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Abstract

The development of solar photovoltaic (PV) systems in arid climates is hindered primarily by high
temperatures, which adversely affect system performance and lifespan. This manuscript presents a
comprehensive approach to address this challenge by developing an analytical model for predicting the
temperature of PV panels under a passive cooling system specifically designed for arid environments.
The analytical model takes into account the crucial relationship between solar panel temperature and its
conversion efficiency. By applying Kirchhoff's and Ohm's laws for a complex circuit, the model
accurately calculates the heat flux within the solar panel system, allowing for the determination of
temperatures for each layer in the system.

The study deduces closed-form analytical expressions that describe the temperature, output power, and
conversion efficiency of the solar panel as functions of various factors, including solar irradiance,
ambient temperature, emissivity, wind velocity, tilt angle, and dimensions of fins. These expressions
provide valuable insights into the thermal behaviour of the system and enable the evaluation of its
performance under different environmental conditions.

Keywords: PV solar panels, Thermal management systems, Thermal performance, Cooling efficiency,
Temperature, Energy conversion efficiency, Passive cooling, Active cooling, Forced convection, Liquid
cooling.

1. Introduction

The increasing demand for renewable energy sources has resulted in a significant rise in the use of
photovoltaic (PV) solar panels. However, the efficiency of solar panels is highly affected by
temperature, leading to a decrease in their overall output. Therefore, proper cooling mechanisms are
crucial for maintaining the efficiency of solar panels. One effective method is using heat sinks.

One common cooling method is the use of a heat sink, which is a component designed to dissipate heat
by transferring it to a surrounding medium, such as air or water. The effectiveness of a heat sink is
determined by various factors, including the material properties, design, and operating conditions. PV
panels convert sunlight into electrical energy, providing an environmentally friendly alternative to
traditional energy sources. However, the performance and lifespan of PV systems are significantly
affected by the operating temperature, particularly in arid climates.

High temperatures pose a primary challenge to the development and efficient operation of PV systems in
arid regions. As the temperature rises, the performance of PV panels diminishes, leading to reduced
power output and a shortened lifespan. It becomes crucial to develop effective cooling strategies to
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mitigate the adverse effects of high temperatures and maintain the operating temperature within an
acceptable range.

The goal of this thesis is to address the challenge of high temperature in solar PV systems by developing
an analytical model to predict the temperature of PV panels under a passive cooling system in an arid
environment. By accurately estimating the temperature of the panels, it becomes possible to assess their
efficiency and power output, as well as evaluate the impact of various environmental factors and design
parameters. The proposed analytical model builds upon fundamental principles such as Kirchhoff's and
Ohm's laws for a complex circuit to calculate the heat flux within the PV panel system. By considering
the link between solar panel temperature and conversion efficiency, the model provides closed-form
analytical expressions for temperature, output power, and conversion efficiency as functions of solar
irradiance, ambient temperature, emissivity, wind velocity, tilt angle, and dimensions of fins.

Unitary PV Cell |

Figure 1: Solar Panel With Heat Sink

To validate the accuracy and effectiveness of the developed model, a comparison is made with existing
results from the literature. Furthermore, the thesis also investigates the required length of fins for
ensuring the safe thermal operation of solar panels in harsh desert environments.

By providing a comprehensive understanding of the operating temperature and efficiency of PV panels
in arid climates, this thesis contributes to the development of sustainable and efficient solar PV systems.
The insights gained from the analytical model can inform the design and optimization of cooling
strategies, thereby enhancing the performance and longevity of PV systems operating in challenging
desert environments.
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2. Methodology
The methodology for designing and optimizing a composite material heat sink for solar panel cooling
typically involves [ )

Problem Definition

J [ Optimization ‘
[ Literature Review ‘ LAnaIyticaIAnaIysis ‘
- ™ N
Design ‘ # Analytical ‘
L Conceptualization | Modelling

2.1 Heat sink design and optimization techniques

Heat sink design and optimization techniques play a crucial role in ensuring efficient cooling of solar
panels. Some commonly used techniques include:

a) Fin Design:

This involves adding fins to the heat sink to increase the surface area and enhance heat dissipation. A fin
design is a common technique used in heat sink design to increase the surface area and enhance heat
transfer. Fins are thin projections or extensions from the main body of the heat sink, which can be at-
tached to the base or to the heat pipes. The aim of using fins is to increase the heat transfer coefficient,
thereby improving the overall performance of the heat sink.

