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Abstract

Solar panel cooling is very much required to sustain its performance. In contrast, air cooling requires small changes in
the design of solar panel and has good feasibility to conversion in the actual model. In this research article, a 100 W solar
panel was simulated in ANSYS workbench at various solar flux, atmospheric temperature, and the air flow velocity. The
numerical results in the form of contour plots of the temperature indicated that if the solar flux and atmospheric tempera-
ture are enhanced then, the module temperature increases but the enhancement in the air flow velocity reduces the module
temperature. Secondly, the numerical results of the contour plot of temperature also indicate that the maximum temperature
hot spot is seen in the middle part of the solar panel. Furthermore, the data obtained from numerical simulation and model
equations has been optimized to determine the optimum setting of input and response variables. The optimization work
has been completed by Response Surface Methodology (RSM) in MINITAB 17 software. The optimum values of input
variables were determined at the maximum values of the solar panel efficiency and exergy efficiency. The optimum solar
flux, atmospheric temperature, and air velocity obtained to be 974 W/m?, 22 °C and 6 m/s on which responses solar panel
temperature 51.22 °C, power output 65 W, solar panel efficiency 0.1588, exergy entering into the system 385 W and exergy
efficiency 0.1695. To validate the optimum results of the RSM, an experimental setup has been developed and data has been
collected at these optimum settings. Finally, the percentage variation in the responses has been calculated to know the error
of the predicted results of RSM and experimental observation.
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v Velocity of air flow over the SAH cover plate
(m/s)

Nu Nusselt number

R, Rayleigh number

P Power output of solar panel (W)

k Thermal conductivity of the solar panel mate-

rial (W/m. K)

Symbols

p Density of air (Kg/m?)

c Stefan Boltz’s man constant (5.67 x 107%)
€ Emissivity of solar panel material

o Absorptivity or absorption coefficient

r Reflectivity of the solar panel

T Transmissivity of the solar panel material
1 Efficiency of solar panel

NEX Exergy of solar panel

Ppx Exergetic efficiency of solar panel
Introduction

The availability of solar energy is abundant in the Asiatic
region of the world specially in the Indian continent. The
solar energy is free from the pollution and renewable in
nature. The main problem is only its conversion into elec-
tric energy through heat energy. The solar panel converts the
solar energy into electric energy easily but the efficiency of
conversion is only 10-15% at optimum temperature (Ceylan
et al., 2021; Maleki et al., 2020). The maximum efficiency
of the solar panel depends on the temperature but the tem-
perature of the solar panel changes throughout the day. In
the summer season of the Indian climate, the atmospheric
temperature and solar panel material temperature reach more
than 40 and 80 °C which leads to the drastic reduction of the
performance of solar panel (Malvoni et al., 2020).

There are two main problems with the performance of
the solar panel. The first problem is its lower efficiency
which can be increased by changing the metallurgy of the
solar cells (Choi et al., 2021). The second problem is its
lower performance at the higher temperature which is the
major problem and can be reduced by providing the cool-
ing of the solar panel (Shah & Mehta, 2021). The higher
temperature of solar panel not only reduces the performance

of solar panel but also reduces its life span (Marudaipillai
et al., 2020). The number of cooling techniques with vari-
ous cooling fluids has been investigated numerically and
experimentally. The effectiveness of cooling depends on
the thermal properties of the cooling fluid (Yadav et al.,
2021). Table 1 represents the properties of various cooling
fluids used in cooling of solar panel. The data represented
in Table 1 obtained from the previously published research.

The air, water, nanomaterial, and phase change materials
were the cooling fluids under investigation. The air cooling
in natural and forced convection with various types of fins
are very effective. A study on solar panel cooling have been
conducted for knowing the effect of variation of solar flux,
atmospheric temperature, number of fins and fin pitch. The
results saw that as the fin pitch increases the number of fins
reduces which leads to enhance in the module temperature.
If the fin pitch increases from 20 to 60 mm, the PV module
temperature increases from 44.13 to 54.01 °C (Elbreki et al.,
2020). The forced air cooling with water injection is very
effective (Kabeel & Abdelgaied, 2019). Air cooling with the
various types of fins, fin spacing and number of fins plays an
important role in heat transfer (Mankani et al., 2022). The
effect of air mass flow rate increasing the cooling rate of the
solar panel since increasing the heat transfer coefficient. As
the solar flux increasing from morning to after noon the solar
panel temperature also increasing so this increase in temper-
ature has been compensated with increase in mass flow rate
(Patil et al., 2023). The air cooling to the solar panel is very
economical but the water cooling by spray form gave better
results (Sultan et al., 1973). A 60 Wp solar panel has been
tested in air cooling, the supply of the air continued upto
15 min (Revati & Natarajan, 2016). The thermal conductiv-
ity and specific heat of water are 0.6 W/m K and 4.15 kJ/
Kg K as compared to air 0.026 W/m K and 1.015 kJ/Kg K
around 23 and 4 times higher than the air. Which shows
water is better option than air for removing and storing the
heat from the solar panel even the pumping power consumed
in water is quite less than the air (Vineet et al., 2023).

A concentrated solar panel enhanced the solar flux inten-
sity on the solar panel surface and maintained the optimum
temperature of around 315.15 K by water cooling. This sys-
tem enhance the thermal and electric efficiency of the solar
panel (Chaabane et al., 2016). An indoor study on cooling
of solar panel by water has been conducted to investigate the

Table 1 Properties of cooling

. . > S. No. Properties of  Air Water Nano fluids

fluids used in previous the fluid

published research article MWCNT TiO, AL,O, MgO

(Ebaid et al., 2017; Fayaz et al.,

2018; Tian et al., 2021) 1 p 1.21 997.1 1600 1003.6 1003.43 3580
2 k 0.026 0.613 3000 0.6265 0.6590 54.9
3 Cp 1005 4179 796 - - 937
4 n - 0.000802716 0.000803129
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effect of temperature on solar panel efficiency. The results
depicted that the enhancement in the efficiency of the solar
panel is more than 35% of the previous efficiency (Peng
et al., 2017). A pulsed cooling system has been investigated
to maintain the temperature of solar panel for saving water
wastage (Hadipour et al., 2021). An ordino-based water
cooling system not only reduces the cooling water required
but also supplies the water when it is actually required
(Laseinde & Ramere, 2021).

