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INTRODUCTION

Environmental problems and economic crises of fossil
fuels search the alternative methods for energy production.
Solar energy is one of the best ways to convert it into electri-
cal energy. The solar panels show its importance by directly
converting solar energy into useful electrical energy. The
solar panel is formed by the parallel and series combination
of the solar cells. The solar cell is formed by the P-N junc-
tion in which holes and electrons cross the depletion layer
by absorbing the solar energy. However, the number of fac-
tors affect the performance of the solar panel of which some
factors are external and internal. The external factors are
uncontrollable by the human being but the internal factors
can be controlled and modified to hike the solar panel’s per-
formance [1]. The higher surface temperature of the solar
cell enhanced the thermal resistance of the depletion layer
and slowed down the speed of the electrons, so the perfor-
mance of the PV module was lacking. However, a number
of design have been investigated to cool the solar panel,
the purpose is to avoid over heating and sustain the per-
formance. A number of cooling methods like active [2, 3,
4], passive [5, 6, 7], nanoparticles [8, 9, 10] and PCM com-
bined with other cooling [11, 12, 13] fluids have been used.

Active cooling requires an external energy source to
pump the water and air. The active cooling enhances the heat
transfer coefficient and turbulence due to that it has large
ability to cool the solar cell. It included the forced air, forced
water, and PV/T system. In the active cooling method, the
net power produced by the photovoltaic module is obtained
by deducting the pump or blower power from the solar panel
output power. The passive cooling method requires no addi-
tional prime mover; it's based on fully natural circulation.
The heat pipe, natural air, and water circulations are consid-
ered to be passive cooling approaches in which heat transfer
is lower leading to poor performance at higher temperatures.
The main advantage of passive cooling is its lower cost due to
negligible variable cost. It improved the productivity of solar
panel very little due to natural circulation. The Phase Change
Material (PCM) works well for performance enhancement of
the solar panel by absorbing maximum heat trapped inside it.
In the primary heating process, PCM material starts to heat
with melting and absorbs a part of sensible heat. In second-
ary heating, the phase change of PCM material starts which
absorbs the latent heat. Due to the heat absorption from the
PV cell during day time, the PV cells cooled and produced
more power. The cycle is reversed at night time, at the time
of the absence of the Sun, which cools down the solar panel,
and PCM material reaches in initial state.

PCM cooling gets popularity due to its large absorption
capacity, low cost, and chemical stability. The selection of the
PCM material depends on the maximum, and minimum
temperature of the solar panel and atmospheric tempera-
ture. Based on these temperature ranges, the PCM mate-
rial properties selected, the main PCM material properties
are namely thermal, physical, kinetic, chemical, economic,

and environmental listed in [14]. Rok et al. [15] performed
an experimental and numerical simulation on the perfor-
mance improvement of the 250 W solar panel using PCM
cooling. The RT28HC is used as a PCM material for the
cooling of solar panel. The experimental results depicted
that PCM material reduced the surface temperature of solar
panel by 35.6°C as compared to without cooled solar panel.
Rajvikram et al. [16] enhanced the thermal conductance of
PCM by using the aluminum sheet as a thermal conductivity
enhancer. The test has been conducted for three months. The
outcomes of the study indicated that if PCM material with
an aluminium sheet attached at the back of the solar panel,
the average efficiency enhanced to be 24.4% with an ordinary
decline in the temperature of the 10.35°C. Yahya et al. [11]
investigated the multi-layered PCM material in solar panel
temperature reduction. The approach involves integrating
PCM with metallic PCM attached at the back end of the
solar panel. The ANSYS FLUENT software has been used for
determining the solidification and melting phase. This cool-
ing system enhanced the PV module performance by 35.8%
compared to the panel without cooling at the ambient tem-
perature of 40°C and solar flux of 1000 W/m?.

Fatih et al. (2020) studied the performance of the phase
change material, thermoelectric, and aluminium fins on
the solar panel cooling. The outcomes of the study saw that
the aluminium fins produced the maximum power and
the PCM and TEM generated the lowest power. The PCM
material worked as the insulator due to the lesser thermal
conductivity of the PCM material. Mais et al. [17] experi-
mented to determine the cooling effect of the RT 35 (PCM)
on solar panel. The outcomes of the study show that the
16°C temperature has been reduced by using PCM but If
the rectangular fins have been used as the thermal con-
ductivity enhancer then further 2°C temperature drop was
again achieved. Rajvikram et al. [18] investigated the PCM,
fins, and water for the cooling of the solar panel. The out-
comes of the study depicted that in two consecutive days
reading, the power output enhanced to 8.12% and 9.39%
higher than without cooled solar panel. The temperature
measurement of the cooled and without cooled solar panel
were lower than the 50°C and 70°C.

The thermoelectric cooling, worked on the principle of
the Peltier Effect requires no cooling fluids, only electric
energy is required to cool the solar panel. In this cooling,
a cold and hot heat source has been generated in which
heat flow occurs from lower to higher temperatures. The
amount of cooling provided by this technique is lower than
the active cooling but more than the passive cooling.

The active cooling technique with forced air cooling,
required little design change and feasible to fit fan and
blower with the solar panel. A number of researchers pub-
lished the work on active air cooling. In the below section
active air cooling on solar panels is given concisely.

Teo etal. [2] explored the effect of air cooling on the power
output of the solar panel, and results were compared with
those without a cooled solar panel. The results indicated that
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the overall temperature reduced by this approach was 30°C,
and efficiency improvement recorded to be 4%. Golzari et
al. [19] experimentally investigated, the effect of air cooling
channel on the performance of the solar panel. The results
showed, that solar panel temperature was reduced by 5°C
and efficiency improvement of the solar panel was recorded
to be 2.6%. Elminshawy et al. [20] performed the experimen-
tation on solar panel cooling by geothermal air cooling. It
reduced the solar panel temperature by 9.75°C and improved
the solar panel efficiency by 22.98%. Arifin et al. [21] inves-
tigated the effect of the aluminum rectangular fin on the
heat transfer rate and performance improvement of the solar
panel, due to this cooling, the maximum temperature of the
solar panel decreased from 85.3°C to 72.8°C. Lebbi et al. [22]
investigated the effect of water and air cooling on the back
and the front side of the solar panel, for water cooling drip
irrigation system was used, and the fan was used for air flow.
This cooling effect condensed, the module temperature by
15°C and raised the panel efficiency by 5.7%.

Saleri et al. [23] used thermoelectric cooling on the rear
side of the solar panel to lower the solar panel temperature
and enhance efficiency. This design has been proven to
reduce the solar panel temperature by 15°C and heighten the
efficiency by 5.7%. Li et al. [24] investigated the influence
of compressed air on the cleaning and cooling of the solar
panel. The results reveal that, the efficiency improvement of
the solar panel was recorded to be 33.42% by using this tech-
nique. Almuwailhi and Zeitoun [25] conducted experiments
on solar panel cooling in natural convection, forced con-
vection, and evaporative cooling, and compared the results

with those without cooled solar panel. They identified, the
temperature of the solar panel lessened by 6°C in forced air
cooling with efficiency improvement recorded to be 4% by
use of this cooling technique. Abdullah et al. [26] conducted,
a study on the air cooling on the efficiency of the solar panel.
They identified, the efficiency improvement of the solar panel
recorded to be 0.8% as compared to without air-cooled solar
panel. Abdullah et al. (2024) [27] investigated experimen-
tally a photovoltaic solar panel on Trombe wall for heating
the room in the winter season. This system operates with the
help of solar energy without supplying electricity. The exper-
imental models have been prepared, one with DC fan and
other without DC fan. The outcomes of the study revealed
that the system having the DC fan has higher electrical and
thermic efficiency as compared to another system. Abhijeet
et al. (2024) [28] performed the energy and exergy analyses
of the 380 kW power roof top photovoltaic grid-connected
system. They concluded that the system generated the 732.4
kWh/year through this plant. Furthermore, results have been
validated with the responses’ neural network linear, non-lin-
ear, and exponential behaviour. Amjad et al. (2025) [29] used
a porous medium to cool the solar panel. They concluded
that the solar panel efficiency enhanced to the level of 19%
and 5.1% efficiency increased as compared to without cooled
solar panel. The cooling fluids properties are responsible
for desirable heat transfer and solar panel performance. On
the other hand, the various researchers used the number of
designs at the rear side of the solar panel. Table 1 presents the
various designs of solar panel cooling, used previously so far.

Table 1. Various design of the heat sink with air cooling in solar panel

S. No. Author,s Design Design Picture Outcomes of the
Description  Description study
1 Choietal. [3] Dimples were ) At St=1.1
(2022) provided on the Glass cover | Heat to mass
rear side of the Solar cell transfer enhanced
solar panel. olar ce by 68%.
~ .
Coolant flow Dimples
Insulator 1
Internal channel
2 Hussein etal. A cooling air duct Enhanced the
(2023)[30] was provided at efficiency 2.1%

the rear side of
the solar panel.

and save, the
energy around
7.9%
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3 Nabil et al. Front side cooling S = increase the
Lo I, Non-coaled PV paned ! 1 .
(2022) [31] was providing by 2. Air cooled PV panel efficiency of solar

open air cooling. panel by 2.9%.

4 Amelia R. A. et Used dc fans to
al. [32] blow the dry air.

The increasing
the number of
fans enhanced
the power output.
If the one fan
used then power
output increased
12.93%, if the dc
fan increased 2, 3
and 4, the power
output increased
37.17%, 41.28%
and 44.34%
respectively.