There are different types of fin designs, such as straight fins, pin fins, helical fins, tapered fins, and wavy
fins. Straight fins are the simplest type and are commonly used in heat sinks. Pin fins are smaller and are
used in compact heat sinks. Helical fins have a twisted shape and are useful for applications where
airflow is limited. Tapered fins are wider at the base and thinner at the tip, which improves heat transfer.
Wavy fins have a sinusoidal shape and are useful for low airflow conditions.

The design of the fin geometry depends on various factors such as the heat sink material, the cooling
medium, the operating conditions, and the performance requirements. The optimization of the fin design
involves determining the optimal size, shape, and spacing of the fins to maximize the heat transfer
coefficient and minimize the pressure drop.

Numerical simulations using computational fluid dynamics (CFD) software can be used to predict the
performance of different fin designs and optimize the fin geometry. The use of CFD analysis allows for
the exploration of a wide range of design options and reduces the need for costly and time-consuming
experimental testing.

The use of a well-designed fin configuration can significantly improve the heat transfer performance of a
heat sink, resulting in better cooling of the solar panel and improved energy conversion efficiency.
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b) Material Selection:

The choice of material used in the heat sink affects its thermal conductivity, weight, and cost. Carbon
fiber and aluminum-based composites are popular materials for heat sink design due to their high ther-
mal conductivity and low weight.

c) Computational Fluid Dynamics (CFD) Simulation:

CFD simulations can be used to predict the temperature distribution within the solar panel and heat sink
system, and optimize the design for improved cooling performance.

d) Optimization Algorithms:

Various optimization algorithms can be used to find the optimal design parameters for the heat sink,
such as fin geometry, material thickness, and fluid flow rate.

e) Heat Pipe Technology:

Heat pipes can be used in conjunction with heat sinks to improve the efficiency of the cooling system by
transferring heat from the solar panel to the heat sink more effectively.

f) Additive Manufacturing:

Additive manufacturing techniques such as 3D printing can be used to create complex geometries and
improve the performance of the heat sink.

A combination of these techniques can be used to design and optimize a composite material heat sink for
efficient cooling of solar panels.

3. Problem Geometry and Description

The PV-HS (PV panel with heat sink cooling) system comprises multiple layers and different materials,
each with unique thermal properties and thicknesses. The front and back surfaces of the system are
directly exposed to the surrounding environment. Figure 1 illustrates the configuration of the considered
system, and Table 1 provides information about the properties of the various layers of the PV panel.

To develop an innovative analytical model for predicting the temperature of the solar panel, the

following assumptions were made:

1. Uniform Solar Irradiance: The solar irradiance is assumed to be the same for all cells in the PV pan-
el. This implies clear skies without clouds or dust on the front surface of the panel.

2. Steady-State Heat Flow: The time response of the system is considered to be short, allowing for the
assumption of steady-state heat flow. This assumes that the temperature distribution within the sys-
tem remains constant over time.

3. Adiabatic Side Walls: The side walls of the PV-HS system are assumed to be adiabatic, meaning no
heat transfer occurs through them. This simplifies the analysis by focusing on the front and back sur-
faces of the system.

4. One-Dimensional Flow: The thickness of the system is significantly smaller compared to its length
and width. Consequently, the heat flow is assumed to be one-dimensional, simplifying the analysis to
a single direction.
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Figure 2: Layout of the photovoltaic (PV) panel with the considered cooling system

By making these assumptions, the analytical model aims to provide a comprehensive understanding of
the temperature distribution within the PV panel and its interaction with the heat sink. This model
facilitates the prediction of the operating temperature and helps evaluate the effectiveness of the cooling
system in maintaining the desired temperature range.

Table 1: Properties of the layers of the PV panel

Layer Thickness (mm) | Thermal Conductivity
(W/m K)

Glass 3 1.8

ARC 0.0001 32

PV cells 0.225 148

EVA 0.5 0.35

Rear contact 0.01 237

Tedlar 0.01 0.2

Adhesive material 0.1 1.5

Heat sink 0.5 205

4. Mathematical Formulation and Analytical Solution

When sunlight reaches the front surface of the solar panel, a fraction is reflected, while the majority
passes through to the solar cell layer. In this layer, some of the light energy is converted into electrical
energy, while the remainder is converted to heat. The heat generated is dissipated to the environment
through both the front and back sides of the panel.