A water-cooled solar panel was investigated under vary-
ing atmospheric temperature, solar flux and water inlet
velocity. The best set of results obtained namely solar flux,
water inlet velocity and atmospheric temperature were 705
W/m?2, 0.7263 m/s, and 32.87 °C on which the maximum
efficiency of the solar panel was 18.88% (Singh & Yadav,
2022a). A geothermal cooling heat exchanger enhanced the
efficiency of solar panel by 9.8% and the electricity genera-
tion by 11.2% (Jafari, 2021). A 50 Wp solar panel perfor-
mance has been improved by providing water cooling on
the back side. The test was conducted in Iran and Tehran's
climatic conditions. The maximum module temperature of
the cooled system was quite high 79.79% as compared with
water-cooled solar panel (Shahverdian, 2021). A cooling and
power generation combined system has been investigated
and optimized by Genetic Algorithm (GA). The Results
saw that the maximum thermal and exegetic efficiency were
19.20 and 53.27% (Wang et al., 2020). A hybrid photovol-
taic/thermal collector has been investigated for the double
benefits of utilising solar energy. The PV/T system is used
for producing electrical and thermal energy (Evola & Mar-
letta, 2014). The selection of cooling fluid is very important
in case of design of the cooling setup in the solar panel.
Table 2 represents the various cooling fluids with their ther-
mal outcomes.

The above literature review focused on the cooling of
solar panels by using air, water, PCM, and nanofluids. The
effectiveness of the cooling fluid depends on its thermal
properties, like thermal conductivity and specific heat.
Table 1 represents the comparison of the basic thermal
properties of the fluid, and Table 2 represents the various
cooling fluid effects on the temperature and efficiency of
the solar panel. Except for the air, all liquid fluid cooling
techniques require a lot of changes in the design, even if
their actual setup is not on the market. Several active and
passive methods of air cooling have been proposed, but
there is a research gap to identify the optimum selection
of the inputs and responses in various environmental con-
ditions. Due to the seasonal variation of the environment,
India requires a study that must know the performance of
the solar panel in advance. Due to these facts, this research
article focused on the thermal analysis of solar panels at
various mass flow rates of air. Furthermore, experimental

setup, theoretical modeling, optimization technique, ANSYS
modeling, results, and discussion and detailed explanation
have been presented in the below sections.

Materials and methods
Experimental setup

Figure 1 represents the schematic representation of the
cooling of the solar panel. The main components of the
experimental setup are a solar panel, fan, pyrometer, Multi
thermometer, Anemometer, Digital Multi-meter and ther-
mometer display connector. Table 3 represents the specifica-
tion of the solar panel and Table 4 represents the specifica-
tion of the various instruments used for measuring the data
at the time of the experimental work. The fan blows the
air at varying mass flow rate due to that temperature of the
solar panel changed. The solar flux, atmospheric temperature
and the air flow velocity is measured by pyrometer, multi-
meter and anemometer. The three thermocouples have been
attached at the top layer of the solar panel and power output
from the solar panel has been calculated by determining the
current and voltage of the solar panel output. The module
temperature is further used for calculating the solar panel
efficiency and the exergy efficiency.

Modelling of solar panel

Figure 2a represents the solar panel energy balance. As per
the energy balance equation, the total solar energy falling
on the surface of the solar panel is reflected, absorbed, and
transmitted. So following is the energy balance for the solar
panel applied for every layer of the solar panel as shown
in Fig. 2b. First, apply the energy balance for the Ethylene
Tetra Fluoro Ethylene (ETFE) plate.

Solar Energy on the ETFE plate = Absorption + Reflec-
tion + Transmission through the ETFE plate

SA = SAagrpg + SATprep + SATpreg (1)
After further simplification

aprre + Terre + Teree = 1 )

The values of absorptivity, reflectivity, and transmissiv-
ity of various layers of the solar panel are given in Table 5.

The reflected radiation is the loss of solar energy in the
atmosphere and transmitted radiation reaches on the EVA
plate but the absorbed radiation by the ETFE plate increases
the temperature of the plate.

mCpdT,
_ mCpdlgrpg
SAaETFE + QC()nducrion - QConveclion - QRadialion - dt

3
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Fig. 1 Schematic representation
of experimental setup with the
measuring instruments
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Table 3 Specification of solar panel

S. No. Particulate Numerical Value
1 Irradiance and temperature 1000 W/m?%, AM
1.5 and 25 °C

2 Maximum power 100 W

3 Maximum voltage 18V

4 Maximum current 555A

5 Open circuit voltage 21.6 V

6 Short circuit current 6.11 A

Table 4 Specification of the instruments

S. No. Parameter Instruments Uncertainty (%)
1 Temperature Thermocouples 4.25
measurement
2 Velocity meas- Anemometer 4
urement
3 Solar intensity ~ Pyrometer 4.89
Current Digital multi-  2.19
meter
5 Voltage Digital multi- 3.2
meter

Now apply the energy balance for the silicon solar cell
plate

medTCell

= “

SATerpETEvA Qe — Q1 = Qo = Vil =

The power produced by the solar panel (V1)) has been
calculated by the Fill Factor (FF), short circuit current and
open circuit voltage by following the formula.

Temperature
Measurement by Solar Panel
Thermocouples Efficiency

Digital

Current  Multi Meter

= 5
IscVoe )
Vidw = FFlcVoe (6)

The Igc and V¢ are the short circuit and open circuit
voltage of the solar panel depends on the solar cell material
temperature. From the silicon cell in the bottom direction
no further radiation transfer occurs since its transmissivity
is Zero. The Q, and Q, amount of heat transfer is takes place
from silicon cell from upward and downward directions. In
this analysis, it is considered that all layers have been bonded
to each other so that convection and radiation heat losses are
neglected only heat can be conducted.

