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Abstract: The increase in operating temperature of PV generators leads to degradation of their
performance. These adverse effects of high temperatures are considered as one of the most important
problems that solar panel operation faces in hot weather areas. A lot of research has been undertaken to
study this aspect and find ways of limiting the harm caused by such high temperatures. To overcome
this harm and to maintain the operating temperature of the PV cells within the optimum range
specified by manufacturers, cooling the solar panels often becomes indispensable. This paper
discusses the heat transfer through the solar panel layers and studies the effect of high temperature on
the solar panel performance in a hot desert environment. It also presents the development of a new
solar panel structure viz. by installing an aluminum heat sink to reduce the effect of temperature rise
and thus improve the solar panel performance. The study focuses on a pole-mounted solar panel for
a street lighting apparatus in extremely hot desert conditions with fluctuating wind speeds. It will be
shown that adding an aluminum heat sink to the solar panel bottom mitigates the effect of increased
temperature and hence modifies the solar panel operating point by increasing both the efficiency and
the lifetime. The solar cell temperature is decreased by 16.4% as a result of the aluminum heat sink
installation on the solar panel back sheet and consequently, the accumulated energy produced by the
the solar panel is increased by 13.23% per day.

Keywords: solar panel performance; photovoltaic (PV) cell; heat sink; back surface cooling of
photovoltaic panel; solar panel and excessive heat

1. Introduction

Saudi Arabia is a leader in the field of fossil oil production in the Middle Eastern Gulf region.
Nevertheless, in the recent years the country has made strides in harnessing new renewable energy
sources to meet its energy requirements, mostly owing to the environmental sustainability of these
energy sources [1]. Several investigations about solar radiation have been carried in Jeddah City
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(Saudi Arabia) which is considered a good example of a severe temperature case with the highest
solar radiation values [2]. This research focuses on temperature mitigation of solar cells using a new
improvement in solar panel structure. A literature review of the previous studies was performed.
Many studies have indicated a reduction of the efficiency of solar panels under high temperature
conditions [3-5]. Most traditional solutions are concerned with mitigation of the temperature effect
via front surface cooling [6-12]. In [6] the active cooling is done by using power from 12 V 54 W
batteries. The harvested energy has been compared to that obtained from the same source at a reference
temperature of 20 °C, and a reduction of 45.5% was observed. In [7] active cooling has been used to
study the effect of cooling on the PV characteristics, and it has been found that the module surface
temperature has a direct effect on the open circuit voltage. The cooling increases the potential difference
from 59 V to 62.3 V. In [8], a 2.6% increase in efficiency has been recorded with a 4.7% decrease in
temperature. In addition, an increase of up to 8.4% has been recorded in the maximum power achieved.
Uniform cooling has been presented in [9,10] where the temperature has been found to decrease
non-uniformly from an average of 3 °C to 1.8 °C by employing jet cooling. Back surface cooling
using water has been presented in [11-13]. This system achieved an increase in output power by
about 12.5%. A new direction for solar panel cooling depends on the design of thermal and optical
characteristics of a solar cell by limiting the parasitic absorption by selective spectral cooling, and then
by improving the radiative cooling [14]. All previous cooling systems are classified as active cooling
systems which use electrical devices and mechanical systems requiring extra power. On the other hand,
passive cooling is deployed to decrease the temperature with the help of additional parts such as
heat sinks [15-20] without requiring additional power input. In [15] by using a designed heat sink,
the temperature reduction in the range of 30 °C—40 °C has been achieved. In [16], using both active
and passive methods, heat is released out the heat sink by forced air. Although this system helps
in reducing the temperature, the use of more than one method leads to an increase in the cost and
this set-up suffers from the disadvantage of the large size of the needed exchanger as compared to
the size of the PV cell. In [17] an aluminum heat sink has been used to dissipate the temperature of
photovoltaic (PV) cells. Though, it has a lower coefficient of thermal conduction, the advantage is that
it is cheaper. Increases of 20%, 13%, and 9% are achieved as regards efficiency, energy, and power
conversion, respectively, by using the passive cooling technique. On the other hand, the energy can
be increased by 14.4% at an ambient temperature of 15 °C. In [18] a simulation study has been done
where the ribs of the heat sink have been demonstrated to decrease the temperate up to 10 °C below
the normal temperature. In [19] heat sink fins increase the solar panel performance by increasing the
cooling. The highest reduction obtained in solar panel temperature has been a decrease from 60.6 °C to
54.9 °C on average by employing a heat sink as a passive cooling methodology. This represents a 9.4%
reduction in the temperature, and it causes an increase in the average output power by of about 15.3%.
However, this study did not consider the variations of wind speed. Also, no design and selection for
the heat sink has been performed. In [20] the cooling has been done by a heat sink as well as forced air
and an average reduction of 10 °C in temperature has been achieved. The decrease in temperature
achieved by the heat sink results in an increase in the open circuit voltage Voc and maximum power
Pmpp by 10% and 18.67%, respectively. In [21] a steady state analysis of solar radiation falling on the
solar panel surface was performed to obtain the amount of useful energy as well as thermal energy
losses. The present work studies the effect of attaching an aluminum heat sink to the solar panel back
surface to enable the heat transfer by conduction from its base to the heat sink base plate and fins and
then to the surrounding air. The mathematical model used here is based on the one that was derived
in [21]. However, the studied structure is modified to include the wind speed variation that could be
due to movement of vehicles on the road when this model is applied for pole mounted solar panel of
a street lighting system. Design and selection of heat sink are also addressed in order to reduce the
operating temperature of the solar cell. Therefore, the original study in [21] is extended here to provide
the gained energy due to the proposed system of pole mounted solar panels by effective cooling using
aluminum heat sink under hot weather and variable wind speed environment.
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2. An Overview on Solar Panels

A solar panel is a device by which light energy is converted into electrical energy. A brief
description of solar panel structure and its principles are presented below.

2.1. Solar Panel Structure

Figure 1 shows the structure of solar panel considered in this study. It contains solar cells that
consist of a p-n junction-based silicon layer encapsulated within a very thin film of protective sheets.
These sheets are attached to both back and front sides, and are fabricated with ethyl vinyl acetate (EVA).
Polyethylene terephthalate (PET) was used to fabricate the back sheet because if its high strength. This
results in protection of the solar cells in addition to the junction box where the electrical output power
connection terminals are located [22,23].

Aluminum frame
Glass
Encapsulate EVA

Si solar cell
Encapsulate EVA

Back sheet PET

Junction box

Figure 1. The material structure layers of a solar panel [22].