By employing Ohm's and Kirchhoff's laws as an analogy, the total heat flow of the solar panel can be
expressed as the sum of the heat flows from the front side (Q1) and the back side (Q2), as depicted in

Figure 3. The equation for the total heat flow is as follows:

Q: = Q1 +0Q, =1 XA XA —=—1n) X agws X Teran  eeeens Equation 1
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Here,

I = represents the incident light intensity,
A is the solar panel area,

n is the panel efficiency,

aabs 1S the absorptivity of the solar cell, and
Trran 1S the transmissivity of the glass cover.

The solar cell efficiency decreases linearly with the operating temperature, and this decrement rate
depends on the PV material used. Existing literature presents various correlations expressing cell
efficiency as a function of the efficiency at the lab reference temperature, material properties, and
operating temperature. One such correlation, proposed by Evans and Florschuetz (1977), is given by:

N = NT e [1 — Brer (Tref — Tsolar)] ...... Equation 2

In this equation,

nT,ref = represents the efficiency at standard test conditions (STC),
Bref = is the temperature coefficient at STC, and

Tt =S the reference test temperature.

To estimate the temperature of the solar panel (Tsolar), two approaches can be used: one based on the heat
flow from the front side and the other based on the heat flow from the back side. The equations for these
approaches are:

Tsotar = Q1 X ERenery + Tgpy L Equation 3
Tsotar = Q2 X ZReny + Tyl Equation 4
Here,

YR = represents the total thermal resistance at the front side,
YRin) = Is the total thermal resistance at the back side, and
Tamb = is the ambient temperature.

By substituting Equation (3) into Equation (4), we obtain the following expression:
Q2 X ZRippy = Q1 X ERepey Equation 5

Using Equation (1) and substituting in Equation (5)

ZRtn(b) ZRtn(b) .
= -——Q Equation 6
Q1 SRencp ¢ ZRenr) Q1 q
The expression of the heat flow of the front side as a function of the total heat is:
ZRtn(b) } .
={—>=>10, Equation 7
¢ {ERth(f)+ ZRth(p) Qe d
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Using Equations (1), (2), and (7), and substituting into Equation (3) we can express the solar panel
temperature as:
¢X(1_nT:ref [1_ﬁrefTref]+(1_T]Trref ))Tamb

...... Equation 8
(1_¢(1_ﬁrefnTrref)) a

Tsolar

Where,
¢ . (IXAxaabsXTtranXZRth(f)XZRth(b))
(ERen(r) +ERen(p))

The thermal resistance circuit of the system is illustrated in Figure 3. The calculation of the total thermal

resistance for both the front and back sides will be explained in the subsequent subsections.
an
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Figure 1: Thermal resistance circuit of the problem

4.1 Estimation of the Total Front Resistance

R iati R i X
ZRth(f) — Rtf — Rglass + RARC + radiation(r) Tconvection(f) Equat10n9

Rradiation ) + Rconvection( )

Where,

Ryglass = is the resistance of the glass cover (Q2),

Rarc = is the anti-reflective layer resistance,

Rradiationy = 1s the radiation resistance on the front surface (2), and

Reonvection(r) = 1S the resistance of combined (forced and natural) convection on the front surface (€2).
The
resistance of the glass cover (Q) is calculated using:

t .
= —glass Equation 10

Ry
ass
9 KglassAglass

Where:
Kgiass = IS the thermal conductivity of the glass material,
Agiass = IS the area of the glass layer, and
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tgass = IS the thickness of the glass layer.

Similarly, the thermal resistance of the anti-reflective layer defined as:

t .
Rppe = —2— Equation 11
KarcAarc

Here,

Karc = represents the thermal conductivity of the anti-reflective layer, (W/m-K)
Aarc = is the area of the anti-reflective layer, (m?) and

tarc = is the thickness of the anti-reflective layer (m).

To account for radiation effects on the front surface of the solar panel, the radiation resistance is given
by (Weiss, Amara et al., 2016):
1

Ry adiation = m ...... Equation 12
Where:

Nradf =4 X 6 X & X (Too)s,

&i = Iis the radiation heat transfer coefficient, and

A = is the surface area of the solar panel.

T  =isthe ambient temperature in (Singal, Saini et al.) and,

o = is the Stefan-Boltzmann constant.