7.5% power output
can be enhanced
by use of this
technology.

5 Hernandez et  Create the air
al. (2013) [33] channel path at
the back of solar
panel and used
the forced air to
cooled.

Reduced, the solar
panel temperature
around 10°C at

peak sunny hours.

6 Hernandez- A heat sink fixed
Parez et al. at the back of the
(2019) [34] solar panel.
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7 Feng et al.
(2018)[35]

Cross fins heat
sink fixed at the
back side of the
solar panel.

Enhanced, the
heat transfer
coefficient by 15%.

8 Huang et al.
(2014)

(36]

A heat sink of
long rectangular
fin fixed at the
bottom side of
the solar panel.

Enhanced
performance at
due to increased
mass flow rate of
air.

9 Shaeri et al.

Long rectangular

Mass based

(2017) fins have been thermal resistance
[37] attached at the have been reduced
back end of the by 49%.
solar panel.
10 Chu et al. A heat sink of The heat transfer
(2019) triangular fins coefficient
[38] having alternative enhanced by 16%.

layout fitted at the
back side of the

solar panel

-ulation
foundation
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Research Gap, Novelty and Application of the Work

Table 1 displays, the several designs of heat sink pro-
duced at the rear side of the solar panel in air cooling. The
air cooling is feasible requires little change in design at the
rear side of the solar panel. Fins are produced on the cool-
ing surface to enhance; the heat transfer by increasing the
surface area of the cooling surface. In previous research,
rectangular fins were mostly used in the study and very
few researchers focused on the high-density pin fins [37].
Although, cylindrical high density pin fins can be pro-
duced in large numbers as compared to rectangular fins
for making the heat sink compact. Therefore, in this study,
high-density pin fins were integrated into the rear surface of
a solar panel, and an optimization technique was employed
to determine the optimal heat flux and air flow rate for
maximizing the panel’s performance. The use of high-den-
sity pin fins significantly improves the efficiency and opera-
tional lifespan of the solar panel. Enhanced efficiency leads
to increased power production and a reduction in the pan-
el’s size, allowing for the same power output to be achieved
at alower investment cost. This work is novel and new in its
simple and light weight arrangement as compared to heavy
vibrating pumps required in liquid and nano-fluid cooling.
Additionally, the approach of optimization and economic
analysis of the solar panel cooling system is also new very
little focused in the previous literature with high density pin
fins.

The reduced investment cost makes solar panels more
accessible and appealing, particularly to farmers and eco-
nomically disadvantaged communities, encouraging wider
adoption to meet energy demands. Furthermore, the lower
cost of solar-powered irrigation reduces farming expenses,
thereby increasing farmers’ profitability. This approach
addresses a critical societal challenge by promoting sus-
tainable and cost-effective energy solutions for agriculture
and beyond.

EXPERIMENTAL SETUP

Figure 1(a) illustrates the experimental arrangement of
the solar panel air-cooling system. The setup consists of two
10 Wp solar panels as presented in Table 2 in which first solar
panel is without fins and the second is with fins. The second
number of solar panel consists of 196 cylindrical fins, each
with an external diameter of 3 mm and fin length of 16 mm.
The fins are arranged in horizontal and vertical rows with
a spacing of 10 mm and 23 mm, as depicted in Figures 1(b)
and 1(c). The solar panel size measures to be 323 mm in
length and 217 mm in width. The experimental investiga-
tion was conducted to measure various parameters, includ-
ing solar flux intensity, ambient temperature, photovoltaic
(PV) module temperature, air velocity, current, and voltage
generated by solar panels. The total experimental obser-
vations collected was 13 as per the requirement of Design
Expert software for optimization purposes, with the corre-
sponding data summarized in Table 3. These runs provided

Table 2. Specification of solar panels

Parameters Nominal Value
Nominal Maximum Power (P,,) 10W

Max voltage (V) 18.00 V

Max current (I,,) 0.6 A

Open circuit voltage (Vo) 22.00V

Short circuit current (Ig.) 0.71 A

Module Efficiency (np) 15.4%

Cell Material Polycrystalline Si
Size 323 mm*217 mm*30 mm
Operating Temperature Range -40 °C to +80°C
Temperature Coeflicient -0.2726 %/°C
NOCT 48 °C

a comprehensive dataset for analyzing and optimizing the
performance of the solar panel cooling system.
Instruments played a critical role in capturing measured
data during the experiments. A pyranometer was used to
measure solar flux intensity, thermocouples were employed
to record surface and air temperatures, an anemometer
determined air velocity, and a multimeter was utilized to
measure current and voltage outputs from the solar panel.
The experiments were conducted at varying discharges of
the air (0.01 m?/s to 0.02 m?/s) on three consecutive dates in
the months 14, 15, and 16 which gives the average reading
of the months. The experimental data have been collected
from the (01/01/2023 to 21/12/2023). The schematic rep-
resentation of the experimental setup with instruments is
given in Figure 2. Details regarding the accuracy and mea-
surement ranges of the instruments are provided in Table 4.

MODELLING OF THE SOLAR PANEL WITH FINS

Figure 3(a) illustrates the different layers of the solar
panel along with the pin fins attached to its rear side. The
material properties of each layer are detailed in Figure 3(a)
and summarized in Table 5. The solar cell layer exhibits an
absorptivity of 1, ensuring no heat flux passes through it;
instead, heat transfer occurs from the solar cell to the lower
layers of the panel due to the temperature gradient. When
solar flux is incident on the panel, the solar cell reaches the
highest temperature among all layers, causing heat transfer
both to the upper and lower surfaces of the panel.

Figure 3(b) presents the thermal resistance circuit dia-
gram for the solar panel cooling system. Heat transfer from
the solar cell occurs primarily through conduction in the top
and bottom layers, with the conduction resistances of each
layer represented in the diagram. At the top, heat dissipates
through a combination of convection and radiation. On the
bottom side, heat transfer is improved by the addition of
circular pin fins and fan-forced convection. Consequently,



556 J Ther Eng, Vol. 12, No. 2, pp. 550-578, March, 2026

l?yranom_ete

v
-~
-

Probe
thermometer

=,

thermometer B

(a)
Circular
Fin

A5 *'\

"L*‘L:.{.,'.t...,t_ (it 8 b 83 ||I
T Ll { i

) { ﬁ..f.fu. ! l. el 4 |
[ b4t CLECET

u-cf.m.w»_s-'-\

Lo ¥ ol

Figure 1. Solar panel air cooling system (a) Experimental setup (b) Rear side of experimental setup (c) Rear side of the
solar panel with circular fins.

Thermocouples Connector

Figure 2. Schematic representation of the Experimental setup.



J Ther Eng, Vol. 12, No. 2, pp. 550-578, March, 2026 557

Table 3. Experimental data of 13 runs of the experimental observations

Run  Solar Flux Air Flow Rate  Module Temperature =~ Power Output  Solar Panel Exergy Efficiency
(W/m?) (m?/s) (°C) (W) Efficiency (%) (%)

1 400 0.02 23.7432 4.07912 14.3631 15.658
2 600 0.015 49.9903 5.11237 12.0009 13.0828
3 600 0.015 49.9903 5.11237 12.0009 13.0828
4 600 0.015 49.9903 5.11237 12.0009 13.0828
5 600 0.015 49.9903 5.11237 12.0009 13.0828
6 600 0.0220711 47.0408 5.22545 12.2663 13.3722
7 600 0.015 49.9903 5.11237 12.0009 13.0828
8 800 0.02 62.8051 6.1614 10.8475 11.8255
9 400 0.01 28.6053 3.95485 13.9255 15.181
10 800 0.01 66.4771 5.97369 10.5171 11.4652
11 317.157 0.015 10.7076 3.49849 15.5363 16.937
12 600 0.00792893 52.8758 5.00174 11.7412 12.7997
13 882.843 0.015 69.2981 6.43314 10.2632 11.1885

Table 4. Performance parameters of the measuring instruments

Instrument Model Range Accuracy

Temperature measurement J K PT-100, 8 channel scanner J: 0-600°C 4.25%
K:0-1200°C

Velocity measurement AVM-03 0-30 m/s 4%

Digital Anemometer

Solar Flux Intensity LX-107 Lux: 2000 W/m? 5%
Solar Power Meter

Surface contact temperature measurement ~ ST-92838 -50 to 300°C 3.5%

Multi Thermometer

a1
Qin QTloss
Tatm
Reanvection RRadiation
T1 T2
ETFE 12=0.28 mm
7 EVA L1=0.20 mm
Eva T4 13=0.20 mm
PET 1> 14=0.20 mm
pe 16
Tape 15=0.13 mm
L]
T8 CFRP 7 L6=2 mm
Therrr!al Paste
o
Fins
Rconvection unfin
(a) Layers of the solar panel and the fins (b) Resistance diagram of the heat transfer in solar panel

Figure 3. Heat transfer layers and resistance network.
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the bottom layer dissipates heat to the atmosphere through
the fins and the un-finned areas of the panels rear surface.

The total amount of heat transfers from solar cells to the
atmosphere.

Qcen = Q1+ Q2 1)

Qg is the heat flow through the solar cell, Q, is the
heat flow through the top surface of the solar panel, Q, is
the heat flow through the bottom surface of the solar panel.
Tc=Tatm

llnmeFm (2)
RunfintRFin

Tc—Tatm
Ri+ RZ+M
(RRradiation*Rconvection

chll

R3+Ry+Rs+Rg+
Where T is the cell temperature, T, is the atmo-
spheric temperature, Ry, R,, R;, R,, R; and Ry are the ther-
mal resistance of the conduction of various layers of the
solar panel, R, vection 18 the convection resistance from top
surface, Rp,giaion 18 the radiation resistance from the top
surface, Ry, is the thermal resistance due to fins, Ry, is
the thermal resistance due to unfin surface area.

