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Abstract

One of the biggest causes of worldwide environmental pollution is conventional fossil fuel-based electricity genera-
tion. The need for cleaner and more sustainable energy sources to produce power is growing as a result of the quick
depletion of fossil fuel supplies and their negative effects on the environment. Solar PV cells employ solar energy,

an endless and unrestricted renewable energy source, to generate electricity directly. The optimum output, energy
conversion efficiency, productivity, and lifetime of the solar PV cell are all significantly impacted by environmental
factors as well as cell operation and maintenance, which have an impact on the cost-effectiveness of power gen-
eration. This article presents an analysis of recent research on the impact of operational and environmental factors
on the performance of solar PV cells. It has been discovered that temperature and humidity, combined with dust
allocation and soiling effect, have a significant impact on the performance of PV modules. In addition, particularly in
the lonely places, the wind itself carries a lot of dust and sand particles. The situation gets worse when dust builds
up in humid circumstances and produces tenacious, sticky mud on the PV cell, which lowers power output by up to
60-70%. This paper covers cutting-edge methods for reducing these elements’ effects, along with their proportional
benefits and difficulties. This paper also explains about the parameters which involved in the solar power production
and their influence on the efficiency analysis. The efficiency and energy conversion capacity of the semi conducting
materials for power production is also discussed. It is also discussed about the general benefits of the solar PV power
generation.

Keywords Solar PV cell efficiency, Renewable energy, Parameter estimation, Environment

Introduction

Due to the enormous energy needs of the planet, it
is necessary to rely on solar energy, which is abun-
dant and renewable. As the main energy source at the
moment, conventional fossil fuels such as oil, coal, and
natural gas are widely used. However, their availability
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is constrained, and their extraction, transportation, and
use pose a threat to the environment. Approximately
66% of the world’s emissions of carbon dioxide and other
greenhouse gases (GHGs) come from fossil fuels (Wang
et al,, 2017). Solar energy, in particular, is the most suited
form of renewable energy, because it is readily accessible,
environmentally friendly, and pollutant-free. According
to the International Energy Agency (IEA), solar PV (PV)
systems may supply 11% of all renewable energy globally,
which is comparable to a significant 2.3 Gigaton (Gton)
decrease in carbon dioxide (CO,) emissions year.

Solar radiation comes from the sun, which provides
1367 W/m? to the atmosphere (Liu, 2009). The amount of
solar energy that is now being absorbed globally is close
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to 1.8 x 10" MW (Shah et al., 2015), which is sufficient to
supply all of the world’s current energy needs is 580 mil-
lion terajoules (MT]) (Wengenmayr and Biihrke, 2009).
Figure 1 shows that solar energy generation capacity has
grown dramatically over the past 11 years, and extrapola-
tion shows that its potential future growth might reach
1700 Gigawatt (GW) by 2030 (Nobuo, 2010). Solar PV
systems still struggle with inefficient operation, despite
the possibility that they could replace fossil fuels as a sus-
tainable alternative.

Although the highest efficiency of 29% is theoretically
achievable in commercial PV, this figure actually only
achieves a maximum of 26% (Dewi et al., 2019). The loss
of PV panel efficiency is caused by a number of internal
and external causes, including environmental, construc-
tional, installation, operational, and maintenance factors.
The environmental elements continue to present a signif-
icant obstacle despite gradual improvements in PV con-
structional factors and their installation processes.

PV modules can efficiently receive the intensity and
spectrum of solar energy. However, the quantity of solar
irradiation that the module receives might be decreased
by dust, snow, or any other type of natural or man-made
shadowing. Humid air also absorbs dust and air pollut-
ants, which leads to soiling on the module and reduced
irradiance, which results in low PV power generation.
The direct light exposure causes PV panels to heat up.
The quantity of light that is absorbed by the module’s
components besides the solar cells causes the module
to heat up, which lowers the bandgap energy and low-
ers power production. A specific height is used to attach
solar panels to release the extra heat energy.

By including ventilation, fans, or cooling devices
to help the air move around the panels, the PV mod-
ule output power can be enhanced. Naturally, forced
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Fig. 1 Photovoltaic energy generation capacity over the years (Dewi

etal, 2019)
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convection heat transfer in PV module cooling can
benefit places with strong wind flow rates. Although
the wind helps to cool the PV panel, it also brings sand
and dust particles, which lowers the PV panel’s ability
to produce power. Therefore, in some instances, some
operational and maintenance tasks are necessary to
reduce the adverse environmental effect. Because of
this, a thorough analysis that takes into accounts all the
environmental, operational, and maintenance aspects
and how they affect PV performance is necessary.