The combined resistance of forced and natural convection on the front surface can be calculated as:

1 .
Rconvection = ’1}‘7 ...... Equation 13

Here, hs represents the convective heat transfer coefficient, which is a combination of forced convection
(h#) and natural convection (hm) coefficients and it can be estimated by (Kaplani and Kaplanis 2014)

hy = 3\/(hff )3 + (hfn)3 ...... Equation 14

The forced convection coefficient hs can be determined using the equation:

hsr = 0.848 k [sin Bcosu, *y * &]0'5 (g)—o.s ...... Equation 15
u 2

Where:

k = is the thermal conductivity of the fluid,

h = is the heat transfer coefficient,

B = is the tilt angle of the solar panel,

uw = isthe wind velocity, (m/s)

Y = is the angle of wind speed,

IJFMR23045658 Volume 5, Issue 4, July-August 2023 8
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P = is the Prandtl number,
Lct = isthe characteristic length. (m)

The natural convection coefficient hfn can be expressed as:

Ry = Nqu ke Equation 16
Where:

u = is the characteristic velocity, and

k = is the thermal conductivity of the fluid, and

L = is the characteristic length. (m)

Nusm = is the Nusselt number, number for front surface, and it can be calculated by (Alvarez, Xaman et
al., 2008)

[0.13 {(Raﬁ - (GrCPr)i} + 0.56(GrCPrsinﬁ)%] Jif B> 300
Nug, = T Equation 17
[0.13 {(Ra)%}] S if B < 300
where Gre is the critical Grashof number and Ra is the Rayleigh number. They are given by:

Gre=1.327 x 1010 exp{-3.708(@2 - B) .. Equation 18

_ Q(Tavg_Too)L?étPr
@ (0.25Tayg—0.75Tc0 )13

...... Equation 19

These equations allow for the calculation of the thermal resistances and coefficients involved in the heat
transfer analysis of the solar panel system.

4.2 Estimation of the Total Back Resistance

The total back resistance (XRtn()) Of the solar panel can be estimated using the following equation:

SRensy = Re» = Rgva + Rusc + Rreaiar + Raa + Rpp + 222" Equation 20
base fins

Where:

Reva = represents the resistance of the ethylene vinyl acetate (EVA) layer on the solar panel (Q).

Rmec = is the resistance of the sheet back metal of the solar panel (Q).

Roase = IS the resistance of the base of the fin for both radiation and convection.

Rredlar = 1s the resistance of the Tedlar polymer layer on the solar panel (€2).

Rad =S the resistance of the adhesive material (Q).

Rnb = 1s the conductive resistance of the heat sink base ().

Rfins = is the resistance of the base of the fin for both radiation and convection ().

The resistance of the ethylene vinyl acetate (REVA) can be calculated as:

Reva = —EA_ Equation 21

KgvaAEgva

Where;

IJFMR23045658 Volume 5, Issue 4, July-August 2023 9
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Keva =isthe thermal conductivity of the ethylene-vinyl acetate, (W/m)
Aeva = is the area of the ethylene-vinyl acetate layer, and (m?)
teva = is the thickness of the ethylene-vinyl acetate layer (m).

The resistance of the sheet back metal (Rwmgsc) is given by:

tMBC

Rypc=7—77"—7 Equation 22
KmBcAMmBC
Here,
Kwmec = is the thermal conductivity of the back-sheet metal, (W/m-K)
Awic = is the area of the back-sheet metal, (m?) and
tmec = is the thickness of the metal layer (m).
The resistance of the Tedlar polymer (Rrediar) Can be expressed as:
t .
Rrediar = thtjm ...... Equation 23
Where;
Kiw = is the thermal conductivity of the Tedlar polymer, (W/m-K)
Aw = is the area of the Tedlar polymer layer, (m?) and
tid = is the thickness of the Tedlar polymer (m).
The resistance of the adhesive material (Rag) is estimated as:
R, — _tad Equation 24
ad T e quation
Here,
Kag = is the thermal conductivity of the adhesive material,
Aad  =is the area of the adhesive material, and tad is the thickness of the adhesive layer.
tas = IS the thickness of the adhesive material (m)
The conductive resistance of the heat sink base (Rhb) is calculated using:
_ _tmw .
Rpp = Kdne e Equation 25
Where;
Kno = is the thermal conductivity of the heat sink base, (W/m-K)
Anp  =1is the area of the heat sink base, (m2) and
tno = 1Is the thickness of the heat sink base (m).