2.2. Solar Cell Principle of Operation

A solar cell is a p-n junction which is fabricated from silicon with few impurities. When the solar
radiation strikes its surface, it forces the electrons to acquire enough energy so that electrons become free
and an abundance of electron-hole pairs is created and a potential difference appears at the terminals.
Then, an electric current flows if the circuit is connected to a load [24,25] as shown in Figure 2.
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Figure 2. Principle of operation of a solar cell [24].
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3. Solar Cell Energy Transmitted Mathematical Model

As sunlight falls on the surface of any solar cell, an amount of energy Qc is trasmitted through the
glass surface [21,26-30] given by the following Equation (1):

Qc= fpaCTgSrA 1)

Figure 3 shows a cross-section of the solar panel as well as its thermal resistance network. The solar
energy irradiating the solar panel Q¢ is divided into two parts [21,31]; the useful energy and the
thermal losses. The first part, i.e., the useful extracted energy, generates electrical energy Q,; according
to the following expression:

Qe = NaQc @)
where 7, is the electrical efficiency given by:
Mot = 1o[1 = p(Tc = To)] ®)

B is the temperature coefficient that relies on the material type (8 = 0.004 K~! for a monocrystalline
solar cell fabricated from silicon [12,21]) and is given by Equation (4):

)

The nominal electrical efficiency 1, under the Standard Test Conditions (STC) is given by the
Equation (5):
p mpp
= 5
M= 5. ®)
As mentioned in [17,21], the Py, is the output power (W), that is tracked at the maximum power
point (MPP), and given by Equation (6):

Pmpp = Vmpplmpp = VoclscFF (6)
The second part is transformed into thermal energy losses Qy;, that can be expressed as follows:

Qm = nmQc ()

where 1y, is the thermal efficiency, given by:

Up(Te - T
N = trlTe—Ta) ®)
where U] is the overall heat transfer coefficient, given by Equation (9):

Uy = Uy + Uy + U, 9

where U, Uy, and U, are the heat transfer coefficients of top, bottom and edges, respectively, given in
Equations (10)—(12):

1
U, = 10
: (Rcd1+Rcd2+(Rm||Rﬂ)) {10
u _( L ) (1)
"7 \Ress + Rogs + (RelIR,2)
Aq(k./t
ue: e( e/ e) (12)

A
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Figure 3. Solar panel (a) Cross-section (b) Thermal resistance network [21].

Table 1. Properties of the solar panel layers [21,23].

Layer Material t (mm) k (W/(m.K)) T a €
Glass 4 0.78 090 002 091
Ethyl vinyl acetate (EVA) 04 0.34 097 003 0.85
Monocrystalline silicon 0.4 158.726 - 1 0.67
Polyethylene terephthalate (PET) 0.5 0.15 - 1 0.85
Silicon grease 0.5 2.2 - - -
Aluminum 0.5 239 - - 0.90

The properties of the layers are listed in Table 1, where the reflection coefficient of the glass = 0.1,
indicating the solar radiation reflected from the surface of the glass [23]. The thermal resistance of any
layer is given by Equation (13) for conduction and by Equation (14) for convection or radiation [21,32-34]:

t
R, = — 13
R __ 1 (14)
cv,0r,r — hcv,or,r A

The heat transfer coefficient of back or front surfaces due to radiation effect h, ¢ g 0,p-,and the
surrounding air heat transfer coefficient due to convection effect i G_g o1 5—qare given by Equations (15)-(17):

UgG,or,b(TG,or,b + Ts)(Té,or,b + Tsz)(TG,or,b - TS)

hr,G—a,or,b—a = (15)
(TG,or,h - Ta)
hcv,G—a,or,h—u =hy = 5-74(‘)9'8L;h0'2 (16)
ka
hcv,G—a,or,b—u =N uL_h (17)
c

where L, is the surface characteristic length [35] as given in Equation (18), T is the sky temperature
that is calculated by the empirical Equation (19), h, is the convective heat transfer coefficient due to
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wind speed as defined in [36], (w; = 4-15 m/s) is the resultant wind speed due to the natural air wind
speed (ws = 4 m/s) and the turbulence air (w; = 0-11 m/s) that is induced by movement of vehicles on
the road as per Equations (20) and (21) as described in [21,37-40]:

4A
Ly = > (18)
Ts = 0.0552T1” (19)
Wy = Ws + W4 (20)
CoA )3
o — (ﬂv 2E;€L];v v] 1)

As per Equations (20) and (21), the turbulence due to vehicles motion on the road accelerates the
wind speed, which contributes to solar panel temperature reduction. As mentioned in [31,35], Nu is a
Nusselt number that is calculated by Equation (22):

Nu = 0.664Re? Pr2 22)

where Re is the Reynold number that is calculated using Equation (23) and Pr is the Prandtl number
that is calculated using Equation (24):

Re = Zreh “’LLM (23)
pr ==& (24)

As shown in Figure 4, the heat transfer losses will be distributed in the top, bottom and edges
directions [21,31,41] according to Equations (25)—(27) respectively:

Qi =UA(Tc-T,) (25)
Qp = UpA(Tc - Ta) (26)
Qe = ueAe(TC - Ta) (27)

As mentioned in [29,41,42], the solar cell operating temperature (°C) is given by Equation (28):

NOCT -20
e = 7, + NI =20, (28)
where NOCT indicates the normal operating cell temperature as per the manufacturer’s datasheet. Tthe
solar cell temperature T relies on the value of the solar radiation and the measured wind speed [43] as

given by the empirical Equation (29):
Tc=T,+ (Sr.A)€_3"473_0'0594m’ (29)

To incorporate the effect of the wind speed on the convective heat transfer coefficient, a correlation
shall be done in the cell temperature [31,43-46] for both Equations (28) and (29). Then, the solar cell
temperature T¢ is given, respectively, in the following approximate and accurate expressions:

S, 95(
Te=T,+ Tvocr —T —(1 _ —) 30
c=T, Sr,NOCT( ~Noct — TaNoCT) ™ p_” (30)

Sr

Tc=T,+
S, NocT

U
LNOCT (1 _ @) 31)

T =T
(Tnocr — TaNocT) U, a



Energies 2020, 13, 3159 7 of 28

where ta = 0.9, T, NocT = 20 °C or 293 K, S, nocT = 800 W/m?, U nocr is the overall heat transfer
coefficient at NOCT, wind speed is 1 m/s at NOCT. The analysis of the absorbed solar energy by the
solar panel shall follow the energy balance [21,31], as per Equation (32), where the sum of the electrical
and thermal efficiencies is equal to unity:

Qc=0Q, +Qum (32)

Figure 4. Equivalent thermal network of the solar panel (top, bottom and edge) [21].

4. Solar Energy Electrical Model

A single diode model of the solar cell is considered as the common electrical model, shown in
Figure 5 for a solar panel that consists of n. solar cells. The mathematical model of a single diode solar
cell is shown in Appendix A. The output power Py, at the MPP is as given in Equation (6). Both the
voltage and current at the MPP are calculated as mentioned in Appendix A by simultaneously and
numerically solving Equations (A11) and (A12) or Equations (A13) and (A14) as in [21,24,30,31,47-50].