The unfin rear side surface of the solar panel contrib-
utes the heat transfer by convection and radiation.

So the thermal resistance of the unfin surface of the PV
modules is assumed by the following relation.

Rconvection unfinRRadiation Unfin

Runfin -

3)

Rconvection Unfin+RRadiation Unfin
Where Reopvection unfin 18 the unfin surface convection
resistance and Ry, giaion Unfin 18 the unfin surface radiation
thermal resistance.
The Ry, R,, R;, R, R; and R are thermal resistance of

the conduction of various layers of the solar panel. The val-
ues of these thermal are given below.

Ri=—L Ry= =2 Ry= -2 Ry=—
1_K1A) Z_KZA: 3_K3Ar 4_K4A;
Ls Le
Rs=—>, Rg= —>
ST KA CT KA

Where L, L,, L;, L,, L, and L are the thickness of the
several covers of the solar panel presented in Figure 3 (a).
K,, K,, K;, K,, K5 and K are the thermal conductivity of the
EVA, ATFE, EVA, PET, TAPE, and CERP layers of the solar
panel, A is the surface area of the solar panel.

The convection and radiation thermal resistance of the
top surface of the solar panel of material ETFE is given by
the following equations.

1

Reonvection = hed (4)

Where his the solar panel top surface convection heat
transfer coefficient.

1
USA(TC"'Tatm)(TCZ"'Tz%tm) (5)

Rpadiation =

Where o is the Stefan Boltzmann Constant and ¢ is the
emissivity of the upper layer of the solar panel.

The unfin surface convection and radiation thermal
resistance also represented by following equations [39].

1
Reonvection = 77— (6)

thAUnfin
Where hg, is the convection heat transfer coefficient
from unfin surface and Ay, is the unfin surface area of
the solar panel.

1
0eAynfin(Tco+Taem)(Tép+Totm) 7)

Rpadiation =

Where Ty, is the temperature of the base of the solar
panel.

The fin thermal resistance for the convection boundary
is represented by the following equation.

_ TCh—Tatm
RFin -

(8)

dFin

Where q, is the heat flow through the fins.
LQ)
Rpip = [1 +Z2 ][w/hpk Q)] )

Where m is the constant depending on the fin length
and diameter and L is the length of the fins.

Where ¢ is the function represented by the following
equation [40].

mLtanhmL+Bi,
mL+BigtanhmL

Q= (10)

Where B, is the fin tip Biot Number, B,_ is the fin base
Biot Number and B, is the fin Biot Number.
hel
k )

ht,
Bi=—e

Bi =
c k

B, = % (11)

Where L is the length of the fin, k is the thermal con-
ductivity of the fin material represented in Table 4, t, is the
fin tip thickness, A is the crossectional area of the fin base
and p is the perimeter of the fin tip.

The h_ is the fin base contact conductance for alumin-
ium it is taken as 1000 W/m?. k, h is the fin convection coef-
ficient and h, is the fin tip convection coefficient.

The h and h, is found by the following formula of the
Nusselt Number [41].

1 1
—(Resr)s [0664(\/_)(Pr°33)(

Nu =
u 365)]) (12)

Where R, and P, is the Reynold Number and Prandlt
Number of the air.

The Pr is the Prandlt Number calculated by following
the formula [42].
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_ HCp __ pVDp
Pr = p ,Re——” (13)

Now heat transfer coefficient has been determined by
the subsequent equation [43].

h=h,="2%

o (14)

where p, i, and k are the density, dynamic viscosity, and
thermal conductivity of the air. The D, represents the
hydraulic diameter of the pin fin.

Efficiency and Exergy of the Solar Panel

Figure 4 represents the various energy interactions in
the control volume of the solar panel. The W, represents the
pump work, W, is the solar panel electrical work, Q,, is the
solar energy reached on the solar panel, Q,,, is the energy
lost in the atmosphere, and CV is the control volume. The
system is considered to be a steady state with kinetic and
potential energy terms of the air at the inlet and outlet are
neglected. To apply the first law of thermodynamics for the
Figure 4 control volume [44].

dUCV _
dat

(Qin_Qout)_(VVe - I/Vp) +Mgir (hl_ hz) (15)

Where h, and h, are the enthalpy of the air at the inlet
and outlet section of the solar panel. m;, is the mass flow
rate of the air.

At steady state, deV =0 (16)
0=0Qin— Qout =We + W, + maircp(Tl -T;) (17)
Qin + M/p =W, + maiGC(TZ = T1) + Qoue (18)

In equation (18), the left-hand part represents the input
energy, and right-hand side first part represents the electric
work output, the second part represents the heat carried
by air and the third part represents the energy loss in the
atmosphere.

The electrical efficiency of the solar plate is given by the
following relation
— We
B QintWp

Ne (19)

1. is the effective efficiency of the solar panel.
Now apply the exergy balance for the solar panel control
volume [45]

dExcy

x 20)

= Exin — Exout — Eq

Where Ey;, is the exergy entering the PV module
Eyou called the exergy leaving the system, E; is the exergy
destruction inside the system.

dExcy _ 0
t

For steady state (21)

d

Electric
Switch

Fan

We

Figure 4. Heat and Work Interactions within the Solar Panel’s Control Volume.
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Exin = Exout + Eq (22)

Ta m
Esyn 'H/Vp tMgirP1= (1_ Ttb )Qout+ We+mgir@2+Eqg (23)
Where Eg is the exergy received from the Sun and ¢1

and ¢2 are the inlet and outlet flow exergy.

Esyn+Wp =We+mg;, (92— 1) +(1 - T;;m) Qour (24)
Equation (22) left hand term represents the exergy sup-
plied to the solar panel, right hand side first term represents
the exergy recovered, second term shows the exergy recov-
ered by air and third term represents the exergy loss in the
atmosphere.
Now exergetic efficiency of the air

—_ W
- ESUN+WP (25)
The exergy reached on the solar panel [46].
40T, 1/ T, \*
Eow = A1 =3 (75) +3(75) 1 o)

Cost Estimation of the Solar Panel

The cost estimation of the modified solar panel justifies
the suggested cooling techniques. The best way to compare
the Levelized Cost of Energy (LCOE) of the simple solar
panel and the modified solar panel. The LCOE is the ratio
of the total investment in the life cycle of the solar panel to
the total power production by the solar panel in its life cycle.
The total investment of the project is the sum of the cost of
the solar panel, material cost, manufacturing cost, main-
tenance, operational cost, and fixed cost. The total power
production is counted in kWh with every year depreciation
will be counted. So following equation has been used for the
calculation of the LCOE of the system.

n(+M+F)
0 (1+nn
n E
0 (1+m)n

LCOE = (27)

Table 5. Properties of the several layers of the solar panel

Where I is the investment, M is the maintenance cost, F
is fixed cost and E is energy produced throughout the life
cycle, r is the discount rate and n is the number of years.

The initial investment is the sum of the cost of the solar
panel, material, and manufacturing. It is assumed by the
following relation.

I=xp+pvy+m (28)

Where x is the cost of the solar panel ($/Wp), p is the
power of the solar panel, p is the density of fin materials, v is
the volume of the fins material, y is the cost of the material
($/kg), m is the manufacturing cost. The volume of the fins
is given by the following equation.

v = %dzL (29)

Where d is the diameter and L is the length of the fins.

Optimization Technique

The optimization has been performed to know the opti-
mum values of the input variables on which, the system of
the solar panel cooling gives the maximum power output
and efficiency. For which Response Surface Methodology
(RSM) has been used. In year 1951 [47], RSM was used
in chemical industries for improving production but
recent times due to development of the various Design
of Experiment (DoE) models, the RSM is used each and
every field to maximize the output. The best thing with the
RSM is that it easily converts the responses in terms of the
explanatory variables by 2" order model. The model accu-
racy has been determined based on the various error factors
and validated with the actual experimental setup.

In this analysis, a Central Composite Design (CCD) has
been used for defining the input variables and total number
of the run. The CCD based on two input variables (Solar
Flux, Discharge) [48], code and coded values of the input
variables are given in Table 6, the total number of the runs
is 13 in which, cube points are 4, center points in the cube
are 5 and axial points in the cube are 4 as shown in Figure
5. Table 3 represents the total number of experimental runs
and corresponding responses. The variable a represents the
rotatibility of the matrix and it is determined by the follow-
ing equation.

Materials Density (Kg/m®) Thermal Conductivity (W/m. k) Specific Heat Capacity (J/kg. K)
ETFE 1730 0.24 1172

EVA 945 0.35 2090

Silicon 2330 148 700

PET 1350 0.275 1275

CFRP 1490 6.83 1130

Tape 1012 0.19 2000
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1
a = (2%) (30)
Where k represents the number of factors. In the two
factors design k = 2, then a = 1.414. In CCD design, based
on the total number of the runs, the responses have been
calculated and with the help of the ANOVA analysis 2™
order polynomial has been generated. The 2™ order poly-
nomial of response variables have been represented by fol-
lowing equation [49].

