝒂𝒅𝒃

Radiation heat flux at the rear surface

(W/m2)

𝒒𝒄𝒐𝒏𝒗𝒃

Convection heat flux at the rear surface

(W/m2)

𝒒𝒇

Heat flux through fin

(W/m2)

𝑷𝒆

Electrical power

(W/m2)

I

Radiation intensity

(W/m2)

𝑻𝒈

Glass surface temperature

(K)

𝑻𝒄

PV cell temperature

(K)

𝑻𝒃

Panel rear surface temperature

(K)

𝑻𝒆𝒇

Front environment temperature

(K)

𝑻𝒆𝒃

Rear environment temperature

(K)

𝒉𝒇

Coefficient of heat transfer at the front of panel

(W/m2K)

𝒉𝒃

Coefficient of heat transfer at the rear of panel

(W/m2K)

𝒌

Thermal conductivity

(W/m.K)

𝝐𝒇

Emissivity of the front surface

dimensionless

𝝐𝒃

Emissivity of the rear surface

dimensionless

𝝈

Stephan Boltzmann constant

(5.67*10-8 W/m2K4)

t

Thickness layer

m

g

Layer of glass cover

(m)

a

Adhesive layer

(m)

c

Cell layer

(m)
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so

Solder layer

(m)

s

Substrate layer

(m)

Table 2.Parameters of panel and fin
Parameter
𝒌𝒈
𝒌𝒂
𝒌𝒄
𝒌𝒔𝒐
𝒌𝒔
𝒌𝒇𝒊𝒏
𝒕𝒈
𝑳𝒑
𝒘𝒇

Value
1.4
145
145
50
120
120
𝟑 × 𝟏𝟎−𝟑
1
1

Unit
W/m.K
W/m.K
W/m.K
W/m.K
W/m.K
W/m.K
m
m
m

Parameter
𝒕𝒂
𝒕𝒄
𝒕𝒔𝒐
𝒕𝒔
𝝐𝒇
𝝐𝒃
𝑰
𝒘𝒑

Value
𝟏 × 𝟏𝟎−𝟒
𝟏𝟐 × 𝟏𝟎−𝟓
𝟏 × 𝟏𝟎−𝟒
𝟐 × 𝟏𝟎−𝟑
0.855
0.8
1100
1

Unit
m
m
m
m

𝑾/𝒎𝟐
m

Fig 1: Fin with a rectangular cross section.

2b

X

L
𝑻𝒃

Fig 2: Profile of triangular fin
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𝒕𝒇
g

a

c

so

s

𝐿𝑓

Fig 3: Layers of photovoltaic panel with fins

Fig 4: Energy balance of photovoltaic cell
a.

Cell with rectangular fin at the rear surface

b. Cell with triangular fin at the rear surface
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Rectangular Fin
Triangular Fin
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8

Fig 5: Effect of the fluid velocity to the cell efficiency
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Fig 6: Effect of the fluid velocity to the cell temperature
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Efficiency (%)
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Rectangular Fin
Triangular Fin
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0

0.01
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0.04

0.05
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Fig 7: Effect of fin thickness to the cell efficiency
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Rectangular Fin
Triangular Fin
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Cell Temperature (C)
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0
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0.02
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Fig 8: Effect of fin thickness to the cell temperature
12

11.5

Efficiency (%)

11

10.5

10

9.5

9

0

0.05

0.1

0.15

0.2

0.25

0.3

Fin Spacing (m)

Fig 9: Effect of fin spacing to the cell efficiency
65
Triangular Fin
Rectangular Fin

Cell Temperature (C)

60

55

50

45

40

0.05

0.1

0.15

0.2
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0.3

Fin Spacing (m)

Fig 10: Effect of fin spacing to the cell temperature
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10
Rectangular Fin
Triangular Fin

Fin Efficiency (%)

9.5

9

8.5
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fin Length (m)

Fig 11: Effect of fin length to the cell efficiency

66
Rectangular Fin
Triangular Fin

64

Cell Temperature (%)

62

60

58

56

54

52

50

48
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fin Length (m)

Fig 12: Effect of fin length to the cell temperature
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