Numerous studies addressing various elements that
affect the performance of solar PV panels have already
been published. Kazem et. al. (2020) conducted a thor-
ough study of the literature on dust deposition and
cleaning techniques, for instance. They claimed that
due to dust buildup, the desert regions experience
high power losses (up to 80%). In a different paper,
Chanchangi et. al. (2020) reviewed the literature on
the impact of dust on the performance of PV modules
under Nigerian climatic conditions and suggested that,
further conduct comprehensive research on the effects
of dust in all geopolitical regions in Nigeria to acquire
data that can be used for designing the PV module sys-
tem considering the most suitable technique in reduc-
ing or preventing the effects of soiling in each specific
area. Song et. al. (2021) provide a thorough study of the
effects of air pollution and soiling on the performance
of PV modules and its techno-economic performances.

These evaluation studies, however, primarily con-
centrate on the dust accumulation and their mitigation
strategies. The current study takes one step further by
evaluating the operational and maintenance aspects, as
well as various environmental conditions such as dust
and soiling that have an impact on the performance of
PV modules. Fouad et. al. (2017) evaluate research on
the effects of various environmental, PV system instal-
lations, financial, and other unrelated factors on the
performance of PV. The operational and maintenance
elements are not investigated, despite the fact that
installations, environmental factors, and other random
factors are all thoroughly addressed in their study.

The direct solar energy conversion into electric
energy using photovoltaic (PV) cells is known as solar
cells. The current—voltage (I-V) characteristic, which
is non-linear in nature and can be unpredictable, since
it varies with solar radiation and temperature, is cru-
cial for the usage of solar cells in power generation.
The material is outstanding for solar cell manufactur-
ing, since it produces electricity from solar radiation
that is received directly. Semiconductor materials have
the potential to convert thermal energy into electrical
energy.
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The single crystal silicon (Si) is the promising semicon-
ductor material in the earlier 1950, which was first built
by United States (US) and tested its efficiency and found
5-6% (Green, 2005). Due to the demand and necessity
of improving the efficiency of solar cell, in the earlier
2002, the first type Cadmium telluride (CdTe) material
based solar cell and found its efficiency of 16.3% (Wesoff,
2015). The cost of single crystalline material is reached to
$1.00/W (Morris, 2014), and in the year 2020, its cost is
reduced to <$0.3/W (Breyer & Gerlach, 2013).

The performance of solar PV model accuracy in power
generating system and its economical aspect are needful
(Chauhan & Saini, 2014; Muhsen et al., 2017). The analy-
sis of solar PV module parameters is necessary, because it
involves in the power generation and economics. Based
on the literature (Jordehi, 2016), there are variety of anal-
yses are used to identify the parameters involved in the
solar PV module and those are mostly analytical based at
standard test conditions (STCs). The analytical method
is simple, reliable and fast to analyze the parameters of
solar PV module (Lo Brano & Ciulla, 2013). However,
these techniques can give the significant percentage dif-
ference between simulated and actual performance of the
solar PV cell (Davis et al., 2003; King et al., 2004).

Even though many academics have written extensively
about specific issues, there hasn’t been much research
on how PV modules work. The environment, opera-
tions, and maintenance are some of these factors. The
performance of solar PV modules is influenced by a wide
range of environmental, operational, and maintenance
factors, all of which are thoroughly examined in the cur-
rent study. The research also offers cutting-edge strate-
gies for lessening the influence of the elements causing
the decline in solar PV productivity. Researchers and
decision-makers may find use for the review report to
increase electricity generation and make it economically
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viable. This review report took into account a number of
factors when analyzing a solar PV module. The review
also extended to the available semi-conducting materials
and their efficiency. The photovoltaic energy generation
capacity with respect to the years (Dewi et al,, 2019) is
mentioned in Fig. 1.

Solar PV cell technology

The first photovoltaic effect was noticed by Alexander-
Edmond Becquerel (Yadav & Kumar, 2015) in the year
1839. Meanwhile, the Solar PV Cell made with silicon
material identified by Russel Ohl (Castellano, 2010) in
the year 1946. The different silicon materials used in
the solar cells are single-crystal, amorphous-silicon and
multi-crystalline (Fahrenbruch & Bube, 1983; Grisham,
2008; McEvoy et al., 2012; National Energy Education
Development Project [NEED], 2015), cadmium telluride
(CdTe) (Fahrenbruch & Bube, 1983; McEvoy et al., 2012),
copper—indium—gallium-selenide (CIGS) (Bertolli, 2008;
Fahrenbruch & Bube, 1983; McEvoy et al., 2012) and cop-
per—indium—gallium—-sulfide (Bagher et al., 2015; Srini-
vas et al.,, 2015). In light of these materials used in the PV
cell manufacturing is indicated in Fig. 2.