Y= A. + Z;{:lAi X + Z{":lAii Xiz + Z?ZlAijxix]' + B (31)

The x; and x; are the input variables and Y is the depen-
dent variable. A, A;, A;; and A;; are the constant of the linear
and square terms. The B represents the error or the noise
in the model equation. Based on the data of the Table 3,
the following model equations have been developed for the
responses namely module temperature (Tm), power output
(W), solar panel efficiency (np) and exergy efficiency (n.x)-

T =—44.12+40.2420S—707Q — 0.0001225% +3633Q?+ 0.2985Q (32)
W=1.2827+0.007098S + 4.69Q — 0.000002S%+ 50Q2+0.015865Q (33)
np=20.471-0.02178S +63.6Q +0.00001152—327Q>—0.0268SQ (34)

Nex =22.317—0.023755 + 69.4Q 4+ 0.0000125%—356Q2— 0.02925Q (35)

Based on these model equations error of all the responses
has been calculated and the model has been validated with
experimental data. Table 7, Table 8, and Table 9 represents
the error analysis of the responses. In Table 7 and Table
8, the P values of all responses are less than 0.01 showing
the model is significant. Table 9 shows the values of the R?,
adjusted R* and predicted R?* values which are larger than
0.75 shows the model is best fitted with this data.

Figure 6 represents the residual plots for all data sets of

-

-‘-'l.ﬁ.xial. .-’-ICDrner
Points +o Points
(0,0) (0,0)
i -a +a +

f 5 Centre

.E _a | Point

rid (0,0)

[ ®

Factor A i

Figure 5. Location of the points in CCD design for two fac-
tors [49].

Table 6. Numerical values of the input variables

Input Variables Coded Level

-1 0 1
Solar Flux (W/m?) 400 600 800
Air Discharge (m?*/s) 0.01 0.015 0.02

the responses. Residual is the difference between the actual
value and the predicted average value obtained by ANOVA
analysis. If the value of the particular data point is greater
than the average value of the response, the residual is pos-
itive [50, 51]. If the value of particular point value is less

Table 7. P-values and F-values for ANOVA analysis on module temperature (Tm) and power output of solar panel (P)

Silicon Cell Temperature (TC)

Power Output (P)

Sources DF Adj.SS Adj.MS F-value P-value Significant Adj.SS Adj. MS F-value P-value Significant
Model 5 3397.2 679.44  998.26 <0.0001 8.60 1.72 37987.13 < 0.0001
S 1 3191.74  3191.74 4689.43 < 0.0001 8.51 8.51 1.880E+05 < 0.0001
m 1 35.22 35.22 51.75 0.0002 0.0494  0.0494 1090.25 < 0.0001
S$*S 1 166.1 166.14  244.09 < 0.0001 0.0367  0.0367  810.79 < 0.0001
m*m 1 0.057 0.0574  0.0843 0.7800 0.0000  0.0000 0.2407 0.6387
$*m 1 0.354 0.3541  0.5202 0.4941 0.0010  0.0010  22.23 0.0022
Error 4.76  1.80 0.6806 - - 0.0003 0.0000 - -

Lack of Fit 4.76 1.80 1.59 17982.92 0.000 0.0003 0.0001 30784.03  0.000
Pure Error  0.00 0.00 0.000 - - 0.0000  0.0000 - -

Total 12 3401.96 - - - 8.60 - - -
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Table 8. P-values and F-values for ANOVA analysis on solar panel efficiency (1) and exergy efficiency (n.x)

Solar panel Efficiency (np) Exergy Efficiency (n.x)
Sources DF Adj.SS Adj.MS F-value P-value Significant Adj.SS Adj. MS F-value P-value Significant
Model 5 27.52 5.50 998.26 <0.0001 32.70 6.54 998.26 < 0.0001
S 1 25.85 25.85 4689.43 < 0.0001 30.72 8.51 4689.43 < 0.0001
m 1 0.2853  0.2853 51.75 0.0002 0.3391  0.0494 51.75 0.0002
S*S 1 1.35 1.35 244.09 <0.0001 1.60 1.60 244.09 < 0.0001
m*m 1 0.000 0.0005 0.0843 0.7800 0.0006  0.0006 0.0843  0.7800
$*m 1 0.002 0.0029 0.5202 0.4941 0.0034  0.0034 0.5202  0.4941
Error 7 0.038 0.0055 - - 0.0459  0.0066 - -
Lack of Fit 3 0.038 0.0129 17982.92  0.000 0.0459  0.0153 - 0.000
Pure Error 4 0.00 0.000 - - 0.0000  0.0000 - -
Total 12 27.56 - - - 32.75 - - -

Table 9. Error Analysis of the responses

Error Module Temperature Power Output Solar Panel Efficiency Solar Panel Exergy Efficiency
Std. Dev. 0.8250 0.0067 0.0742 0.0809

Mean 47.04 5.07 12.27 13.37

C.V. % 1.75 0.1327 0.6053 0.6053

R? 0.9986 1.0000 0.9986 0.9986

Adjusted R? 0.9976 0.9999 0.9976 0.9976

Predicted R* 0.9900 0.9997 0.9900 0.9900

Adeq Precision 100.7990 638.2172 100.7990 100.7990

Residuals vs. Run

600 —

456117

400 —

200 —

-200 —

Externally Studentized Residuals
=
2
i
m
o

-400 —
456117

-6.00 —

200 —|

Run Number

(a) Residual plot of module temperature



J Ther Eng, Vol. 12, No. 2, pp. 550-578, March, 2026 563

Residuals vs. Run

Power output
6.00 —
Color points by value of
Solar panel efficeincy: 456117
102632[ ] 155363 400 ]
- 2.00 —
3
g 000 —f S S
© -2.00 —
-4.00 —
-4.56117
-6.00 —
T T T T T T
1 3 5 7 9 1 13
Run Number
(b) Residual Plot of power output
Residuals vs. Run
Solar panel efficeincy
8.00 —
Color points by value of
Solar panel efficeincy:
102632[ ] 155363 7
456117

4.00 —

2,00 —

Externally Studentized Residuals
°
8
°
1]
i}
[i1]

-2.00 —

-4.00 —
-4.56117

-6.00 —

Run Number

(c) Residual plot of solar panel efficiency



564

J Ther Eng, Vol. 12, No. 2, pp. 550-578, March, 2026

Residuals vs. Run

Exergy efficeincy
Color points by value of
Solar panel efficeincy:

102632 ]15.5363

6.00 —

456117

4.00 —

2.00 —

1]
1]

Externally Studentized Residuals

-2.00 —

-4.00 —
-4.56117

-6.00 —

(d) Residual plot of exergy efficiency
Figure 6. Residual plot of the response parameters.

than the average value of the response, the residual is nega-
tive. So, for all runs, the sum of the residuals is zero. Figure
6 (a), Figure 6(b), Figure 6 (c), and Figure 6 (d) show that
the residual of all responses is maximum at 11 run or data
set since the solar flux at 11 run is very less only 317 W/m?
beyond the range of the solar flux 400 W/m? to 800 W/m?.
It is clearly indicated from Figure 6 (a), Figure 6 (b), Figure
6 (c), and Figure 6 (d), the all data sets are well organised
about the average line which shows the accuracy of the
responses.

Figure 7 shows the perturbation plots of the responses
concerning the input variables. The perturbation plots
depicted, the behaviour of the response variable by treat-
ing the input variables at constant variables. Figure 7 (a)
shows the value of the reference point to be (0.00, 49.85°C).
In Figure 7 (a), if a point on the curve moves far from the
reference point, a steep change in the graph of solar flux is
to be noted at the constant value of the air discharge which
shows, the sensitivity of module temperature with solar
flux. The lower and constant slope of line B represents the
lower sensitivity with air flow rate. Figure 7 (b) reference
point is (0.00, 4.95 Wp) and the slope of the solar flux curve
and air flow rate curve have constant values since both lines
are straight in nature [52].

Run Number

It indicates that solar flux and air flow rate both con-
stantly affect the power production of solar panel. Figure 7
(c) shows, the intersection coordinate of both curves A and
B is (0.00, 12%) gives the optimum value of the solar panel
efficiency [53]. The solar flux steep change of the graph at
constant discharge shows the solar flux is further likely to
affect the solar panel efficiency as compared to the air flow
rate. On other hand, the discharge line B slope remains
constant give the indication that, the solar panel efficiency
constantly changes with the discharge of air. Figure 7 (d)
shows the perturbation plots of exergy efficiency of solar
panel. Figure 7 (d) reference point is (0.00, 13.01%). Curve
A (solar flux) higher steep changes in slope shows, the sen-
sitivity of solar flux with the exergy efficiency at a constant
value of the air flow rate, and the lower and constant vari-
ation in line B slope (Air flow rate) shows lower sensitivity
with the exergy efficiency [54].

RESULTS AND DISCUSSION

Module Temperature Variation with Input Variables
Figure 8 shows the 3D plots of the module tempera-
ture with solar flux and air flow rate in which if the solar
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Figure 7. Perturbation plot of the responses with respect to input variables.

flux increases then the module temperature increases
sharply due to the supply of higher solar energy on
the surface of the solar panel. The higher energy con-
tent enhanced the trapped heat inside the solar panel
which will increase the solar panel temperature. On the
another hand with air flow rate, the module tempera-
ture is reduced due to an increase of mass flow rate since
at higher mass flow rate more heat is carried by the air
which lowers the module temperature [55]. Figure 8
indicates that the module temperature is 27.6°C at the
solar flux of 400 W/m? and it increased to 67.1°C at the
solar flux of 800 W/m?. The 58.9% hike in module tem-
perature occur due to two times increasing the solar flux.