The resistance of the base of the fin (Ruase) for both radiation and convection is given by:

Rconvection(base) ><Rradiation(base)

Rpygse =57 —— — Equation 26

Rconvection(base) ><Rradiation(base)

Where:
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Rconvection(base) = represents the resistance of combined (forced and natural) convection on the back

surface (€2), and
Rradiation(base) = 1S the radiation resistance of the back surface (Q2).

The resistance of combined forced and natural convection on the back surface (Rconvection(base)) IS

calculated as:
1

Rconvection(base) = m ...... Equation 27

hptor = i/(hbn)g X (hbf)3 ...... Equation 28

hpn = w ...... Equation 29
5.74w%8 L0 if Ec/Lct < 0.05

hyr =45.74w%8L )% — 16.46 L;};  if 0.05 < Ec/Lct < 095 ... Equation 30
3.83w 5L 05, i f Ec/Lct = 0.95

Where;

hotot = is the total heat transfer coefficient from the back, and

Nubn = is the natural Nusselt number from back surface

Ay  =is the area of the base of the heat sink and is estimated by: (L x W) — (N x t x L).

The natural Nusselt number from back surface can be estimated by

0.58(Ra)s; if B < 2°
Nupy = { 0.58(Ra sinB)s; if20< B <300 . Equation 31
i 31/6
oaas + T IIBBBL] g > 2o
The radiation resistance of the back surface is
Ry qdiation(base) = Abthd;Ck(base) ...... Equation 32
Rradback(base)y = 4 X 0 X Eqyum X (Ty)? X (1 — 2Fbase_fl-n) ...... Equation 33

where €aium IS the emissivity of the aluminum back in resistance. Fns-fins) and Fpase-finy are the view factor
of three-dimensional geometry and are given by:

__2 (1+B%)(1+U?) 1z 2\1/2 -1 B 2\1/2 -1 u _
Fij = — (ln[ P ] +B(1+ U2 tan™ —Fm + UL + B VP tan™ —o

Btan™'B — Utan‘1U> ...... Equation 34
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where B=l—f, U==,

s s’
here; If is the length of fin (m), L is the length of the solar panel (m), and s is the spacing between fins
(m). The resistance of base of fin for both radiation and convection is given by:
_ Rconvection(fins)XRTadiation(fins)

Ripps =7 4777 " — Equation 35

Rconvectiun(fins) ><Rradiation(fins)

Rconvection(fins) and Rradiation(fins) are given by;

1

Rconvection(fins) = hbtot><N—><77f><Af ...... Equation 36

1 .
Rradiation(fins) = MragbackrimgXN¥Ar Equatlon 37

where N is the number of fins, huwt is the total heat transfer coefficient from the back, hradback(fins) IS the
radiation heat transfer coefficient of the base of the heat sink, and At is the area of a single fin.
Asand hradback(fins) are calculated by:

A = 2L X [lf + %] ...... Equation 38

hradback(fins) =4 X0 X Eqlum X (TOO)3 X (1 - Ffins—fins - Ffins—base) ------ Equaﬁon 39

where L is the solar panel length (m), Frin-base is the view factor of fin-base, Frins-fins is the view factor of
fins-fins, and n is the efficiency of the fins and is described as the ratio of the heat transfer to the fin to
the heat transfer to an ideal fin under the adiabatic condition:

__tanhmlL,
= miL.

m is a constant and it is expressed as:

m= /% ...... Equation 41

where hpot IS the total heat transfer coefficient from the back
L. is characteristic length and is estimated by:

...... Equation 40

Lo =1+ % ...... Equation 42

4.3 Estimation of the Solar Panel Efficiency and Produced Power

Once the solar panel temperature is obtained, the efficiency of the solar panel can be calculated using
Equation (2), and the output power can be calculated using the following equation:

P=1A0 —n)awpsTeran Equation 43

5. Results and discussion

The analytical model was validated by comparing its predictions with experimental data obtained from
the literature. This validation process ensures that the model accurately represents the thermal behavior
of the solar panel system. Additionally, the model was used to determine the optimum fin length that
maximizes thermal performance.
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After validation, the model was further utilized to investigate the influence of various parameters on the

temperature of the solar panel. These parameters include:

1. Length and thickness of fins: By varying the length and thickness of the fins, the model can assess
their impact on the solar panel temperature. This analysis helps determine the optimal dimensions of
the fins for improved thermal performance.