AN/ > 0----1
Ip * Ish¢ ’

R, V.,
! mg » § Ryt

O= ===

Figure 5. A single diode solar cell equivalent model [21].

5. The Methodology of Temperature Mitigation

The solar panel structure in this work is modified by installating an aluminum heat sink on its
back sheet. First its shape will be selected and then its design will be performed. Finally, to obtain the
experimental results, it will be assembled onto the solar panel back sheet.

5.1. Design and Selection of Aluminum Heat Sink

For this study, the heat sink is manufactured using aluminum and its shape is rectangular with
length L (m), width W (m). It is connected by casting with N number of fins as shown in Figure 6a.
The heat transfer from the source that has a temperature T} to the heat sink surface via interface
like a thermal grease used to fill any partial space between the heat source and sink to improve the
thermal conductivity. The thermal network for heat exchange includes conduction, convection and
radiation with ambient air as shown in Figure 6b [51,52]. The lumped heat sink thermal resistance Ry,
is presented by Equation (33):

Rps = Ripr + Re + Rsp + Rfins + Rfa (33)
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(a) (b)

Figure 6. (a) Heat sink geometry, (b) Heat sink thermal resistance network [49].

The interface thermal resistance R, is given by Equation (13). It depends on the interface material
conductivity k, (W/m. K) and the surface area A (m?) and it is inversely proportional to its thickness
t, (mm) [52]. Also, the contact resistance R. between the heat source and the interface is given by
Equation (13). It depends on the material properties and assembly method [51,53-56]. The spreading
resistance is determined by the Equation (34):

o 1—1.410¢, + 0.344¢3 + 0.043¢> + 0.034¢7
_ r r r

T VmkA VA

where 1,4, is the dimensionless spreading resistance that is calculated as described in [54]. The adiabatic
thermal resistance per each fin is given by Equation (35):

Rsp (34)

1
Rfin = (35)

tanh(mH) } ,hTPkaf

where m is the fin parameter that is defined as a heat transfer ratio between the heat transfer of a finite
length fin and an infinite length fin at identical medium conditions and it is given by Equation (36).
To minimize the error due to the dimensional fins when considering the thermal energy analysis [32],

it is necessary to achieve (hr.tf/k < 0.2):
h
m= |2 (36)
f

The lumped thermal resistance of total number of fins (Ny) can be calculated as a parallel circuit
by Equation (37):

1
Nf/Rfin + (Nf - 1>Rbpb

where Ry, is the thermal resistance of the back heat sink base plate, given by Equation (13). The thermal
resistance Ry, from the heat sink fins to ambient air is calculated by Equation (14) as a parallel convection
and radiation thermal resistances. The total heat transfer rate Qr from the heat sink fins surface is
calculated by Equation (38):

R fins — (37)

QfT = inns + Qunfins = hT(nfinsAfins +Aunfins><THs - Tu) (38)
For rectangular shape fins, the efficiency 755 is given by Equation (39):

tanh(mH
Nfins = m(H ) (39)
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As mentioned in [51,56], the optimum spacing df between the fins is given by Equation (40):

H
&
where Ra is Rayleigh number that is equal to the multiplication of Prandtl number Pr and Grashoff
number Gr as in Equation (41):

dp =2.714 (40)

SOAT L3,
uA
where T}, is the mean absorbed cell temperature as given in Equation (42), AT is the temperature

difference between solar panel layers (K) as in Equation (43):

Ra = Pr.Gr = (41)

Tc+T
= C > G,or,b (42)
AT =Tc —=Tgorp (43)
The optimum total number of fins Ny is given by Equation (44):
N T (44)
="+
f=d Tty

The aluminum heat sink selection depends on Equations (13), (14) and (33)—(44), using the data of
Table 1 and the solar module dimensions as listed in Table 2. Properties of the thermal grease that
was used as an interface between the solar panel and the aluminum heat sink has been specified in
Table 3. A computational MATLAB software program was used to calculate the required heat sink
parameters that matched Figure 6a, the obtained results as recorded in Table 4, where the aluminum
thermal conductivity is equal to 239 W/m.K [57,58].

Table 2. Characteristics of the solar panel [21]. Standard Test Conditions (STC): Irradiance 1000 W/m?2,
Module Temperature 25 °C, Air Mass 1.5.

Parameters of Solar Module Values & Units
Brand/Cell type BLT/Monocrystalline
Maximum Power 250 W
Power tolerance range +3%

Module efficiency 23.6%
Voltage at open circuit V¢ 36.7V
Current at short circuit I . 9A
Maximum power voltage Vi 30.6 V
Maximum power current Iy 8.17 A
Normal operating cell temperature (NOCT) 45 +2°C
Temperature Coefficient of V, —0.32%/°C
Geometric (Length x Width x Hight) 1646 X 990 X 45 mm
ne (number of solar cells in series) 60

ac 0.9

Tg 0.95

fr 0.9

5.2. Assembly the Aluminum Heat Sink to the Solar Panel Back Sheet

The aluminum heat sink is installed to the back sheet of the solar panel using a silicon thermal
grease to fill any cavities. The objective of the aluminum heat sink is to reduce the adverse effects of
any rise in temperature. The mechanical assembly is carried out by using screw bolts to ensure a tight
contact between surfaces. Heat is dissipated by heat transfer and conduction from the solar panel
back sheet to the surrounding air by convection and radiation as shown in Figure 7a and the thermal
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resistance diagram is shown in Figure 7b. As mentioned in [11], the thermal energy rating Q, that
results from the air touching the surfaces of the solar panel because of the resultant wind speed is
given by Equation (45):

Qr :mACA(Tm—Ta) (45)

The procedure is described by the flowchart depicted in Figure 7c.

Input Data Collection for
Experimental Stage

Y

Solar Radtation Radiated Heat Fow

Ambent Air at Sun Light \ L / / Ro

\

\ \\ \ | Heat sink Design Algorithm |
\‘ \\ \\ Y
Front Glss VYo Output Data for heat sink
dimensions and properties
b K 1
‘ T
, \ ‘\TEI | Simulation Stage Verification |
SiSolar Cell —1¢
ny —T e Y
Back Sheet PET —_— ’\Tb | Manufacturing Stage |
Silicon Grease 1€ —I T
Assembly the Heat Sink with
Aluminium Heat Sink —Tj, | Solar Panel Back Sheet |
4 A\ A\ Measurements
\ — Rc & Output Data Record in Tables
L — | ’ & Sketch in C
Ambient Air at Sun Shadoy NN\ ikl ctehin Curves
Radiated Heat Fow

Y

| Analyses / Discussion / Comments

©

Figure 7. (a) Cross-section of the solar panel layers in conduction with aluminum heat sink, (b) Thermal
resistance network of the solar panel layers, (c) Procedure description.