Figure 8 also shows that if the solar flux is more than
720 W/m?, the module temperature is higher than 60°C.
So, at higher solar flux air flow rate should be more than
0.02 m*/sec [56] which enumerated that at high solar
flux systems cooling is very much required to sustain the
efficiency of the solar panel.

Power Output of Solar Panel with Input Variables

Figure 9 shows the trend of the power output with
solar flux and air discharge. It is seen from the figure that
if the solar flux is enhanced, the solar panel’s power output
is enhanced due to the supply of the higher solar energy
[51], [57]. The solar panel’s power output is increasing as
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the air flow rate increases, due to a reduction in the mod-
ule temperature leading to an increase in the efficiency of
the solar panel. As the airflow rate increases, the mass flow
rate increases which carries a higher amount of heat to cool
down the solar panel. The cooling of solar panel enhances
the output power. The increased air discharge also increases
energy consumption so it is not always advantageous to
increase the air discharge. It is true up to the optimum val-
ues of the discharge, after crossing the optimum condition,

the power consumption by the fan is greater than the power
production of the solar panel which reduces the net effi-
ciency of the solar panel.

Solar Panel Efficiency Variation With Input Variables
Figure 10 denotes the solar panel efficiency with
respect to the solar flux and the airflow rate. Figure 10
clearly shows that as the solar flux increases, the solar
panel efficiency is enhanced due to an growth in power
output with the solar flux [58]. As the solar flux increases,
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Figure 11. Solar panel exergy efficiency variation with input variables.

the module temperature too increases but enhancement
of power output due to the intensity of solar flux is more
dominating as compared to reduction of the power out-
put of solar panel due to enhancement of the module
temperature. So, the overall outcome is an increase in the
efficiency of solar panels due to an increase in solar flux
intensity. The solar panel efficiency variation with air dis-
charge is an increasing trend due to the reduction in solar

panel temperature. As the air discharge increases more
heat is carried by the air which enhances the heat-car-
rying capacity of air. The cooled solar panel gives higher
solar panel efficiency as compared to without cooled solar
panels. Increasing the air discharge also increases the fan
input power so net efficiency starts to reduce after reach-
ing the optimum values. So, it is not always advantageous
to enhance the air discharge.
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Solar panel exergy efficiency variation with input
variables

Figure 11 represents, the exergy efficiency of the solar
panel with respect to the solar flux and discharge of air.
Figure 11 trends of the exergy efficiency show that if the
solar flux rises then the exergy efficiency declines [59] since
an increase in solar flux increases the module temperature of
the solar panel. The exergy efficiency is represented by equa-
tion number (25), so from this equation, it can be observed
that if the solar flux increases, the input exergy increases
which reduces the exergy efficiency. The input exergy is the
sun of the solar exergy and fan input electric work. Figure
11 exergy efficiency variation with air discharge shows that
if the air discharge increases then the exergy efficiency of
the solar panel increases. The exergy efficiency of the solar
panel increases with air discharge since at a higher air mass
flow rate, the cooling effect of the solar panel is enhanced and
the module temperature of the solar panel is reduced [60].
However, increasing the air discharge also enhances the fan
input exergy so always increasing the air discharge do not
enhance the exergy efficiency.

LCOE of the solar panel

Figure 12 depicts the LCOE of the finned solar panel and
without the finned solar panel. it is seen from Figure 12, the
LCOE of the without-finned solar panel is 2.4033 INR/kWh,
and with finned solar panel is 2.21 INR/kWh. The 8.75 %

2,4033

2,21

LCOE(INR/kWh)

2,2

2,1

Finned Solar panel Without Finned solar panel

Condition of solar panel

Figure 12. LCOE of the solar panel with and without fins.

Table 10. The verification test of output response

reduction in LCOE has been noted due to the chilling of solar
panels by air. The LCOE is measured to compare the cost
required to produce the 1 unit of the electricity. Moreover,
figure clearly show that the cost of production of the electric-
ity is only 2.21 INR/kWh in the finned solar air heater. This
data is for the 10 Wp solar panel, if the size of the solar panel
enhanced then the LCOE is reduced due to production of the
more power by the solar panel.

Optimum Values of The Responses with Input Variables

Figure 13 illustrates, the optimization plots of the
responses with respect to the input variables, this figure
shows the ranges of input variables, optimum values of input
variables, optimum value of response variables, and com-
posite desirability of the optimization. Figure 13 depicts,
the optimum values of the input variables namely solar flux
and air discharge is 403.3586 W/m?* and 0.0221 m*/sec on
which responses exergy efficiency 15.781%, the power pro-
duction of the solar panel 4.1196 Wp, module temperature
22.4279°C and solar panel efficiency 14.4815%. The red
colour numbers indicate, the optimum values of the input
variables and blue colour words represents the optimum
values of the output variables.

The desirability represents, the correlation among
input and output variables. The individual desirability and
the composite desirability of the input and response vari-
ables are given in Figure 12. The composite desirability of
the optimization plots is given as 0.5737 and the individ-
ual desirability of responses exergy efficiency, power out-
put, module temperature, and the solar panel efficiency is
namely 0.79996, 0.2164, 0.79996, and 0.79996.

Validation of the model

The optimum condition obtained by the optimization
process has been validated by running the experimental setup.
Three consecutive test has been conducted and the average
value of the responses corresponding optimum values of the
solar flux (403.3586 W/m?) and air flow rate (0.02 m?/s). Table
10 represents the predicted values through the models, experi-
mental average values of responses and percentage error.

Percentage Change in Performance of Air Cooled Solar
Panel with Respect to Simple Solar Panel

Figure 14 shows the percentage change in module tem-
perature, power output, solar panel efficiency, and exergy

Predicted value Experimental value Error (%)
Module Temperature (°C) 22.42 21.63 3.5%
Fan power output (W) 4.1196 3.963 3.8%
Solar Panel Efficiency (%) 14.48 13.94 3.67%
Solar panel Exergy Efficiency (%) 15.7871 15.2997 3.1%

Solar Flux (403.3586 W/m?) and Discharge (0.0221 m?/s)
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efficiency of air-cooled solar panel at an air discharge of
0.02 m*/s. The percentage reduction of the module tem-
perature of the solar panel depicts that as the solar flux
increases then the reduction in module is less since at the
higher solar flux air cooling is not sufficient to lower down

the module temperature. Figure 14 clearly shows that as
the solar flux increases then the percentage change in the
power production of the solar panel increased since at the
higher solar flux the input energy supplies increased which
will further enhance the power output of the solar panel.
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The solar panel efficiency also enhanced as the solar flux
increased at the air discharge 0.02 m?/s, the percentage
change of the solar panel efficiency is higher at the higher
solar flux. The exergy efficiency percentage growth with
solar flux increases initially but after reaching to optimum
solar flux, the exergy efficiency starts to reduce since aug-
mentation in the solar flux raises the module temperature
which reduces the exergy efficiency of the solar panel.

Figure 15 illustrates the comparison between the air
cooled and without cooled solar panel performance. Figure
15 (a) depicts that if the soar flux increasing, the module
temperature of the soar panel always increasing trends.
The maximum module temperature of without cooled and
with air cooled solar panel are noted to be 74.86°C and
66.25°C at air flow rate of the 0.02 m*/s and solar flux 900
W/m?. Figure 15 (b) display the percentage variation of the
solar panel efficiency with the solar flux. As the solar flux
increasing, the power production through the solar panel
enhanced which increase the solar panel efficiency. Figure
15 (c) shows the exergy efficiency variation with the solar
flux. As the solar flux increasing, the exergy efficiency
reduces due to increase in the solar panel temperature at
higher solar flux. The maximum exergy efficiency obtained
to be 15.9% and 14.73% at the solar flux of 400 W/m?* and
0.02 m*/s discharge.

Validation of the Results

The results of the current study are validated with the
Anurag et al. (2022) [61]. Anurag et al. (2022) performed
the experimental and numerical of the air-cooled solar
panel by various configurations of the fins produced below
the surface of the solar panel. Table 11 shows the variation
of the solar flux, solar panel temperature, and solar panel
efficiency variation for the longitudinal fins in tabular
form. Figure 16 illustrates the validation of the results of
the current study with the Anurag et al. (2022) [61]. Figure
16 (a) depicts reasonable agreement between the surface
temperature variation of current research with Anurag et al.
(2022). Both studies agreed that as the solar flux growths,
the solar panel surface temperature increases. The current
study showed that at the solar flux of 1100 W/m?, the maxi-
mum temperature reached to 68.32°C which is very near to
the 67.32°C solar panel surface temperature of Anurag et al.
(2022). Figure 16 (b) also displays that the solar panel effi-
ciency increases as the solar flux increases. The maximum
efficiency of the solar panel is reached to 16.52% and 16.1%
in the Anurag et al. (2022) and current study. The cooling
of the solar panel is very much required as the solar flux is
very high in the summer time in between the 11 AM to 3
PM, in this duration the solar panel performance is dras-
tically reduced but air cooling made this drastic reduction

Table 11. Anurag et al. (2022), solar flux, solar panel surface temperature and solar panel efficiency variation for the lon-

gitudinal fins

Time 9 AM 10 AM 11 AM 12 PM 1 PM 2PM 3PM 4 PM
Solar Flux (W/m?) 700 850 1000 1100 1080 910 720 390
Solar Panel Surface 55 63.8 69 67.89 66.89 66 56.65 42
Temperature (°C)
Solar Panel Efﬁciency (%) 15.3 16.1 16.4 16.52 15.1 13.29 13.2 13.12
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Figure 17. Comparison of the solar panel efficiency with air, water and PCM cooling in summer season.

curve to flatten and maintain the performance of the solar
panel within the permissible limit.