The Q1 amount of heat losses from upward direction is
given by following relation.

(TC - Tatm)
(Rl + R2 4 ReorRuar

Rcomr*+RRaar

0, = ) (7)

In a similar way heat transfers in the downward direction

(TC - Tatm)
RCUm»BRRadB
<R3+R4+R5 + Ry + ReansReun

Rconvs+Rradn

0, = ) ®)

So heat losses from the solar cell in the top and bottom
directions are represented by the following equation.

QLoss = Ql + Q2 (9)

where R1, R2, R3, R4, R5 and R6 are the conduction resist-
ance of the various layers of the solar panel represented by
the following equations.

@ Springer
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Solar Panel

(a) Solar panel with solar flux

Qin QTLoss

Reflected Rays

1Ta1
Reont RV
1
% R
R

ETFE : L2=0.28 mm
EVA 2 11=0.20 mm
LC=0.15mm
EVA R3 1 L3=0.20 mm
T = 14=0.20 mm Solar Panel
Tope é RS 15=0.13 mm
CFRP % R6 L6=2 mm
/ Reons i? Rerade
QBLoss e

(c¢) Heat flow through the solar panel

Fig.2 Energy balance for the solar panel

Table 5 Optical Properties of solar panel material (Pavlovic et al.,

Al
Heat Transfer by conduction

bsorption

SActerre

Reflection
SAreree
ETFE |

Transmitted Radiation ' SATEEae Reflection
SATerrectevareva

EVA |

T, e d Radi

/. Refloct:

SATereTevArCel

T

Only Heat will Conduct

No transfer of solar flux l l

(b) Solar Panel energy interaction by the Sun

()

on=sati-(3)(22) + () ()

Reflected Rays

Exel = VinIm

(d) Exergy flow in solar panel

Table 6 Thickness and function of various layers of the solar panel

2021) material (Pavlovic et al., 2021; Yildiz et al., 2020)
Material Absorptivity Transmissivity Reflectivity Layer Function Material Thickness (mm)
ETFE 0.1 0.83 0.07 1 Front sheet ETFE 0.28
EVA 0 1 0 2 Encapsulated EVA 0.20
SI 0.97 0 0.03 3 Solar cell Silicon 0.15
4 Encapsulated EVA 0.20
5 Backsheet PET 0.20
L, 6 Adhesive Tape 0.13
1= (10) 7 Support CFRP 2.00
KpvaA
R L
2= (11) Ly
KerppA 4 = (13)
KpprA
R Ls
3= (12) Ls
KA R. =
5 14
KTapeA ( )
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Lg

Re= -4
CFRP

5)

L,,L,, L;, L,, Ls and L¢ are the lengths of EVA, ETFE,
EVA, PET, TAPE and CFRP layers of the solar panel repre-
sented in Fig. 2¢ and Table 6. The Kgy, Kgres, Kppr Kraps
and Kpgp are the thermal conductivities of the EVA, ETFE,
PET, TAPE and CFRP layers presented in Table 7.

The Regnyr and Ry opr have been determined by the fol-
lowing equations

1
Reonvr = m (16)

1
Rrapr = m an
The hey is the total convection heat transfer from the top
surface. On the top surface, mixed convection occurs (Natu-
ral and Forced convection). So total heat transfer coefficient
is the sum of the forced and natural convection heat transfer
coefficients.

hCT = hnazumlC + hFarcedC (18)

Now further forced convection heat transfer coefficient
has been estimated from following correlation presented in
Pavlovic et al. (2021).

h L
Nitgypepic = —275= = 0.13R™(1 +sin(p)*  (19)
The natural convection heat transfer coefficient has been

determined by the following correlation presented in Pav-
lovic et al. (2021).

Brruratc
T = 0.7386R( (1 + cos(p)) 47

(20)
Now radiation heat transfer coefficient from the top sur-

face has been determined by following the equation pre-
sented in Singh & Yadav, 2022a; Chandel & Agarwal, 2017).

NuNaluralC =

Table 7 Thermal properties of solar panel materials (Pavlovic et al.,
2021)

Martials Density (Kg/m®) Thermal conduc- Specific heat
tivity (W/mk) capacity (J/

kgK)

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

hy = €prpeo Terpg + Tatm)(TZTTFE + Tj,m) 210

The convection and radiation thermal losses have been
estimated the same way as from the top side. So the follow-
ing correlation has been used in Vineet et al. (2023).

R S S

CONVB — hCONVBq (22)
R = !

Ravs = 5 —— (23)

The heat transfer coefficient from side has been deter-
mined from following correlation (Tian et al., 2021).

(90° - p)

90° hForcedC (24’)

hgg =

h

L
NuNaturalC = % = 07386R2L1826(1 + COS(ﬂ))_O'4575
(25)

So total heat transfer coefficient from the bottom of the
solar panel is given by the following equation (Sanaye &
Hajabdollahi, 2015).

heconvs = hep + Mpanuras (26)

Now from bottom radiation heat transfer coefficient has
been determined by following correlation (Elminshawy
etal., 2019).

hg = €crrp (T errp + Tum) T oppp + Top) 27

Exergy modelling

Figure 2d shows the schematic representation of the exergy
balance on the solar air heater. The solar exergy reaches
the solar panel which is the input exergy. Now, based on
the properties of the solar panel material maximum exergy
has been absorbed by the solar panel, and the remaining is
reflected in the atmosphere. The absorbed exergy is con-
verted into electric power and the remaining losses in the
atmosphere. The exergy destruction inside the solar cell
material is found out by the simple exergy balance on the
solar panel system.

So the input exergy for the solar panel has been given by
the following formula (Giirel et al., 2021; Laveyne et al.,
2020).

R ROICA RO I

The exergy reflected in the atmosphere is given by fol-
lowing the formula (Laveyne et al., 2020).
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Ep,=11 Lo SA
R—< —T—> r (29)

m

The exergy loss in the atmosphere is given by the follow-
ing formula (Laseinde & Ramere, 2021).