6. Simulation Model

The developed mathematical model is used to estimate the solar energy absorbed by the solar
panel and perform the calculations of the temperatures of the solar cell, glass, and back sheet. Using this
approach both the useful extracted electrical energy beside the thermal energy can also be calculated.
The simulation model can be generated, for constant average ambient temperature and varying wind
speeds when the average solar radiation is constant. The solar panel properties are given as in Table 2.
The location coordinates of King Abdulaziz University (KAU) situated in Jeddah, Saudi Arabia, are
detailed in Table 3. The parameters of the solar radiation S, and the wind speed w; [59-61] were
provided by the meteorological weather station as shown in Figure 8.

Table 3. Meteorological weather station parameters [21].

Weather Parameters Values & Units
Latitude 21.49604°
Longitude 39.24492°
Elevation 75 m
S, 672 W/m?
Ws 4-7 m/s
oy 0-11 m/s
Wy 4-18 m/s

T, 315K
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Table 4. Heat-sink selection parameters and properties.

Parameters of the Heat Sink Values & Units
L 1646 mm

1% 990 mm

H 40 mm

thy 0.5 mm

t 1.5 mm

df 25 mm

N 36

Material Aluminum 6101-T6
Aluminum composition in Alloy 97%

Density 2.70 gfcc
Specific Heat Capacity 0.895 J/g-°C
Thermal Conductivity 239 W/m-K
Thermal resistance at natural convection 0.56 °C/W
Thermal resistance at forced convection 0.088 °C/W
Shear Strength 138 MPa
Ultimate Tensile Strength 221 MPa

The installed Solar Panel

Wind Speed Sensor ®  Temperature Sensors and
Sky Camera =

Figure 8. KAU meteorological weather station [21].

Simulation model is developed using computational program of MATLAB software, and simulation
results are derived as follows:

6.1. Simulation of Solar Panel without a Heat Sink

This model describes the analysis of solar energy absorbed by the solar panel as shown in Figure 3.
A computational MATLAB software program is run to calculate the temperatures of solar cells, glass,
and back sheet as well as for calculating both the extracted electrical energy and the thermal energy
including top, bottom and edge losses. The results are depicted in Tables 5-7 for various wind speeds
(wy =1-15m/s).

Simulation results for the electrical characteristics without heat sink are presented in Table 8.
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Table 5. Temperatures of layers at various wind speeds for the simulation model without heat sink
(Ta = 315 K).

wr(mfs)  Tg(K) Tepg(K) T (K)  Teyp K Ty (K)
1 338.88 340.69 341.11 340.69 339.50
2 327.76 329.09 329.39 329.07 328.15
3 323.68 324.82 325.08 324.79 323.96
4 321.51 322.54 322.78 322.51 321.73
5 320.16 321.12 321.33 321.07 320.32
6 319.23 320.13 320.33 320.08 319.35
7 318.55 319.40 319.59 319.34 318.63
8 318.04 318.84 319.02 318.78 318.07
9 317.63 318.39 318.57 318.32 317.63
10 317.29 318.03 318.20 317.96 317.26
11 317.02 317.73 317.89 317.65 316.96
12 316.79 317.47 317.63 317.39 316.70
13 316.60 317.25 317.40 317.16 316.48
14 316.43 317.06 317.21 316.97 316.29
15 316.28 316.89 317.03 316.79 316.12

Table 6. Heat transfer coefficients at varying wind speeds for the simulation model without heat sink.

wr (mfs) by Wm2K) kg Wm2K) by Wm2K) U (WK U (Wm2K) U (Wm2K)  1,%
1 5.50 9.27 7.98 13.51 12.71 0.08 12.74
2 9.58 10.68 8.58 17.97 16.79 0.08 13.47
3 13.25 12.35 9.30 22.05 2047 0.08 13.73
4 16.68 14.15 10.02 25.82 23.83 0.08 13.87
5 19.94 16.07 10.72 29.35 26.94 0.08 13.96
6 23.07 18.12 11.40 32.70 29.84 0.08 14.02
7 26.10 20.31 12.06 35.90 32.56 0.07 14.07
8 29.05 22.64 12.70 38.98 35.13 0.07 14.10
9 31.92 25.14 13.33 41.96 37.57 0.07 14.13
10 34.72 27.81 13.94 44.85 39.90 0.07 14.16
11 37.47 30.68 14.53 47.67 42.12 0.07 14.17
12 40.17 33.77 15.11 50.43 4425 0.07 14.19
13 42.83 37.09 15.69 53.14 46.30 0.07 14.20
14 4545 40.68 16.25 55.82 48.26 0.07 14.22
15 48.03 4455 16.80 58.46 50.16 0.07 14.23

Table 7. Solar energy transmitted to the solar panel without heat sink (generated by the simulation model).

wrmfs) QW) QW) QW) QW) QW)
1 112.63 430.87 436.25 2.20 981.95
2 119.01 417.49 444.22 1.23 981.95
3 121.36 406.89 452.84 0.87 981.95
4 122.61 397.43 461.24 0.68 981.95
5 123.40 388.65 469.35 0.56 981.95
6 123.94 380.35 477.19 0.48 981.95
7 124.34 372.42 484.78 0.42 981.95
8 124.65 364.78 492.15 0.37 981.95
9 124.90 357.39 499.33 0.33 981.95
10 125.10 350.21 506.34 0.30 981.95
11 125.27 343.22 513.19 0.28 981.95
12 125.41 336.39 519.89 0.26 981.95
13 125.54 329.71 526.46 0.24 981.95
14 125.64 323.17 532.91 0.22 981.95
15 125.74 316.76 539.25 0.21 981.95
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Table 8. Solar panel electrical characteristics without heat sink (generated using the simulation model).

0 @fs) Vo V) Vipy (V) I (A) Lupp (A) Py (W) FF 1%

1 31.52 24.47 7.72 458 112.07 046  12.68
2 32.89 27.57 7.68 4.30 118.46 0.47  13.40
3 33.40 28.69 7.66 421 120.81 047  13.67
4 33.67 29.26 7.65 417 122.06 047  13.81
5 33.84 29.61 7.65 415 122.85 047  13.90
6 33.96 29.83 7.64 4.14 123.39 0.48  13.96
7 34.05 29.99 7.64 4.13 123.80 048  14.01
8 34.11 30.10 7.64 412 124.11 048  14.04
9 3417 30.18 7.64 412 124.35 048  14.07
10 34.21 30.23 7.64 4.12 124.56 048  14.09
11 34.25 30.27 7.63 4.12 124.72 048 14.11
12 34.28 30.29 7.63 412 124.87 048 1413
13 34.30 30.31 7.63 412 124.99 048 1414
14 34.33 30.31 7.63 4.13 125.10 048 14.16
15 34.35 30.31 7.63 413 125.19 048 1417

6.2. Simulation of Solar Panel with an Aluminum Heat Sink

This model describes the analysis of solar energy absorbed to the solar panel with the aluminum
heat sink. The heat is dissipated by conduction with the solar panel back sheet via thermal grease,
the properties of which are enumerated in Table 9. A computational MATLAB software program
was run to calculate the temperatures of solar cell, glass, and back sheet. Also, both the salutary
electrical energy and the thermal energy including top, bottom and edge losses were calculated by the
same program.