Comparison of Air Cooling with the Water and Paraffin
Wax with Iron Filling Waste

This section discusses and compares the performance
enhancement of solar panel due to the air, water, and PCM-
IFW (Iron Filling Waste) cooling. The current research
compares with the liquid water cooling [62] and PCM-IFW
cooling [63]. Figure 17 depicts that in the morning from
9 AM to 10 AM, the PCM material with IFW gives the
maximum efficiency, but after 10 AM to 3 PM, the water
cooling at a mass flow rate of 1.5 LPM gives the maximum
efficiency. In the morning between 9 AM to 10 AM, the
PCM material started to melt and changes the phase, this
process absorbs the latent heat and cools down the module
at a desirable limit but when all PCM material melted, then
it absorbs the sensible heat and lower down the cooling
rate and reduce the efficiency. Although, in water cooling,
always fresh water at optimum mass flow rate is supplied
to the solar panel surface, which maintains the solar panel
efficient at a constant level throughout the day. On the
other hand, the air has low heat absorbing capacity since
air cooling has lower cooling efficiency as compared to the
PCM and water cooling.

CONCLUSION

Fossil fuels are exhaustible in nature and not economical
due to hikes in price, creating the requirement of alternative
fuels that are renewable and eco-friendly to the environ-
ment. Solar panel are best fitted to fill this gap since they

convert solar energy into electrical energy without creating
any harmful effect in the atmosphere. The main drawback
of the solar panel is the low performance at high tempera-
tures. So, at the time of the solar panel’s working, solar cool-
ing must be required for the sustainability of the efficiency.
High solar panel efficiency reduces the initial investment so
that it can be afforded by the farmers and the poor people
located in rural and remote areas. This research focused on
the performance improvement of the solar panel by the use
of air cooling. The air cooling is chosen for the study due to
its simple arrangement and noncorrosive nature. The main
limitation of the study is the lower cooling effect due to the
lower thermal diffusivity of the air. However, it is the most
used method as a cooling medium in all fields of engineer-
ing like automobiles, electronic equipment, and the aero-
space industry due to cost-effective and easy of implement.
For the thermal analysis of the cooling arrangement, the
system has been designed and optimized by the Response
Surface Methodology, and the optimum setting of the input
and output variables has been determined based on the
constraints of the optimization. The percentage enhance-
ment in the responses due to air cooling compared with the
without cooled solar panel. The following are the main con-
cluding points of this study.

1. The solar flux and the air mass flow rate are two import-
ant input variables that affect the performance of the
solar panel. As the solar flux enhanced from 400 W/
m?* to 800 W/m? the module temperature augmented
from 22.9°C to 63.5°C which hamper the thermal per-
formance from 14.4% to 10.8%.

2. Enhancing the solar flux increases the module tem-
perature of the solar panel due to that the performance
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of the solar panel decays throughout the day. The
exergy analysis shows that from 400 W/m? to 800 W/m?
increase in solar flux reduces the exergy efficiency from
15.9% to 12.0%.

3. In the optimization process, the optimal solar flux and
air discharge were found to be 403.3586 W/m* and
0.0221 m*/s on which responses are module tempera-
ture 22.4279°C, power output 4.1196 Wp, PV module
efficiency 14.41% and exergy efficiency 15.78%.

4. At higher solar flux and high air discharge is feasible
to drop down the temperature of the solar panel since
increasing discharge continuously reduces the air tem-
perature. However, at very high temperature of the solar
panel, the air cooling will be ineffective in dropping the
temperature of the solar panel at the optimum limit, this
situation can be handled by using liquid cooling and
phase change material. At 800 W/m? solar flux if the
air discharge increases from 0.01 m?/s to 0.02 m?/s, the
solar panel efficiency increases from 14.7% to 15.9%.

5. At the discharge of 0.01 m?*s, the 9.16% reduction in
temperature and 3% enhancement in the power output
has been recorded and if the discharge is increased to
0.02 m¥/s, the temperature drop is 16.96% and enhance-
ment in power output is 6.39%.

6. The composite desirability of the output and input vari-
ables is 0.5737.

7. The R? adjusted R? and predicted R* values are 0.9986,
0.9976, and 0.99 showing the good accuracy of the
model generated by analyses of variance.

Role and Significance of the Study

The world>s energy demand is growing day by day. In
the current scenario, most of the energy demand has been
fulfilled by the use of fossil fuels. The government is focus-
ing on green energy technology which is renewable and free
from pollution. Solar panels are the best way of the pro-
duction of electricity by Sun energy. This study has been
performed to enhance the solar panel efficiency to fill the
energy demand of the world. The study focused to use the
high-density pin fin which can be fixed with the outer plate
of the solar panel and air can be blown by the use of the fan.
The air cooling is feasible and easily handled.

Limitations of the study and future work

The main limitation of the study is the lower cool-
ing effect due to the lower thermal diffusivity of the air.
However, it is the most used method as a cooling medium
in all fields of engineering like automobiles, electronic
equipment, and the aerospace industry due to cost-effective
and easy of implement. This can be overcome by the use
of supplying the already-cooled air or supplying the liquid
water in dry air at varying concentrations to enhance the
heat-carrying capacity of air. The second limitation of air
cooling is the noise produced at the time of the flow of the
air over the fined surface by the fan or blower. This effect
can be mitigated by the use of a partial vacuum in the air

duct, using passive techniques, and using the phase change
material for cooling the solar panel.

In the future, the research will be focused to know
the effect of the humidity in the moist air on solar panel
cooling. The system will be optimized to know the effect
of the humidity and air dry bulb temperature on the per-
formance of the solar panel. Furthermore, the research will
also include cooling the different types of solar panels with
PCM, Nano-fluids, and liquid water.

ACKNOWLEDGMENT

The authors thank IFTM University>s management and
vice chancellor for permitting them to conduct the study
and providing the facilities they needed.

CONFLICT OF INTEREST

The Author’s declare that they have not any conflict of
interest.

REFERENCES

[1]  Sharaf M, Yousef MS, Huzayyin AS. Review of cool-
ing techniques used to enhance the efficiency of
photovoltaic power systems. Environ Sci Pollut Res
2022;29:26131-26159. [Crossref]

[2] Teo HG, Lee PS, Hawlader MNA. An active cool-
ing system for photovoltaic modules. Appl. Energy
2012;90:309-315. [Crossref]

[3] Choi SM, Kwon HG, Kim T, Moon HK,Cho HH.
Active cooling of photovoltaic (PV) cell by acoustic
excitation in single-dimpled internal channel. Appl
Energy 2021;309:118466. [Crossref]

[4] Deivakumaran S, Chua YL, Koh YY. Active cooling
system for solar panels with silver nanofluid and water.
IOP Conf Ser Earth Environ Sci 2023;1205. [Crossref]

[5] Tonui JK, Tripanagnostopoulos Y. Performance
improvement of PV / T solar collectors with natural
air flow operation. 2008;82:1-12. [Crossref]

[6] Yun GY, Mcevoy M, Steemers K. Design and over-
all energy performance of a ventilated photovoltaic
fac;ade. 2007;81:383-394. [Crossref]

[7] Nuwayhid RY. Thermal analysis of photovolta-
ic-thermoelectric hybrids. ] Therm Eng 2024;
10:1149-1163. [Crossref]

[8] Gelis K, Al-Khatib OA, Ozbek K. Development of
partitioned rectangular-shaped heat sink for photo-
voltaic thermal systems and performance evaluation
using TiO2/Water-based nanofluids. Appl Therm
El’lg 2024;248:123220. [Crossref]

[9] GelisK, Celik AN, Ozbek K, Ozyurt O.Experimental
investigation into efficiency of SiO2/water-based
nanofluids in photovoltaic thermal systems
using response surface methodology. Sol Energy
2022;235229-241. [Crossref]


https://iea-pvps.org/wp-content/uploads/2022/04/IEA_PVPS_Snapshot_2022-vF.pdf
https://www.gen-4.org/gif/upload/docs/application/pdf/2013-09/genivroadmap2002.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0360544221017023#!
https://www.sciencedirect.com/science/article/abs/pii/S0360544221017023#!
https://www.sciencedirect.com/science/article/abs/pii/S0360544221017023#!
https://www.sciencedirect.com/science/article/abs/pii/S0360544221017023#!
https://www.mapsofindia.com/maps/india/
https://www.afs.enea.it/project/neptunius/docs/fluent/html/ug/main_pre.htm
https://doi.org/10.1016/j.rser.2012.05.030

574

J Ther Eng, Vol. 12, No. 2, pp. 550-578, March, 2026

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

Vithanage V, Hosan S, Perera H, Galpaya C,
Induranga A. Impact of water based nanofluids in
heat exchanger type active solar PV cooling sys-
tems : A comparative CFD analysis. 2025.