T,
ELoss =\1- T_m QLoss 30)

The loss in heat is determined by the formula.
The electric exergy is given by following formula (Ali-
zadeh et al., 2018).

EXel = VmIm (31)
The exergy destruction is given by following the formula
EDexz = EXin - ER - EL().YS - EXel (32)

Now the exergy efficiency of the solar panel is given by
following the formula

_ Exergy Recovered

PEx = (33)

Exergy Supplied

The final formula of exergy efficiency (Singh & Yadav,
2022a).

si-(0E)-OE)]

Optimization technique

PEx =

The optimization techniques are used to determine the opti-
mal solutions on which responses are maxima and minima
or the area of interest. Several algorithms and techniques
are available but their selection has been done based on
the accuracy of the data. In this research Response Surface
Methodology (RSM) technique has been used for determin-
ing the optimal solution of the input variables. The first time
RSM was used by Box and Wilson in 1951. It is the collec-
tion of mathematical techniques which used the 2nd order
model equations to represents the responses in terms of input
variables. The 2nd order model equations have been gener-
ated by the data of input variables collected either by the
experimental or the numerical methods. Figure 3 represents
the process of working of RSM in MINITAB 17 software.

Furthermore, RSM is used to reduce of the experimental
work by limited defined sets. These sets of input variables
convert the experimental data into well-defined 2nd-order
models of the responses. The 2nd order model equation is
represented as follows.

@ Springer

Define the problem

Select the dependent variables (Responses)

Select the independent vanables (Factors)

A

Define the ranges of independent variables
(Factors)

Select the proper design like BBD, CCD,
CCRD etg.
|

!

Run the CFD simulation at various sets of the
input variables

l ANOVA testto
I Evaluation of model } check the fitness
l l of the model.
| Optimization of the model
l Based on R?,

Adj.R2, MS, SS

| Model validation }
error analysis

Fig.3 Steps of process in RSM

Table 8 Ranges of the input variables

Input variables Coded level
-1 0 1
Solar flux (W/m?) 600 800 1000
Air inlet velocity (m/s) 2 4 6
Atmospheric temperature (°C) 22 33 44
k k k
Y=A.+ ZAixi + ZAii)cl.2 + ZAijxl-xj +B 35)
i=1 i=1 jz1

The xi and xj are the independent variables and Y is the
response. A, A;, Aj; and A; are the constants of the linear
and square terms. The B represents the error or the noise
in the model formation. Table 8 represents the range of the
independent variables. The Box-Behenken design has been
used for analysing the problem in which the total number of
runs are 15 corresponding to the three input factors. Based
on these 15 runs, the responses have been determined by
simulation and model equation as shown in Table 9.

The effectiveness of the RSM has been judged by the R,
adjR?, P and F values of the Analysis of Variance (ANOVA)
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Table 9 Total 15 runs of input and output variables

S. No. Solar flux Atmospheric tem-  Velocity of air  Solar cell tem- Efficiency Power output from Exergy efficiency
(W/m?) perature (°C) (m/s) perature (°C) solar panel (Wp)
1 600 22 4 42 0.1631 41.3612 0.1741
2 600 33 6 48 0.1603 40.6518 0.1715
3 1000 33 6 63 0.1533 64.7972 0.1641
4 1000 22 4 60 0.1547 65.3884 0.1651
5 800 44 2 81 0.1449 49.0003 0.1555
6 800 22 2 62 0.1538 51.9954 0.1641
7 800 33 4 61 0.1542 52.1531 0.1651
8 800 44 6 66 0.1519 51.3649 0.1630
9 800 33 4 60.99 0.1542 52.1547 0.1651
10 600 44 4 62.34 0.1536 38.9564 0.1648
11 600 33 2 58.72 0.1553 39.3844 0.1662
12 800 33 4 61 0.1542 52.1531 0.1651
13 1000 44 4 79.82 0.1454 61.4829 0.1561
14 1000 33 2 82.212 0.1443 61.0115 0.1545
15 800 22 6 44.764 0.1618 54.7125 0.1727

presented in Tables 8, 9 and 10. The small value of P and

larger values of F justified the effectiveness of the results
(Tanwar et al., 2023). Table 10 represents the ANOVA table

seen in Tables 11 and 12.

Table 10 P-value and F value

T, =1.93 +0.0777S + 0.723T,

— 4.865V — 00000058 + 0.0020772

for checking the effectiveness
of the regression analysis on

cell temperature (Tc) and power
output of solar panel (P)

for the silicon cell temperature and the power output of the +0.5484V2 — 0.000059ST, G0

solar panel. Furthermore, it can be easily seen that most of —0.005307SV + 0.0254T,V

the P values are lower than 0.05. The same results are also
Sources DF Silicon cell temperature (T) Power output (P)

Adj. SS Adj. MS F-value  P-value Adj.SS Adj.MS F-value  P-value

Model 9 2012.71 223.635 621.77 0.000 1101.38 122.38 7998.32  0.000
Linear 3 1975.03 658.343 1830.40 0.000 1098.37 366.12  23,929.50 0.000
S 1 68398 683.982 1901.68 0.000 1065.52 1065.52 69,641.32 0.000
Ta 1 807.94 807.940 2246.32  0.000 20.01 20.01 1308.00  0.000
\% 1 483.11 483.108 1343.19 0.000 12.84 12.84 839.16 0.000
Square 3 18.34 6.113 16.99 0.005 0.83 0.28 17.99 0.004
S*S 1 0.16 0.159 0.44 0.536 041 041 26.55 0.004
Ta*Ta 1 0.23 0.232 0.65 0.458 0.00 0.00 0.15 0.717
V*V 1 17.77 17.768  49.40 0.001 0.48 0.48 31.39 0.003
2-way interaction 3 19.35 6.449 17.93 0.004 2.18 0.73 47.48 0.000
S*Ta 1 0.07 0.068 0.19 0.683 0.56 0.56 36.80 0.002
S*V 1 18.03 18.029  50.12 0.001 1.59 1.59 103.62 0.000
Ta*V 1 1.25 1.250 3.48 0.121 0.03 0.03 2.30 0.214
Error 5 1.80 0.360 - - 0.08 0.02 - -
Lack of fit 3 1.80 0.599 17,982.92  0.000 0.08 0.03 30,784.03 0.000
Pure error 2 0.00 0.000 - - 0.00 0.00 - -
Total 14 2014.51 - - - 110145 - - -
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Table 11 P-value and F value for checking the effectiveness of the regression analysis on efficiency of solar cell () and exergy entering to the
solar panel (Ey;,)