The results are listed in Tables 10-12 for various wind speeds (w, = 1-15 m/s). The results indicate
that the temperature of the solar cell is decreased and the heat transfer through the solar panel bottom
is increased due to the installation of the aluminum heat sink. The more wind speed increases the more
temperature decreases. Table 13 presents simulation results for the solar panel electrical characteristics
with the aluminum heat sink. When wind speed increases, temperature decreases and therefore the
electrical efficiency improves and the extracted power increases.

Table 9. Thermal grease properties.

Parameters of the Thermal Grease Values & Units
Brand GD380 Thermal Paste

Colour Gray

Specific gravity 2.5G/Cc

Thermal conductivity 22 W/mXK

Operating temperature -50~200 °C

Table 10. Layers temperature at various wind speed for the simulation model with an aluminum heat
sink (T, = 315 K).

wr(mfs) Tg(K)  TepagK)  Te(K)  Teyap K  Tp (K)  Tys (K)

1 328.61 329.97 330.29 330.09 329.55 329.55
2 321.99 323.05 323.29 323.10 32257 32257
3 319.57 320.49 320.70 320.51 319.98 319.98
4 318.30 319.12 319.31 319.13 318.60 318.60
5 317.51 318.27 318.44 318.25 317.72 317.72
6 316.97 317.68 317.84 317.65 317.12 317.12
7 316.59 317.24 317.39 317.20 316.67 316.67
8 316.29 316.91 317.05 316.86 316.32 316.32
9 316.07 316.64 316.77 316.58 316.04 316.04
10 315.88 316.42 316.55 316.36 315.82 315.82
11 315.73 316.24 316.36 316.17 315.63 315.63
12 315.61 316.09 316.20 316.01 31547 31547
13 315.51 315.96 316.06 315.87 315.33 315.33
14 315.42 315.85 315.94 315.75 315.20 315.20

15 315.35 315.75 315.84 315.65 31510  315.10
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Table 11. Heat transfer coefficients at various wind speeds for the simulation model with aluminum

heat sink.

w, (mfs)  hy Wm2K)  hyg Wm2K) s (Wm2K) Uy (W/K) Ugs Wm2K) U, (Wm2K)  1,%
1 9.06 10.47 0.89 17.39 9.48 0.08 13.41
2 15.78 13.66 1.03 24.82 15.51 0.08 13.84
3 21.82 17.28 1.16 31.37 20.62 0.08 14.00
4 27.47 21.36 1.28 37.34 25.15 0.07 14.09
5 32.84 25.99 1.40 4291 29.24 0.07 14.14
6 37.99 31.25 1.50 48.20 33.00 0.07 14.18
7 42.98 37.28 1.61 53.29 36.48 0.07 14.21
8 47.82 44.24 1.71 58.25 39.73 0.07 14.23
9 52.55 52.31 1.81 63.13 42.77 0.07 14.24
10 57.17 61.76 1.90 67.97 45.64 0.07 14.26
11 61.70 72.94 1.99 72.82 48.35 0.07 14.27
12 66.15 86.32 2.08 77.74 50.92 0.07 14.28
13 70.52 102.56 217 82.77 53.36 0.07 14.29
14 74.83 122.62 2.25 87.96 55.69 0.07 14.29
15 79.08 147.93 2.33 93.37 57.92 0.07 14.30

Table 12. Solar energy transmitted to the solar panel with aluminum heat sink (generated from the

simulation model).

wrmfs) QW) QW) Qs W) Q. (W) QW)
1 118.52 252.90 609.22 1.31 981.95
2 122.33 213.30 645.60 0.73 981.95
3 123.74 192.10 665.61 0.51 981.95
4 124.50 176.92 680.14 0.40 981.95
5 124.97 164.72 691.94 0.33 981.95
6 125.30 154.33 702.05 0.28 981.95
7 125.54 145.17 711.00 0.24 981.95
8 125.73 136.92 719.09 0.21 981.95
9 125.88 129.38 726.50 0.19 981.95
10 126.00 122.41 733.37 0.18 981.95
11 126.10 11591 739.77 0.16 981.95
12 126.19 109.83 745.79 0.15 981.95
13 126.27 104.09 751.45 0.14 981.95
14 126.33 98.67 756.82 0.13 981.95
15 126.39 93.52 761.92 0.12 981.95

Table 13. Electrical characteristics of the solar panel for the simulation model with aluminum heat sink.

w; (mfs) Vo (V) Vmpp V) Isc (A) Impp (A) Pmpp (W) FF Ne1%
1 3291 27.65 7.67 4.29 118.52 0.47 13.41
2 33.73 29.48 7.65 415 122.33 047 13.84
3 34.03 30.13 7.64 411 123.74 0.48 14.00
4 34.20 30.46 7.64 4.09 124.50 0.48 14.09
5 34.30 30.65 7.63 4.08 124.97 0.48 14.14
6 34.37 30.77 7.63 4.07 125.30 0.48 14.18
7 34.42 30.85 7.63 4.07 125.54 0.48 14.21
8 34.46 30.90 7.63 4.07 125.73 0.48 14.23
9 34.50 30.93 7.63 4.07 125.88 0.48 14.24
10 34.52 30.94 7.63 4.07 126.00 0.48 14.26
11 34.54 30.95 7.63 4.07 126.10 0.48 14.27
12 34.56 30.95 7.62 4.08 126.19 0.48 14.28
13 34.58 30.94 7.62 4.08 126.27 0.48 14.29
14 34.59 30.92 7.62 4.09 126.33 0.48 14.29
15 34.60 30.90 7.62 4.09 126.39 0.48 14.30
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6.3. Comparison of Results of the Two Simulation Models

This section discusses the comparison of results of the two simulation models, without heat sink
and with aluminum heat sink. The aluminum heat sink which is installed to the solar panel back
sheet via thermal grease improves the thermal conductivity and appears to be effective at lowering
the temperature. The aluminum heat sink causes a decrease in the thermal resistance of the bottom
surface of the solar panel, which is equal to the inverse value of the heat transfer coefficient. When the
aluminum heat sink is installed, the heat transfer through the bottom surface is increased, as shown in
Figures 9 and 10, leading to a decrease in the solar cell temperature for similar weather conditions
and wind speed where the the thermal losses are decreased and the extracted power is increased.
The average ambient temperature is (T, = 315 K) for this research, and the location is Jeddah, the
coordinates for which have been given in Table 3. Jeddah is situated near the Equator and has hot
weather during most parts of the year. The aluminum heat sink installation reduces the solar cell
temperature which enhances the solar panel electrical characteristics. Thanks to the aluminum heat
sink, the temperature and the thermal losses are decreased and the resulting average voltage drop is
also decreased, then the solar panel open circuit and the MPP voltages V. and Vi are increased as
shown in Figure 11. Also, the solar panel short circuit and the MPP currents Isc and I, are increased
as shown in Figure 12. Consequently, the maximum power point is increased and the accumulative
energy per day is increased.