Sheikh Y, Jasim M, Qasim M, Qaisieh A, Hamdan
MO, Abed E Enhancing PV solar panel efficiency
through integration with a passive Multi-layered
PCMs cooling system: A numerical study. Int ]
Thermofluids. 2024;23:100748. [Crossref]

Sudhakar P, Santosh R, Asthalakshmi B, Kumaresan
G, Velraj R. Performance augmentation of solar
photovoltaic panel through PCM integrated natural
water circulation cooling technique. Renew Energy
2021;172:1433-1448. [Crossref]

Akkoyunlu MT, Abdallatif Y. A comprehensive inves-
tigation of solar panel cleaning technologies: A review
study. ] Therm Eng 2024;10:1715-1741. [Crossref]
Hasan A, McCormack SJM, Huang ], Norton B.
Characterization of phase change materials for thermal
control of photovoltaics using Differential Scanning
Calorimetry and Temperature History Method.
Energy Convers Manag 2014;8:322-329. [Crossref]
Stropnik R, Stritih U. Increasing the efficiency of
PV panel with the use of PCM. Renew Energy
2016;97:671-679. [Crossref]

RM, LS, RS, AH, DA. “Experimental investigation
on the abasement of operating temperature in solar
photovoltaic panel using PCM and aluminium. Sol
Energy 2019;188 327-338:2019. [Crossref]

Alzgool M.Performance Enhancement by Cooling
the PV Panels Using Phase Change Material (RT35):
ANSYS Simulation and Experimental Investigation.
Int J Energy Prod Manag 2024;9:73-81. [Crossref]
Madurai Elavarasan R, Nadarajah M, Pugazhendhi
R, Gangatharan S. An experimental investigation on
coalescing the potentiality of PCM, fins and water
to achieve sturdy cooling effect on PV panels. Appl
Energy 2023;356:122371. [Crossref]

Golzari S, Kasaeian A, Amidpour M, Vatan SN,
Mousavi S. Experimental Investigation of the Effects
of Corona Wind on the Performance of an Air-
Cooled PV/T. Renew Energy 2018. [Crossref]
Alrobaian AA. Performance of PV panel coupled
with geothermal air cooling system subjected to hot
climatic. 2017;148:1-9. [Crossref]

Arifin Z, Danardono D, Prija D, Hadi S. Numerical
and Experimental Investigation of Air Cooling for
Photovoltaic Panels Using Aluminum Heat Sinks
2020;2020. [Crossref]

Lebbi M, Baissi MT, Hassani S. Energy performance
improvement of a new hybrid PV / T Bi-fluid system
using active cooling and self-cleaning : Experimental
study. Appl Therm Eng 2020;116033. [Crossref]

Salehi R, Jahanbakhshi A. Reza Golzarian M,
Khojastehpour M. Evaluation of solar panel cool-
ing systems using anodized heat sink equipped with

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

thermoelectric module through the parameters of
temperature, power and efficiency. Energy Convers
Manag 2021;11. [Crossref]

Li D, King M, Dooner M, Guo S, Wang J. Study on
the cleaning and cooling of solar photovoltaic panels
using compressed airflow. Sol Energy 2021;221:433-
444, [Crossref]

Almuwailhi A, Zeitoun O. Investigating the cooling
of solar photovoltaic modules under the conditions
of Riyadh. J King Saud Univ Eng Sci 2023;35:123-
136. [Crossref]

Abdullah AA, Attulla FS,. Ahmed OK, Algburi S.
Effect of cooling method on the performance of PV/
Trombe wall: Experimental assessment. Therm Sci
Eng PI‘Og 2021;30: 101273. [Crossref]

Abdullah AA. The effect of operating conditions and
climate change on the performance of the photop-
holtaic Trombe wall: An empirical estimate. ] Therm
Eng 2024;10:1241-1252. [Crossref]

Rathore A. Energy, exergy and performance analysis
of a 380 kWP roof-top PV plant assisted with data-
driven models for energy generation. ] Therm Eng
2024;10:1 164-1183. [Crossref]

Hamzawy AH, Abed QA, “An experimental study on
the impact of porous media in improving the heat trans-
fer performance characteristics of photovoltaic-thermal
system. ] Therm Eng 2025;11:181-195. [Crossref]

Wang G, Yang Y, Yu W, Wang T, Zhu T. Performance
of an air-cooled photovoltaic/thermal system
using micro heat pipe array. Appl Therm Eng
2022;217:119184. [Crossref]

Nabil T, Mansour TM.Augmenting the performance
of photovoltaic panel by decreasing its tempera-
ture using various cooling techniques. Results Eng
2022;15:100564 [Crossref]

Tian MW, Khetib Y, Yan SR, Rawa M. Energy, exergy
and economics study of a solar/thermal panel cooled
by nanofluid. Case Stud Therm Eng 2021;28:101481.
[Crossref]

Mazén-Hernandez R, Garcia-Cascales JR, Vera-
Garcia F, Kaiser AS, Zamora B. Improving the elec-
trical parameters of a photovoltaic panel by means
of an induced or forced air stream. Int ] Photoenergy
2013;2013. [Crossref]

Hernandez-Perez ]G, Carrillo JG, Bassam A, Flota-
Banuelos M, Patino-Lopez LD. A new passive PV
heatsink design to reduce efficiency losses: A com-
putational and experimental evaluation. Renew
Energy 2020;147:1209-1220. [Crossref]

Feng S, Shi M, Yan H. Sun §, Li E Lu TJ. Natural
convection in a cross-fin heat sink. Appl Therm Eng
2018; 132; 30-37. [Crossref]

Huang GJ, Wong SC, Lin CP. Enhancement of nat-
ural convection heat transfer from horizontal rect-
angular fin arrays with perforations in fin base. Int J
Therm Sci 2014;84:164-174. [Crossref]


https://doi.org/10.1016/S1359-4311(96)00054-3
https://doi.org/10.1016/j.egypro.2017.12.141
https://doi.org/10.1016/j.applthermaleng.2006.08.001
https://doi.org/10.1016/j.applthermaleng.2015.02.030
https://doi.org/10.1016/j.apenergy.2018.02.064
https://doi.org/10.1016/j.rser.2007.10.005
https://doi.org/10.1016/j.enconman.2005.03.009
https://doi.org/10.1016/j.renene.2016.08.057
https://doi.org/10.1016/j.ijheatmasstransfer.2014.07.054
https://doi.org/10.1016/j.rser.2017.01.169
https://doi.org/10.1016/j.solener.2021.10.043
https://doi.org/10.1088/1757-899X/376/1/012035
https://doi.org/10.1080/00218839.1977.11099860
https://doi.org/10.1016/j.applthermaleng.2022.119671
https://doi.org/10.1016/j.psep.2023.04.025
https://doi.org/10.1080/15567036.2023.2174620
https://doi.org/10.1016/j.molliq.2017.03.096
https://doi.org/10.1016/j.jtice.2022.104381
https://doi.org/10.1016/j.enconman.2023.117020
https://doi.org/10.1016/j.renene.2023.06.016
https://doi.org/10.1016/j.enconman.2019.112384
https://doi.org/10.1016/j.renene.2018.12.095
https://doi.org/10.1016/j.solener.2019.11.044
https://doi.org/10.1016/j.expthermflusci.2015.11.025
https://doi.org/10.1016/j.enconman.2015.11.034
https://doi.org/10.1088/1742-6596/891/1/012188

J Ther Eng, Vol. 12, No. 2, pp. 550-578, March, 2026

575

(371

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

Shaeri MR, Bonner R.Laminar forced convection
heat transfer from laterally perforated-finned heat
sinks. Appl Therm Eng 2017;116:406-418. [Crossref]
Chu WX, Lin YC, Chen CY, Wang CC. Experimental
and numerical study on the performance of passive
heat sink having alternating layout. Int ] Heat Mass
Transf2019,135822—836 [Crossref]

Kanargi B, Lee PS, Yap C.International Journal of
Heat and Mass Transfer A numerical and experi-
mental investigation of heat transfer and fluid flow
characteristics of an air-cooled oblique-finned heat
sink. 2018;116:393-416. [Crossref]

Cengel YA, Ghajar AJ, Kanoglu M.Heat and mass
transfer : fundamentals & applications.

Hadipour A, Rajabi Zargarabadi M, Rashidi S. An
efficient pulsed- spray water cooling system for pho-
tovoltaic panels: Experimental study and cost analy-
sis Renew Energy 2021;164:867-875. [Crossref]

Peng Z, Herfatmanesh MR, Liu Y. Cooled solar PV
panels for output energy efficiency optimisation.
Energy Convers Manag 2017;150: 949-955. [Crossref]
Subasi A, Sahin B, Kaymaz I. Multi-objective
optimization of a honeycomb heat sink using
Response Surface Method. Int ] Heat Mass Transf
2016;101:295-302. [Crossref]

Singh V, Yadav VS. Optimizing the performance
of solar panel cooling apparatus by application of
response surface methodology. 2022;236. [Crossref]
Singh V, Yadav VS. Application of RSM to Optimize
Solar Pump LCOE and Power Output. 2022;69:1-
12. [Crossref]

Singh V, Yadav VS, Saxena V, Kumar N, Maheswari
A. Theoretical Analysis of 1st Law and 2nd Law
Efficiency of a Solar Pump for Geographical
Location 28.10'N, 78.23'E. Lect Notes Mech Eng
2022;411-417. [Crossref]

Waila VC, Sharma A, Singh V, Gupta NK. Solar pho-
tovoltaic water pump performance optimization by
using response surface methodology. Environ Prog
Sustain Energy 2023. [Crossref]

Choudhary S, Sharma A, Gupta S, Purohit H,
Sachan S. Use of RSM technology for the optimi-
zation of received signal strength for LTE signals
under the influence of varying atmospheric condi-
tions. Evergr Jt ] Nov Carbon Resour Sci Green Asia
Strateg 2020;07:500-509. [Crossref]

LMA Campos, Moura HOMA, Cruz AJG,
Assumpe¢do SMN, de Carvalho LS, Pontes LAM.
Response surface methodology (RSM) for assess-
ing the effects of pretreatment, feedstock, and
enzyme complex association on cellulose hydrolysis.
Biomass Convers Bioreﬁnery 2020:12;1-12. [Crossref]
Response Surface Methodology (RSM) flow-
chart. https://www.researchgate.net/figure/
Response-Surface-Methodology-RSM-flowchart_
figl_316577916 Accessed on Sep 27, 2022.