Sources DF Efficiency of solar panel (1) Exergy entering (Ex;,)
Adj. SS Adj. MS F-value P-value Adj. SS Adj. MS F-value P-value

Model 9 0.000437 0.000049 621.77 0.000 1101.38 122.38 7998.32 0.000
Linear 3 0.000429 0.000143 1830.40 0.000 1098.37 366.12 23,929.50 0.000
S 1 0.000149 0.000149 1901.68 0.000 1065.52 1065.52 69,641.32 0.000
Ta 1 0.000176 0.000176 2246.32 0.000 20.01 20.01 1308.00 0.000
\Y% 1 0.000105 0.000105 1343.19 0.000 12.84 12.84 839.16 0.000
Square 3 0.000004 0.000001 16.99 0.005 0.83 0.28 17.99 0.004
S*S 1 0.0000 0.000000 0.44 0.536 0.41 0.41 26.55 0.004
Ta*Ta 1 0.0000 0.000000 0.65 0.458 0.00 0.00 0.15 0.717
V*V 1 0.000004 0.000004 49.40 0.001 0.48 0.48 31.39 0.003
2-way interaction 3 0.000004 0.000001 17.93 0.004 2.18 0.73 47.48 0.000
S*Ta 1 0.0000 0.000000 0.19 0.683 0.56 0.56 36.80 0.002
S*V 1 0.000004 0.000004 50.12 0.001 1.59 1.59 103.62 0.000
Ta*V 1 0.0000 0.000000 3.48 0.121 0.03 0.03 2.30 0.214
Error 5 0.0000 0.000000 - - 0.08 0.02 - -
Lack of fit 3 0.0000 0.000000 17,982.92 0.000 0.08 0.03 30,784.03 0.000
Pure error 2 0.0000 0.000000 - - 0.00 0.00 - -
Total 14 0.000438 - - - 1101.45 - - -

n = 0.18176 — 0.000036S — 0.0003377,
+0.002268V — 0.00000172 — 0.000256V> 37)
+0.000002SV — 0.000012T, V

Table 12 P-value and F-value for checking the effectiveness of the
regression analysis of the exergy efficiency of solar panel

Sources DF Exergy efficiency (%)

Adj.SS  Adj.MS  F-value P-value

P = 1.24 4 0.07030S + 0.02217,

Model 9 0.000466 0.000052 579.04 0.000 2

Linear 3 0.000457 0.000152 1702.23 0.000 +0.228V - 0.0000085

S 1 0000170 0.000170 1903.69  0.000 — 0.00020477 — 0.0902V> (38)
Ta 1 0000166 0.000166 1858.63  0.000 —0.000171ST, + 0.001574SV

\" 1 0.000120 0.000120 1344.39 0.000 _ 0.00401TaV

Square 3 0.000005 0.000002 17.04 0.005

S*S 1 0.000000 0.000000 0.44 0.536

Ta*Ta 1 0000000 0.000000 0.78 0417 Ey;, = 0.000062 + 0.398250S — 0.000004T, — 0.000099ST,
V*V 1 0.000004 0.000004 49.46 0.001 (39
2-way interaction 3  0.000005 0.000002 17.84 0.004 fgx = 0.19297 — 0.000039S — 0.0003107,,

S*Ta 1 0.000000 0.000000 0.12 0.739 +0.002410V — 0.000001 72

S*V 1 0.000004 0.000004 50.18 0.001 a (40)
Ta*V 1 0.000000 0.000000 3.21 0.133 ~0.000274V* + 0.000003SV

Error 5 0.000000 0.000000 - - - 0.000012TaV

Lack of fit 3 0.000000 0.000000 17,963.45 0.000

Pure error 2 0.000000 0.000000 — _ Figure 4 represents the Pareto chart and the residual
Total 14 0.000466 — _ _ plot of the exergy efficiency predicted and actual results.

Figure 4a clearly shows that solar flux, air inlet velocity,
and the atmosphere temperature are most important param-
eters which affects the performance of the solar panel.
Figure 4b clearly shows that most of the residual data lie
within the range of +0.0002 which shows the validity of the
model. Figure 4c depicts that data is fitted with an accuracy
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Pareto Chart of the Standardized Effects
(response is exergy efficiency, a = 0.05)
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(c) Residual with the fitted values

Fig.4 Pareto and residual plot of the exergy efficiency of the solar panel

of +0.004. Figure 4d shows that the maximum frequency is
represented by the O residual means most of the data point
have the O residual.

Ansys modelling

The ANSYS 18.1 has been used to determine the solar pan-
el's thermal analysis. The ANSYS workbench has the fol-
lowing steps for determining the temperature and solar flux
plot presented in Fig. 5. Initially, the 3D model of the solar
panel for the given dimensions was drawn in the geometry
modeller as shown in Fig. 6a. The dimensions of the solar
panel are 1153 mm X513 mm and the thickness of various
layers of the solar panel is given in Table 2 and Fig. 6b. Now,
the geometry is discretized into the small control volume and
this process is called the mesh generation.