Bottom heat transfer coeffcient (W/K) xI?? Solar cell temperature (K)

Figure 9. Increase in bottom heat transfer with solar cell temperature reduction due to installation of the

aluminum heat sink.

345 T T T T T T T T
| == Solar cell Temperature without heat sink.
343F------—-

=@=Solar cell Temperature with aluminum heat sink. |
I I I I I I I I
I

Solar cell temperature (K)

D

317 -~

1 I a
| | | | I I I i v *".‘-O——-‘-_.,
I I | | | I | I | | | | I
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Wind speed (m/s)

315

Figure 10. Solar cell temperature for various wind speeds with and without installation of the aluminum
heat sink.
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i Voc without heat sink
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Figure 11. Electrical parameters of the solar cell: Open circuit voltage and MPP voltage variations at

different solar cell temperatures.

mm @u = Jsc with aluminium heat sink
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Figure 12. Electrical parameters of the solar cell: Short circuit current and MPP current at different

solar cell temperatures.

It is clear that reduction in the solar cell temperature reduction has enhanced the electrical

efficiency. This results are shown in Figure 13. Also, Figure 14 indicates that solar panel maximum

output power is also increased.
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Figure 13. Three-dimentional graph of the solar panel perforamce: Efficiency, temperature and
wind speeds.
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Figure 14. Three-dimentional graph of the solar panel perforamce: Output power at different
temperature and wind speeds.

7. The Experimental Setup Models

The experimental setup model is implemented as per the schematic diagram shown in Figure 15.
This setup uses a 250-Watt solar panel to charge 200 Ah deep cycle gel battery via 30 A MPPT
solar charger controller. The battery is used to energize a 84-watt street lighting fixture. As per the
Saudi Arabian General Authority of Meteorology and Environmental Protection [62], as well as the
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data obtained from King Abdulaziz University (KAU) weather station, which is shown in Figure 8,
the highest ambient temperature is observed during summer season in June, so this study was
conducted under June climatic conditions to study the effect of maximum temperature on the solar
panel performance. The solar panel was installed at a fixed tilt angle (0 = 25°), orientation south,
sloped by azimuth angle (¢ = 10°) towards the west direction. The details of the set up as well as the
results are presented as follows.

Back Surface Front Surface
Temperature Display Temperature Display
Solar panel, 250Watt
- - - = 10A MCB + 10A Fuse Photo Cell 12V DC
\ 5 P e e,
N\ = B =
—_—
( =}
i | —=
s NN

l 25A SSR

10A MCB + 10A Fuse

200Ah Deep Cycle Gel Battery

84 Watt LED lighting Fixture

32A MCB + 30A Fuse

30A MPPT solar charger controller

Figure 15. Schematic diagram of the experimental model implementation.

7.1. The Experimental Setup Model without Heat Sink

This case elaborates the effect of temperature on the solar panel performance without using the
heat sink as detailed in Figure 3. The average readings during daylight hours in June are presented in
Table 14, where T, is the average ambient temperature, Tsrs is the solar panel front surface temperature,
and Tgpg is the temperature of the solar panel back surface.

Table 14. Readings without a heat sink.

Time (h) T, Q) Tsps CO Tgps CC)  Voc (V) Vippy (V) Lypp (A)  Pryyp (W)

05:30am. 28 28 28 21.1 21.1 0.05 1
06:00am. 285 29 28.8 28.2 17.7 0.4 7
06:30 am. 285 29.6 29.4 29.9 17.9 0.5 8
07:00am. 29 31 30.3 31.3 21.2 0.7 14
07:30a.m.  30.5 33.4 32.6 32.3 24.5 1.1 25
08:00am. 325 33.5 33 32.8 23.6 1.8 40
08:30 am. 345 38 37 33 23 2.3 50
09:00a.m. 37 41.2 39.6 32.8 21.6 32 64

09:30am. 38 43.5 42 31.7 21 3.6 73
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Table 14. Cont.

Time (h) Tu (OC) TSFS (OC) TSBS (OC) Vgc V) Vmpp V) Impp (A) Pmpp (W)

10:00 am. 385 44 42.5 30.6 20.9 3.9 78
10:30 am. 39 46.1 44.6 30.4 20.3 44 86
11:00 am.  39.5 48 46 30.2 20 49 96
11:30 am. 40 49.3 47 30 18.7 54 99
12:00 p.m. 41 49.5 47.2 29.8 18.3 5.6 100
1230 pm.  41.3 49.6 47.3 29.6 18 5.8 103
01:00 pm.  41.6 49.7 47.5 29.4 17.6 6 101
01:30 p.m.  41.8 50.1 48 29 17.5 59 98
02:00 pm. 424 50.9 48.7 28.4 17.4 5.8 94
02:30 pm. 42 50.2 48.5 28.6 17.1 5.7 93
03:00 p.m.  40.2 49 47 29.6 18.8 5 89
03:30 p.m. 405 48 46.5 30.2 20.1 42 80
04:00 pm. 395 46.5 452 31 21.6 3.4 70
04:30 pm. 39 45 43.6 31.4 22.4 2.7 56
05:00 pm. 385 43 41.5 31.8 22.8 1.8 37
0530 pm. 38 42 41 32 18.6 14 20
06:00 pm. 37 40.5 36.5 28.5 17.8 0.34 5
06:30 pm.  35.2 38 35.5 26.4 0 0 0
07:00 p.m. 31 32 30.5 24 0 0 0
0730 pm. 28 30 30 1.5 0 0 0
08:00 pm. 28 28.5 28.5 15 0 0 0

7.2. The Experimental Setup Model with an Aluminum Heat Sink

This case studied the effect of temperature on the solar panel performance using the aluminum
heat sink as detailed in Figure 7. The average readings during daylight hours in June are presented in
Table 15, where Tpyss is the heat sink outlet surface temperature.

Table 15. Experimental readings with an aluminum heat sink.