(51]

(52]

(53]

(54]

(55]

(56]

(571

(58]

(59]

[60]

[61]

[62]

[63]

Le HS, Galal A, Alhamrouni I, Aly AA. Heat transfer
efficiency optimization of a multi-nozzle micro-chan-
nel heat sink utilizing response surface methodology.
Case Stud Therm Eng 2022;37:102266. [Crossret]
Chiang KT, Chang FP. Application of response sur-
face methodology in the parametric optimization
of a pin-fin type heat sink. Int Commun Heat Mass
Transf 2006;33:836-845. [Crossref]

Onokwai AO, Owamah HI, Ibiwoye MO, Ayuba
GC, Olayemi OA. Application of Response Surface
Methodology (RSM) for the optimization of energy
generation from Jebba hydro-power plant, Nigeria.
ISH (J Hydraul Eng) 2020;28:1-9.

Qader BS, Supeni EE, Ariffin MKA, Talib ARA.
RSM approach for modeling and optimization of
designing parameters for inclined fins of solar air
heater. Renew Energy 2019; 136:48-68. [Crossref]
Rout A, Singh S, Mohapatra T, Sahoo SS, Solanki
CS. Energy, exergy, and economic analysis of an oft-
grid solar polygeneration system. Energy Convers
Manag 2021;238:114177. [Crossref]

Karami N, Rahimi M. Heat transfer enhancementin a
PV cell using Boehmite nanofluid. 2014;86:275-285.
[Crossref]

Trivedi V, Saxena A, Javed M, Kumar P, Singh V.
Design of Six Seater Electrical Vehicle (Golf Cart).
Evergreen 2023;10:953-961. [Crossref]

Chandel SS, Agarwal T. Review of cooling tech-
niques using phase change materials for enhancing
efficiency of photovoltaic power systems. Renew
Sustain Energy Rev 2017;73:1342-1351. [Crossref]
Kumar M, Ansari NA, Sharma A, Singh VK,
Gautam R, Singh Y. Prediction of an optimum
engine response based on various input parame-
ters on common rail direct injection diesel engine-a
response surface methodology. Available at: https://
scholar.archive.org/work/7wxig7vx2naklk3futcb-
p36jmi/access/wayback/http://scientiairanica.
sharif.edu/article_22272_8d700f88d1a63567d2e8e-
a087bbbacb0.pdf. Accessed: Jul. 30, 2022.

Singh V, Trivedi V, Mishra VR. Use of response
surface methodology and CFD for analysing and
optimization of simple-air cooled solar panel. Int |
Energy Water Resour 2024:0123456789. [Crossref]
Shrivastava A, Jose JP, Borole YD, Saravanakumar R,
Sharifpur M, Harasi H, et al. A study on the effects of
forced air-cooling enhancements on a 150 W solar
photovoltaic thermal collector for green cities. Sust
Ener Tech Assessments 2022;49:101782. [Crossref]
Sainthiya H, Beniwal NS. Comparative analysis of
electrical performance parameters under combined
water cooling technique of photovoltaic module: An
experimental investigation,” Energy Sources Part A
Recover. Util Environ Eff 2020:42:1902-1913. [Crossref]
Ali AA, Lafta DA, Noori SW, Abdulamir F, Rashid FL.
Innovative materials integrated with PCM for enhanc-
ing photovoltaic panel efficiency: An experimental
investigation. ] Energy Storage 2024:102. [Crossref]


https://doi.org/10.18186/jte.00886
https://doi.org/10.18186/thermal.528969
https://doi.org/10.18186/thermal.1327094
https://doi.org/10.1590/1981-6723.05119https:/doi.org/10.1590/1981-6723.05119
https://doi.org/10.1016/j.solener.2021.08.011
https://doi.org/10.1590/1809-4430-eng.agric.v38n1p103-109/2018
https://doi.org/10.4236/aces.2018.82003
https://doi.org/10.1016/j.jfoodeng.2019.05.023
https://doi.org/10.1016/j.renene.2019.09.072
https://doi.org/10.1186/s40064-016-2387-y
https://doi.org/https:/doi.org/10.1007/978-3-030-02822-0
https://doi.org/10.1016/j.uclim.2024.101892
https://doi.org/10.1016/j.eneco.2014.07.003
https://doi.org/10.1007/s12008-022-01015-8
https://www.sciencedirect.com/science/article/pii/S1364032124001977?via%3Dihub
https://doi.org/10.1016/j.rineng.2024.102148
https://doi.org/10.1016/j.matpr.2023.01.357
https://doi.org/10.1016/j.egyr.2021.08.197
https://doi.org/10.1016/j.enbenv.2023.05.004
https://doi.org/10.1016/j.energy.2011.04.013
https://doi.org/10.1016/j.energy.2011.04.013
https://doi.org/10.1016/j.energy.2011.04.013
https://doi.org/10.1016/j.energy.2011.04.013
https://doi.org/10.1016/j.energy.2011.04.013
https://doi.org/10.18186/THERMAL.1051612
https://doi.org/10.1016/j.buildenv.2020.106802
https://doi.org/10.1016/j.buildenv.2018.09.015
https://doi.org/10.1016/j.buildenv.2014.06.008

576 J Ther Eng, Vol. 12, No. 2, pp. 550-578, March, 2026

APPENDIX

Calculation of cell Temperature
The cell temperature was calculated using the energy balance of the solar panel and the Nominal Operating Cell
Temperature (NOCT) conditions.

G N 1—a,T
To + (Tenocr — Tavocr) ( I ) (1 - < mpsrc( — p csrc))>

GTNOCT

Teeu =

Gr ) (ap 7’ImpSTC)

1+ (Tevoer — Tanocr) (GTNOCT p—

From the solar panel manufacturer data

W
Tenocr = 48°C, Tanocr = 20°C, Gryocr = BOOW: Tesre = 25°C, NMmp = 0.154,
0.002726

Ta = 0.9, a, =— o

Put these values in the above equation, the cell temperature equation in terms of the atmospheric temperature and the
solar flux.
T, + 0.022946G
Teeu =
1-0.0000181279Gy

So when Ta = 45°C and G = 1000 W/m?
TCCH = 69.20°C
The top surface heat transfer coefficient at airflow velocity of V =3 m/s

hr =28+3V=28+3%3=11.8W/m?k

The radiation heat transfer coefficient
h, = eo(T; + T,)(TE + T2?)
€ = 0.83,T¢ = Taverage = 57.21°C, T, = 45°C
h, = 6.41 W/m?k

So total heat transfer coefficient from the top surface of the solar panel

he =h.+h, =118+ 6.41=1821W/m%.k
Total heat transfer

L L 1
EVA , ZETFE , ~
Keva  Kerre  he

QTop = (Teen — To)/(

Lgys= 0.20 mm, Kgy,=0.35 W/mk, LETFE= 0.28 mm, Kgpgg = 0.24 W/mk

w
Qrop = 427.1965—

Now EVA plate temperature

L o
Teva = Teeu = ((22) Q = 68127

Now ETFE plate temperature

Lgrre
Terre = Tgva — (K—

)Q =67.4°C
ETFE

Now efficiency of solar panel
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N = Nmp(1 + asrc(Te — Tesre)
n = 0.154(1 — 0.002726(69.42 — 25) = 0.1353

Percentage reduction in solar panel efficiency

0.154 — 0.1353
%AT] = W =12.28%

The power output from solar panel
P=P,(1—ap(Teeyy — Tesre) = 10(1 — 0.002726(69.42 — 25) = 8.78 W
Bottom layer of solar panel temperature
Heat transfer from bottom of solar panel
QBottom = Ap * Iy xa — P — Qrop
QBottom = 0.071 % 1000 * 0.97 — 8.78 — 427.19 % 0.071

29.75 W
Qbottom = 29.75W = m = 419.14@

Temperature of bottom layer

I"EVA LPET LCFRP LTape

Teottom = Teenn — ( ) * QBottom

Kgva Kper  Kcrrp  Krape

Toorcom = 68.24°C

Exergy Analysis
Exergy reached on the surface of solar panel

Esyn ZAPIt[l_g( K )+§( B )4]

Tsun Tsun

Put I, =1000 W/m?, Ta = 318 K, T, =5770 K, Ap =0.071 m*
ESUN =64.85W

Exergy efficiency
_ W
Esyn

¢ =1344%

Uncertainty Calculations
Uncertainty in the power output of solar panel
The power of the solar panel depends on the solar panel>s maximum voltage and current

P=f(V)

So uncertainty in the power production of solar panel

_[(9Py? 2 oP\*
Yp = (61) i (av) Yv

The uncertainty in the current y; = 3% and in Voltage yy = 3.5%. The measurement of the current at some time is the 0.8
ampand V=10V.

Now uncertainty in the current y; = 0.8 * 1(3)—0 = 0.024
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R _ 35 _
Uncertainty in the voltage y,, = 10 * o5 =035

P=vI sothat P =vana’l =
= SO aal— an 6V_

Vp = /(V)Zy,2 + (D?y§

yp = /(10)2(0.35)2 + (0.8)2(0.024)2

So uncertainty in power measurement

Yp = 3.5%