The mesh generation is an important part of the Numeri-
cal Simulation since mesh quality affects the results and the
conversance of the solution. Sometimes non uniform and
unstructured mesh solutions will not converse. The total
number of elements and nodes in Fig. 6¢ are 71,074 and
457,520. The skewness and orthogonality are two important

Normal Probability Plot
(response is exergy efficiency)

Percent
n
S

1
-0.0005 -00004 -00003 -00002 -0.0001 00000 00001 00002 00003 00004

Residual

(b) Percent of residual of the exergy efficiency

Histogram
{response is exergy efficiency)

Frequency

-0.0003 -0.0002 -0.0001 0.0000 0.0001 0.0002 0.0003

Residual

(d) Residual frequency with the residual

parameters that defines the quality of the mesh. The skew-
ness represents the actual meshes are how close to the ideal
mesh and orthogonality represents the angular deviation of
the actual mesh with the ideal mesh. In the Fig. 6¢c mesh-
ing, the average skewness and orthogonality of the meshing
are the 0.0020246 and 0.99492 which represents the good
quality of the mesh. Furthermore, each and every layer of
the solar panel has been selected by different materials as
presented in Tables 2 and 3. Now, boundary conditions have
been applied based on the material properties of the layers
of the solar panel. Now, finally, run the simulation and find
the results from the post-processor.

Results and discussion

In the results and discussion section, the temperature and
heat flux contour have been extracted from ANSYS Work-
bench at various solar flux, atmospheric temperature, and
air flow velocity in Fig. 7. Furthermore, based on simulation
data at various input parameters, the response is optimized
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Draw the 3D Geometry in Design
Modeller

A

Meshing

A 4

Select the material for each layer
of the solar panel

A 4

Select the turbulence model and
apply the boundary conditions

v

Run the number of iteration and wait for
the convergence of the model

A 4

Interpret the Results of Temperature
and heat flux contour

Fig.5 Steps of the thermal analysis in ANSYS Workbench

by the Response Surface Methodology in MINITAB 17
software. The optimization results in the form of surface
and contour plots have been represented in Figs. §, 9, 10,
11, and 12.

Simulation results

Figure 7a—j represents the simulation results of the solar
panel cooling at varying input conditions. Figure 7a and b
represent the steady state temperature and solar flux plot at
varying the 600 W/m?, atmospheric temperature 22 °C, and
air flow velocity 4 m/s. Figure 7a temperature contour plot
shows that the maximum temperature is 41.924 °C in the
middle cells of the solar panels and temperature reduces in
outside of the solar panel. These simulation results depicted
that the cooling should be provided at the middle of the solar
panel. Figure 7b shows that the average total solar flux on the
surface of the solar panel is 15,358 W/m?. Figure 7c depicts
that if the atmospheric temperature increase upto 33 °C at

@ Springer

constant solar flux and air flow velocity, the maximum tem-
perature increased from 41.92 to 47.953 °C. It shows that as
the atmospheric temperature increases then the temperature
of the solar panel also increased. Figure 7d also shows that
if the atmospheric temperature enhanced then the solar flux
on the solar panel reduced.

Figure 7e shows that if the solar flux increased to 1000
W/m? then the maximum temperature of the solar panel
reached to 62.464 °C. It means that the enhancement in solar
flux increased the module temperature. Figure 7f also shows
that enhancement in solar flux enhanced the total heat flux
upto 49,335 W/m®. Figure 7g and h have represented the
module temperature and heat flux at 1000 W/m? solar flux,
22 °C atmospheric temperature and 4 m/s air flow veloc-
ity. Figure 7g clearly shows that due to higher solar flux
and lower atmosphere temperature, the maximum module
temperature reached to be 60 °C. Figure 7h shows that the
maximum heat flux reached to be 53,900 W/m? at the mini-
mum area section of the solar panel. Figure 7i and j have
drawn at higher atmospheric temperatures and lower air flow
velocities. The higher atmospheric temperature and lower air
flow velocity enhanced the solar panel temperature and total
heat flux intensity as presented in Fig. 7i and f.

Variation of cell temperature with input variables

Figure 8 shows the variation of solar cell temperature with
input variables namely air flow velocity, solar flux and the
atmospheric temperature. Figure 8a and b depicted that if the
airflow velocity increases then solar cell temperature reduces
but if the solar flux and atmospheric temperature increase
then the solar cell temperature increases (Singh et al., 2023),
Fig. 8b contour plot depicted that higher solar flux and lower
air inlet velocity enhanced the solar cell temperature out of
the safe zone. Figure 8c and d also show that if the atmos-
pheric temperature increases from 20 to 40 °C then the mod-
ule temperature increases from 50 to 78 °C at a constant air
velocity of 4 m/s (Elminshawy et al., 2019), which shows
that atmospheric temperature promoted the cell temperature.
Figure 8e and f displayed the variation of solar cell tempera-
ture with velocity of air and the atmospheric temperature at
a constant solar flux of 800 W/m?. The temperature of solar
panel is less than 50 °C when the atmospheric temperature
low and air velocity is high (Abdullah et al., 2021).

Variation of power output with input variables

Figure 9 represents the surface and contour plots of the
solar panel's power output with the input variables. Fig-
ure 9a shows that as the atmosphere temperature increases,
the power produced by the solar panel reduces at constant
air velocity since an increase in atmosphere temperature
enhances the solar cell temperature which reduces the power
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Fig.6 Ansys modeling of the
solar panel

Silicon Cell

(a) CFD modelling in Ansys workbench 18.1

: Tape
Silicon Cell >
] z X

000 000 10000 {mm)
(b) Various layers in the solar panel

(c) Mesh generation in the solar panel
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a) Temperature of solar panel at S=600 W/m?, Ta= 22°C, V= 4m/s
p p

Solar Panel

(c) Temperature of solar panel at S=600 W/m?, Ta= 33°C, V=6 m/s

Solar Panel

(¢) Temperature of solar panel at S=1000 W/m?, Ta= 33°C, V=6 m/s

Solar Panel

(g) Temperature of solar panel at S=1000 W/m?, Ta=22°C, V=4 m/s (h) Solar flux intensity of solar panel at S=1000 W/m2, Ta= 22°C, V=4 m/s
Fig.7 Temperature and solar flux contour plot on solar panel
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(i) Temperature of solar panel at S=800 W/m?, Ta= 44°C, V=2 m/s