Time (hl‘) Ta (OC) TSFS (OC) THSS (OC) VDC (V) Vmpp (V) Impp (A) Pmpp (W)

0530 am. 28 28 28 21.1 211 0.04 1
06:00am. 285 29 28.5 28.2 17.3 0.36 7
06:30 am. 285 29.6 294 29.9 17.9 0.4 8
07:00am. 29 30.8 29.8 31.3 21.2 0.72 18
07:30am. 305 33 31 32.3 26.7 1.24 32
08:00a.m. 325 33.5 32.7 33.8 26.7 1.85 48
08:30 am.  34.5 37 35 34.5 26.5 2.45 60
09:00am. 37 40 38 34.2 26 3.1 78
09:30 am. 38 42.5 39 33.8 25.6 34 85
10:00 am.  38.5 43 39.5 33.7 25.2 3.7 90
10:30 am. 39 441 39.8 334 25 4 96
11:00am. 395 47 40.2 33.2 24 4.4 102
11:30 am. 40 47.3 40.8 33 22 5 104
1200 p.m. 41 47.5 41.5 32.8 21.8 5.1 105
1230 p.m. 413 47.6 41.8 32.6 214 52 107
01:00 p.m.  41.6 47.6 42 324 204 55 108
01:30 p.m.  41.8 48 422 31 20 5.6 103
02:00 p.m. 424 48.2 42.6 30.8 20 55 102
02:30 pm. 42 47.8 424 30.6 19.8 55 99
03:00 p.m.  40.2 47 40.5 30.4 19.4 5 92
03:30 p.m.  40.5 45.5 40.2 30.2 22.8 4 86
04:00 pm. 395 44 40 325 224 3.8 80
04:30 pm. 39 43 40 32.8 222 3.4 70
05:00 p.m. 385 42.6 39.6 33.8 22 2.72 56
0530 p.m. 38 42 38.5 34 18.8 1.92 32
06:00 p.m. 37 40.5 37.8 29.5 18.5 1.2 20
06:30 p.m.  35.2 38 35.5 28.5 17.8 0.52 8
07:00 p.m. 31 35 31 26 0 0 0
07:30 p.m. 28 30 28 1.5 0 0 0
08:00 p.m. 28 28 28 1.5 0 0 0
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7.3. Comparison and Comments

This section discusses the comparison of the results of the two experimental setup models, with
and without the aluminum heat sink. The comparison at this stage is limited to the solar panel electrical
characteristics at variable ambient temperatures during different parts of the day, as shown in Figure 16.
The maximum solar panel front surface temperature without cooling is 50.8 °C and it dropped to
48.2 °C for the same time of the day (2:00 p.m.) when the aluminum heat sink was used- a drop of
about 3.7%. When the maximum solar panel back surface temperature without cooling was 48.5 °C,
it dropped to 42.4 °C for the same time (2:30 p.m.) when the heat sink was used- a decrease of 14.3%.
Results of the experiment for the solar panel output voltage, current, and power are plotted with
ambient temperature as shown in Figures 17-19, respectively. The maximum open circuit voltage
Voe(V) without heat sink is recorded as 33 V at 8:30 a.m. while this value is 34.5 V (at 8:30 a.m.) when
the heat sink is used—an increase of about 4.5%. Moreover, maximum power point voltage Vi, is
changed from 24.5 to 26.7 V at 7:30 a.m. when a heat sink is used-an increase of 9%. The maximum
power point current Iy, is recorded as 6 A without heat sink while it was 6.5 A when heat sink was
used, time being constant at 1:00 p.m.—a decrease of 6.67%. From the results of this experiment, it can
be concluded that the electrical characteristics of the solar panel are enhanced when aluminum heat
sink is used. This is because of a decrease in the solar cell temperature leading to a rise in the open
circuit voltage as well as the maximum power voltage. There is a slight decrease in output current due
to the fall in temperature as shown in Figures 17 and 18, respectively. The output power is increased
and the electrical energy generated by the solar panel is increased as shown in Figure 19. Values for all
points are increased—for example at 9 a.m. the power increased from 63 to 79 which is a 25.4% increase
at an ambient temperature of 37 °C. As a result of the increase in solar panel output power throughout
the daylight hours, the output energy increased from 1587 watt/day to 1797 watt/day amounting to a
13.23% increase overall. The insertion of aluminum heat sink to the solar panel decreases the solar cell
temperature and limits the hot spot phenomena, which increases the life of the unit. Figure 20 shows
the thermal images of solar panel surfaces with and without aluminum heat sink.
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Figure 16. Temperatures curves of the solar panel experimental model.
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Figure 17. Output voltage curves of the solar panel experimental model.
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Figure 18. Output current curves of the solar panel experimental model.
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Figure 19. The output power curves of solar panel experimental model.
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Figure 20. Thermal images of the solar panel surfaces without and with the aluminum heat sink.
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8. Conclusions

This paper discussed steady state heat transfer through solar panel layers and studied the effect of
high temperatures on the solar panel performance in a hot desert environment with varying wind
speed. In our simulation it has been found that the solar cell temperature is decreased when an
aluminum heat sink is installed. The total thermal resistance is decreased due to the high thermal
conductivity and large surface area of the aluminum heat sink due to its fins. Subsequently, there is
acceleration of heat transfer through the solar panel back surface leading to a decrease of 11 °C in the
solar cell temperature. In the experimental stage, it was concluded that the installation of aluminum
heat sink on the solar panel back surface leads to a decrease in the solar cell temperature by 16.4%,
which leads to an enhancement of the electrical characteristics in the form of increase in both the open
circuit voltage and maximum power point voltage. It also produces a slight reduction in the maximum
power point current. In the experimental stage, the overall extracted electrical energy from the solar
panel with aluminum heat sink is increased by more than 13.23% per day when compared with the
case when no such a heat sink was not used. This validates the theoretical and simulation studies that
have shown that the heat sink installation effectively mitigates the temperature negative effect and
enhances the solar panel electrical performance.

Therefore, this paper concludes that the installation of the aluminum heat sink on the back surface
of solar panels leads to a mitigation of the solar cell temperature and limits the hot spot phenomena.
It also enhances the electrical characteristics and increases both solar panel efficiency and lifetime.
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Nomenclature

Amount of energy inherited through the glass

Qc surface (Joule or W.h). R, Contact thermal resistance (°C/W).
Qer gjiflzloern\f\; i}; is converted to electrical energy Rpys  Lumped heat sink thermal resistance (°C/W).
Qm Thermal energy losses (Joule or W.h). Rfiy  Fins thermal resistance (°C/W).
Total heat transfer rate from the heat sink R. Lumped thermal resistance of total number
Qr surface (Joule or W.h). s of fins (°C/W).
. Heat transfer rate from the heat sink fins R Thermal resistance of the ambient air through the
Qins surface (Joule or W.h). - film °C/W).
Heat transfer rate from the heat sink unfins Thermal resistance of the back heat sink base
Qufins surface (Joule or W.h). Ropp plate (°C/W).
o Thern}al energy rating that results from the air R,, Interface thermal denoted ("C/W).
touching surfaces (Joule or W.h).
ac Cell absorptivity. Rsp  Heat sink spread thermal resistance (°C/W).
A Thermal diffusivity (= 2.84 x 1075 m?/s). R, Conduction thermal network resistance (°C/W).
Tg Glass transmissivity. Ry Convection thermal network resistances (°C/W).

q Electron charge (= 1.602 X 10719 Q). R, Radiation thermal network resistance (°C/W).
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Dimensionless spreading resistance

Solar radiation (W/m?2).