2. Wind velocity: The model considers the effect of wind velocity on the convective heat transfer from
the solar panel. By varying the wind velocity, the model can assess its influence on the temperature
of the panel.

3. Tiltangle: The tilt angle of the solar panel affects the incident solar radiation and the convective heat
transfer. The model can evaluate how different tilt angles impact the temperature of the panel.

4. Ambient temperature: The surrounding ambient temperature affects the heat dissipation from the so-
lar panel. By changing the ambient temperature, the model can investigate its influence on the panel
temperature.

5. Emissivity of the heat sink surface: The emissivity of the heat sink surface affects its radiation prop-
erties. By adjusting the emissivity value, the model can analyze its impact on the panel temperature.

Through these investigations, the model provides insights into the thermal behavior of the solar panel
system and allows for the optimization of various parameters to enhance its overall performance. The
results of these analyses are presented in the subsequent sections, providing valuable information for
designing and operating solar panel systems efficiently.

5.1 Model Validation

To validate the developed analytical model, a comparison was made with indoor experimental results by
Arifin, Tjahjana et al. (2020), which utilized a similar cooling method as the present study, as well as
outdoor experimental results by Li, Ma et al. (2019) and Ahmad, Khandakar et al. (2018). The inputs
used in these previous studies were also employed in the present study for result generation and
validation purposes.

Table 2: Inputs used by some available experimental data in the literature.

Variables Inputs Used by Inputs Used by Inputs Used by
(Arifin (Li, Maetal., Ahmad, Khandakar et
Tjahjana et al., 2019) al.,2018)
2020)
Width 0.65m 1m 0.054 m
Length 0.67 2m 1.19m
Wind speed 1.5m/s Real variable Real variable values
values
Irradiation - Real variable Real variable values
values
Ambient temper- | 25 °C Real variable Real variable values
ature values
Length of fin 0.03m - -
Thickness of fin | 0.002 m - -
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R? = [(Zéil(yi —z)® = 3k (i — yl-)Z)l
YL i — z)?

1/2
RMSE — le'vzl(yi - xi)z
N
. (i — y)?
Chi — square = §V=1%
l

Y= (i — ¥:)?

N-1
where (xi), (vi), and (zi) are the experimental result, predicted result of the developed model,
and mean of the experimental results, respectively.

Maximum standard error = \j

Figure 4: This figure compares the impact of irradiance on solar panel temperature with and without a
cooling system. The comparison includes the analytical model presented in this study and the
experimental results reported by Arifin, Tjahjana et al. (2020). It indicates that for a solar panel without a
cooling system, there is an excellent agreement between the two solutions. However, when a cooling
system is added, there is a noticeable difference between the curves, especially at solar irradiances of
800 W/m? and above.
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Figure 2: Model validation of the solar panel temperature compared with Arifin, Tjahjana et al. (2020)

Figure 5: This figure illustrates the variation of solar panel temperature during the daytime. It compares
the experimental results presented by Li, Ma et al. (2019)with the predictions of the presented model.
The curves exhibit a high degree of similarity and excellent agreement, validating the accuracy of the
model in predicting the performance of a solar panel under real operating conditions.
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Figure 3: Model validation of the solar panel temperature compared with Li, Ma et al. (2019)

Figure 6: This figure compares the experimental results reported by Ahmad, Khandakar et al. (2018)
with the results obtained from the developed model. The comparison specifically focuses on the scenario
without a cooling system for certain hours during the daytime. The results demonstrate a good
agreement between the experimental data and the predictions of the analytical model, thereby validating
the accuracy and reliability of the presented model.
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Figure 4: Model validation of the solar panel temperature compared with Ahmad, Khandakar et al.
(2018)

6. Conclusions

The presented research work focuses on the development and optimization of a plate heat sink for

passive cooling of a PV panel, aiming to improve its efficiency and lifespan. The study includes the

following key aspects and findings:

a) Analytical Model: An analytical model was developed to predict the temperature, efficiency, and
power output of the solar panel. The model takes into account various parameters such as the dimen-
sions of the solar panel, fin length and thickness of the heat sink, wind speed, and ambient tempera-
ture. The model was successfully validated using real data from the literature.

b) Optimal Fin Length: The research investigated the optimal length of fins required for safe opera-
tion of the solar panel in a harsh desert environment. By considering worst-case environmental con-
ditions, the study determined the fin length that ensures the solar panel operates below recommended
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safe temperature levels.
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