Fig.7 (continued)

produced by the solar panel (Elminshawy et al., 2019). Fig-
ure 9b, the rightmost lower half part gives the maximum
power output since higher solar flux supplies the higher solar
energy to the solar panel, and lower atmospheric tempera-
ture maintains the lower solar cell temperature. Figure 9¢c
shows that if the air velocity over the surface of the solar
panel increases then the power produced by the solar panel
increases since high air velocity increases the convection
heat transfer coefficient (Mankani et al., 2022) since the
heat transfer coefficient depends on the Reynolds number
and fluid properties. The higher heat transfer coefficient
enhances the heat transfer and maintains the temperature
of the solar cell material within the safe limit. Figure 9d
contour plot green region represents the power output of the
solar panel more than 54.4 W at a constant solar flux of 800
W/m? (Salehi et al., 2021), this region is represents by the
lower atmospheric temperature and higher air inlet velocity.
Figure 9e shows that if the solar flux and air flow velocity
increases then the power output increases since higher solar
flux supplies more energy to the solar panel and higher air
velocity maintains the cooling effect and lowers the cell tem-
perature. Figure 9f contour plot topmost region represents
the power output of the solar panel of more than 60 W. This
region represents the higher solar flux and airflow velocity
(Tiwari et al., 2020).

Variation of efficiency with input variables

Figure 10 represents the variation of solar panel efficiency
with the input variables like solar flux, atmospheric tempera-
ture, and air velocity. Figure 10a shows that if the atmos-
pheric temperature and solar flux both increases then the effi-
ciency of the solar panel reduces since the increment in the
atmospheric temperature reduces the heat loss in the atmos-
phere (Singh & Yadav, 2022a). Figure 10b dark green left
corner region represents the maximum solar panel efficiency

Solar Panel

043634 Min

(j) Solar Flux intensity on solar panel at S=800 W/m?, Ta= 44°C, V=2 m/s

at lower atmospheric temperatures (Singh & Yadav, 2022b).
Figure 10c shows that the enhancement in the air velocity
increase the heat loss in the atmosphere which results in
increased the efficiency of the solar panel. Figure 10d rep-
resents the contour plot of the efficiency of the solar panel
with the air velocity and the solar flux. Figure 10e and f
represent the 3 D and 2 D plots of the solar panel efficiency
with the atmospheric temperature and the velocity of the air
(Laseinde & Ramere, 2021). The enhancement in the airflow
velocity increases the heat transfer to the air leads to reduc-
tion of the solar panel temperature (Salehi et al., 2021) and
an enhancement of the solar panel efficiency.

Variation of exergy efficiency with input variables

Figure 11 shows the exergy variation of the solar panel with
input variables. The chosen input variables are atmosphere
temperature, solar flux, and air flow velocity. The Fig. 11a
shows that as the solar flux increases, the exergy effi-
ciency of the solar panel reduces since increased solar flux
enhanced the temperature of solar panel cell material leads
to reduction of the performance of the solar panel (Singh
et al., 2023). Figure 11b shows that the maximum efficiency
of the solar panel is 0.176 represented in the contour plot
by the dark green region. In Fig. 11b dark green region is
shown by the lower solar flux and atmospheric temperature
region. Figure 11c surface plot clearly shows that if the air
flow velocity increases from 2 to 6 m/s then the exergy effi-
ciency of the solar panel also enhanced from 0.155 to 0.170.
So, the 9.68% exergy efficiency of the solar panel increased
due to incensement in air flow velocity (Amelia et al., 2016).
The enhancement in the air flow velocity increases the heat
transfer coefficient and air cooling (Govindasamy & Kumar,
2023). Figure 11d dark black part represents the maximum
exergy efficiency of 0.170 at lower solar flux and higher
air flow velocity. Figure 11e shows 3 D effect of the air
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Fig.8 Variation of cell tem-
perature with input variables
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(a) Solar Cell temperature with air velocity and solar flux
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Fig.9 Variation of the power output of the solar panel with input variables

flow velocity and the atmospheric temperature on the exergy
efficiency of the solar panel (Sultan et al., 1973). The figure
clearly shows the steep variation of the air flow velocity on
the solar panel exergy efficiency. Figure 11f dark red colour
in 2 D plots represents the maximum exergy efficiency at
lower atmospheric temperatures and higher air flow velocity
(Mankani et al., 2022).
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Optimization plot

Figure 12 represents the optimization plots of the output
variables with respect to the input variables. The red-marked
values in the plots show the optimum values of input and
output variables. The optimum values of the input vari-
ables namely solar flux, atmospheric temperature, and
velocity 974.3116 W/m?, 22 °C and 6 m/s on which output

@ Springer



International Journal of Energy and Water Resources

Efficiency (%)

2782

Hold Values
Velocity of air (m/s) 4

372832

317682

T——

0
AT
A a0
1050

8: Atmospheric Temperature (*C)

P Solar Flux (W/m2) 282

Atmospheric Temperatura(®)
207632

655303 855323 108832

A: Solar Flux (W/m2)
(a). Power output with the atmospheric temperature and solar flux  (b). Contour plot with atmospheric temperature and solar flux

Contour Plot of n vs Velocity of air (m/s), Solar Flux (W/m2)
6

n
0.165 ] < 01450
W 01450 - 01475
W 01475 - 01500
0.16 01500 - 01525
01525 - 01550
2 = W 01550 - 01575
=
0.155 o E W 01575 - 01500
e ey - > 01500
9 = Hold Values
= 0.15 o Atmospheric Temperature(®) 33
oy 2
1% =
g g
g 0145 3
= >
[V}
0.14
2 300
3 655323 Solar Flux (W/m2)
755323

4
C: Air Flow Velocity (m/s) 5

855323

955323 5. Solar Flux (W/m2)
6 105532

(c). Power output with the atmospheric temperature and air velocity  (d). Contour plot with atmospheric temperature and air velocity

n

n < 0147

B 0147 - 0150

Hold Values W o150 - 0153

atwim2) 800 s

n > 0159

0160 Hold Values

Solar Flux (W/m2) 800
0155

0.150

Velocity of air (m/s)