Packing factor that refers to the area filled
with solar cells from the total surface area.
Fill factor.

Gravitational constant (= 9.81 m/s2).

Surface area (m?).

Edge area (m?2).

Fin cross-sectional area (m?).

Vehicle front area (m?).

Fins area of the heat sink (m?2).

Total unfins area of the heat sink (m?2).
Heat sink height (m).

Heat sink width (m).

Spacing between two consequential fins (m).
Eelectrical efficiency.

Nominal electrical efficiency

Thermal efficiency.

Efficiency of heat sink fins.

Temperature coefficient that relies on the
material type (K™1).

Solar cell temperature at the () Standard Test
Conditions (°C or K).

Average ambient temperature (°C or K).
Solar cell temperature at the operating
conditions (°C or K).

Glass temperature (°C or K).

Back sheet temperature (°C or K).

Cell temperature when the efficiency
Approaching to zero (°C or K).

Sky temperature (°C or K).

Temperature of heat sink surface (°C or K).
Mean absorbed cell temperature (°C or K).

Volumetric coefficient of expansion (K1)

Diode ideality factor (1 <a < 2).

Density of the air (= 1.225 kg/m®).

Output power (W) that is tracked at the
Maximum Power Point (MPP).

Voltage of the PV source at the MPP (V).
Voltage of the PV source at open circuit (V).
PV output voltage (V).

Thermal voltage (V).

Diode voltage (V).

Current of the PV source at the MPP (A).
Current of the PV source at short circuit (A).
PV output current (A).

Diode current (A).

Light current (A).

Reverse saturation current (A).

Air mass flow rate.

Reflection coefficient of the glass = 0.1.

Rs
Rsh

pf
Wy

wWs

Wy

Ly

ny
Ny
Nu
Re
Pr
Ra
Gy
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Series resistance of single diode solar cell ((2).
Shunt resistance of single diode solar cell (€2).
Thermal conductivity of the edge

insulation [W/(m.K)].

Thermal conductivity [W/(m.K)].

Thermal conductivity of the air

(=0.0291 [W/(m.K)]).

Interface thermal conductivity [W/(m.K)].
Boltzmann constant (= 1.3807 x 1072 J/K).
Opverall heat transfer coefficient.

Heat transfer coefficients of top.

Heat transfer coefficients of the bottom.

Heat transfer coefficients of the edges.
Thickness of any solar panel layer (mm).
Thickness of heat sink base plate (mm).
Thickness of heat sink fin (mm).

Edge insulation thickness (mm).

Everall heat transfer coefficient.

Radiation heat transfer coefficient.
Convection heat transfer coefficient.
Surrounding air heat transfer coefficient

due to convection

Convective heat transfer coefficient due to
wind speed.

Air specific heat

Coefficient of aerodynamic drag which depends
on vehicle brand and is in the range of 0.297.
Constant = 2.677 x 10* for silicon.

Empirical constant in the range of 0.593.
Bandgap energy that relies on the material type,
Eg =1.12eVor1.794 x 1079 ].

Material emissivity of heat sink.

Emissivity coefficient of any solar panel layer.
Kinematic viscosity of the air (= 1.96 x 1075 m?%/s).
Porosity hole area to solar panel area

(= 5.67 x 1078 J/K)

Perimeter of solar panel (m).

Fin perimeter (m).

Resultant wind speed due to natural air and
turbulence air (m/s).

Wind speed of natural air (m/s).

Wind speed of turbulence air (m/s).

Vehicle average speed (m/s).

The scaled turbulence motion length (m).
Surface characteristic length of solar panel (m).
Vehicles number per unit length.

Total number of fins.

Nusselt number.

Reynold number.

Prandtl number.

Rayleigh number.

Grashoff number.
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Appendix A

The mathematical model of a single diode solar cell electrical model is described (as shown in Figure 5)
for a solar panel that consists of 7. solar cells. The open circuit voltage is denoted by V.. The short circuit current
is Isc, while V}, and I, are the output voltage and current. Iy is the light current, I, is the reverse saturation
current, while V; and I; are the diode voltage and current respectively. All these parameters rely on the thermal
voltage V7 that depends on the solar cell temperature [24,30,31,47-49], where (1< a < 2) is the diode ideality factor,
(Kgz = 1.3807 x 1023 J/K) is the Boltzmann constant, (9 =1.602 x 1071 Q) is the electron charge. The electrical
performance is described as per the following equations:

KgzT
Vr = 4%z C (A1)
q
Voe = V7 1n(1;—C + 1) (A2)
0
IscRs I.-R.
ISC:IL—Io(e v —1)— s (A3)
Rsh
Voc [ Yo
I = ISCeVT(e v - 1) ~ Ve (Ad)
Rsh
(V4 Ry~ )

I, = Igcet V1 KezTo KpzTc (A5)
L o (Te-T A
E_ = 1= g( c~— o) (A6)

go

I
V=V 1n(1—d + 1) (A7)

0

Va
I = L,(e vr — 1) (A8)
Vyo = 1e(Vy = IoRs ) (A9)
(Vpo+IpoRs) Vo + LR

Lo = L —Io(e (- 1) — % (A10)

where Eg is the bandgap energy that relies on the material type, Ego = 1.12 €V or 1.794 x 1071 J and the constant
Cg =2.677 X 10* for silicon. The output power Prpp at the MPP is given in Equation (6). There are many methods
to calculate the Voltage Viyp and current I, at the MPP, as mentioned in [31], by differentiation of the output
power P = VI with respect to the voltage V that is given in Equation (A11). The current I, at the MPP is given by
Equation (A12), then Viyp and Iy are given by simultaneously numerical solution for Equations (A11) and (A12):

(Vinpp +ImppRs)

Lo v L
AR A * (A11)
Vinpp R | LR gt
1+ R, Tr¢ T
(Vimpp +lmppRs) Vinpp + LmppRs
gy = T1 Io(e T 1) - Lo s (A12)
sh

Another method to calculate Vi and Iypp [50], whete Vi is given as in Equations (A13) and (A14) respectively:

Le—1
sc = Impp +1)_IWRS (A13)

Vimpp = Vr ln( T

Ise—Lpy TnppRs
(Impp—lsc—lo)[ln(‘ _ +1)— o ]
1+ (I — Lo = o)

where Iy, can be calculated starting from an initial guess and using numerical root-finding algortigms such as
those implemented in fsolve or fzero functions of the MATLAB software. Then, the resulting value of Iy, can be
substituted in Equation (A14) to get Viyypy.

=0 (A14)
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