0145

Atmospheric Temperature(®)

25 30 ELY 40

Atmospheric Temperature(®)

(e). Power output with the atmospheric temperature and air velocity  (f). Contour plot with atmospheric temperature and air velocity

Fig. 10 Efficiency of solar panel with input variables
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Fig. 11 Exergy efficiency of solar panel with input variables
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Fig. 12 Optimum plot of the input and output variables

variables like exergy efficiency, exergy supplied, power
output, maximum efficiency, and module temperature are
0.1695, 385.886 W, 0.1588 and 51.2259 °C. The desirabil-
ity represents the how well input variable affects the output
variable (Singh Yadav et al., 2022). The combined desir-
ability is 0.8430 and individual desirability of exergy effi-
ciency, exergy entering into the solar panel, power out of
solar panel, solar panel efficiency and cell temperature are
0.76, 0.93, 0.99, 0.77, and 0.77 respectively, which shows
the good agreement between the input and output variables.

The optimum results show that the optimum atmosphere
temperature is 22 °C, so the solar panel works better in the
winter season than in other seasons.

Validation of the RSM results
with experimental results

The optimum values of response parameters obtained by the
RSM have been tested experimentally and validated. The
RSM predicted results and experimental results with per-
centage error are represented in Table 13. Table 13 depicts
that the percentage error in exergy efficiency, exergy enter-
ing the solar panel, the power output of the solar panel, solar
panel efficiency, and solar cell temperature is 3.6, 4.2, 3.9,
2.8, and 4.5% respectively and well within the 5% that is
acceptable.

Conclusion

In developing countries, solar panels have gained popularity
in recent years due to the simple and easy conversion of solar
energy into electric energy. The main problem with the solar
panel is its low efficiency at higher temperatures. In a coun-
try like India, a number of studies depicted that the maxi-
mum temperature of the solar cell material reached around
70 to 80 °C in the summer season at 1 to 3 p.m. After cross-
ing the nominal operating cell temperature (NOCT), the effi-
ciency of the solar panel decreased. Many studies revealed
that a 1 °C rise in temperature reduced the 0.5% solar panel
efficiency (Peng et al., 2017; Yildiz et al., 2020). This study
focuses on the simulation of the 100 Wp solar panel to deter-
mine the hot patches on the surface of the panel by contour
plotting the temperature. Furthermore, the simulation data
have been optimized by RSM in MINITAB 17 software for
determining the best setting of the input parameters to maxi-
mize the performance of the solar panel. Finally, optimized
results have been validated with the indoor experimental
setup. Based on the above study, the following are the main
concluding points.

Table 13 RSM and
experimental results

Exergy efficiency Exergy entering to

Power of the ~ Solar panel Solar cell

the solar panel (W) solar panel efficiency temperature
W) °C)
RSM forecast results  0.1695 385.886 65.3871 0.1588 51.2259
Experimental results 0.163398 369.6787 62.837 0.1543 48.920
% error 3.6 4.2 39 2.8 4.5
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1. The thermal analysis simulation results show that the
mid-section of the solar panel is the hottest as compared
to other parts of the solar panel. So, most of the time
cooling must be provided at the mid-section of the solar
panel.

2. Simulation results, the 3D contour plot clearly shows
that the solar flux and atmosphere temperature both
increase the solar panel temperature and reduced the
performance. The enhancement in air flow velocity
enhances the heat transfer coefficient and performance
of the solar panel.

3. The simulation results show that module temperature
increased from 47.953 to 66.464 °C if the operating con-
ditions of the simulation changed from S =600 W/m?,
Ta=33 °C, V=6 m/s to S=1000 W/m?, Ta=33 °C,
V=6.

4. At solar flux 800 W/m?, atmospheric temperature 44 °C,
and air inlet velocity 2 m/s, the solar panel temperature
increased to 80.253 °C, which is the failure condition of
the semiconductor material in the solar panel.

5. The optimum values of the solar flux, atmosphere tem-
perature, and air flow velocity are 974.311 W/m?, 22 °C
and 6 m/s on which responses exergy efficiency 0.1695,
exergy supply 385.88 W, power production 65.38 Wp,
maximum efficiency of solar panel 0.1588 and minimum
cell temperature 51.22 °C.

6. The desirability of the optimized results is 0.8430 which
shows the good correlation between input and output
variables in which solar flux and air flow velocity are
main input variables which affect the performance of
the solar panel.

7. The optimized results obtained by RSM have been tested
experimentally and validated with an accuracy of 5%.

8. The Nominal Operating Cell Temperature (NOCT) of
the solar cell material is 48.70 °C and the minimum cell
temperature obtained by the optimization is 51.22 °C
at solar flux 974.311 W/m?, atmospheric temperature
22 °C and fan air velocity 6 m/s. If the solar panel mod-
ule temperature works near the NOCT then it will give
the good performance.

Solar plant and working principle

Solar plants based on solar panels are the best alternative to
fossil fuels since fossil fuels are depleting nature and har-
nessing our environment. These plants convert solar energy
directly into electricity at low maintenance and maintain
durability for long life. The solar panels are made of solar
cells which are made by semiconductor material. The semi-
conductor material has the conductivity between the metals
and the insulator and due to that semiconductors are the

very useful material (Tanwar et al., 2023). The conversion
of the Sunlight into electricity is based on the photovoltaic
conversion effect. When Sunlight falls on the solar cell, the
free electron in the valence band absorbs the photon and
moves the conduction band due to that the P-N junction
generates a hole pair which will be separated further, and
due to the flow of electrons (Yadav et al., 2021), the current
will flow. The main problem with solar plants is their low
efficiency at higher temperatures, the higher temperature of
the solar panel material promotes the recombination losses
and reduces the open circuit voltage of the solar panel. The
reduction in voltage reduced the power output and efficiency
of the solar panel (Shah & Mehta, 2021). This research
numerical simulation and optimization technique show the
optimum values of the air flow velocity at which the solar
panel performance is maximum.
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