First generation PV cell

The first generation solar PV cell is based on the silicon
wafers, which is the popular technology because of its
high efficiencies. Mostly, the silicon wafers are divided
into two types, (i) Monocrystalline silicon solar cell, it is
also called as Czochralski process, and (ii) Multicrystal-
line silicon solar cells, it contains various crystals, cou-
pled with each other.

Second generation PV cell
When compared to silicon wafer solar cells from the
first generation, second generation solar cells are more

Solar cells
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Poly crystallinesilicon solar cells
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Amorphous Si thin film solar cells
CdTe thin film solar cells
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Polymer based solar cells

Dye synthesized solar cells
Concentrated solar cells

Fig. 2 Various types of solar PV cell technologies and current trends of development (Shruti et al., 2015)
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cost-effective. Thin film solar PV cells feature extremely
thin light absorbing layers, often of the order of 1 um
thickness, compared to silicon-wafer cells, which have
light absorbing layers up to 350 pum thick. Amorphous
silicon thin film (a-Si) solar cells, copper—indium-gal-
lium—di-selenide (CIGS) solar cells, and cadmium-tel-
luride (Cd-Te) solar cells are the three types of thin film
solar cells.

Third generation PV cell

The third generation of photovoltaic cells includes poly-
mer-based, nanocrystalline, dye-sensitized, and concen-
trated solar cells. Generally used materials are cadmium
telluride and copper—indium—di-selenide for PV mod-
ule. These materials based solar cells give more efficiency
than the silicon based solar cells (Soteris, 2009). Various
generations of solar cells are shown in Fig. 3. Various
solar PV cells are: (a) copper—zinc—tin—sulphite (CZTS)
PV cell, (b) organic solar cell, (c) polymer PV cell, (d)
hybrid solar cell, (e) buried contact solar cell, (f) concen-
trated PV cell (CPV), (g) luminescent solar concentrator
(LSC) cell, (h) multifunction solar cell (M]), (i) nanocrys-
tal solar cell, quantum dot solar cell, (j) dye-sensitized
solar cell (DSSC), and (k) photo-electro-chemical cell
(PEC).
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Electrical characteristics of PV cell

The electrical characteristics of solar PV cell are
important, because the light absorbing capacity
depends on the technology, which are used in the
manufacturing of the cell. Using the Micromorph Tan-
dem solar cell, the initial and stable efficiencies were
12.3% and 10.8%, respectively (Meier et al., 2004).
The current—voltage (I-V) curve of Micromorph Tan-
dem solar cell is indicated in Fig. 4. The I-V curve of
n+pn+ cells and n+pp+ cells is shown in Fig. 5 and
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Fig. 4 -V a micromorph tandem test’s cell properties (Meier et al,,
2004)

Three generations of PV technologies

First generation solar PV cells

Single-crystal or monocrystalline
silicon

Polycrystalline or multicrystalline
silicon

Second generation solar PV cells

Amorphous silicon (a-Si)
cadmium telluride (CdTe),
copper indium gallium selenide (CIGS)

Third generation solar PV cells

Copper zinc tin sulphide (CZTS) PV cell
Organic solar cell

Perovskite Solar Cell

Polymer PV cell
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Multijunction Solar Cell (M.J)
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Photoelectrochemical Cell (PEC)

Ete.

Fig. 3 Three generations of solar PV(PV) cells (Shukla et al., 2016)
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Fig. 5 Electrical characteristics of a n+pn+ and b n+pp+ solar PV cells (Adriano & Izete, 2012) at standard conditions
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Fig. 6 Power generation using solar cell (Kingsley et al., 2018)

noticed that their efficiencies are 16.1% and 13.4%
(Adriano & Izete, 2012).

The NiO/TiO, P-N hetero-junction solar cell (King-
sley et al., 2018) is fabricated and validated and the
sketch is provided in Fig. 6. Using the modeling tool,
the NiO material voltage and performance was ana-
lyzed. Based on the initial conditions of temperature of
350 °C, illumination of 1000 W/m? and achieved output
voltage of Voc=0.1445 V, Jsc= 247.959195E7° mA/
cm?, and FF=37.87%. This analysis has been given the
design of thin film based NiO solar cells.

Models related to solar PV cell

The different models for the analysis of PV cells are
identified; mainly those will give electrical behaviors
of PV cell (physical) (Almonacid et al.,, 2009, 2010;
Balzani & Reatti, 2005; Fathabadi, 2013; Piliougine
et al., 2015). Using artificial neural networks also the
solar cell behavior is modeled (Chegaar et al., 2001;
Dash et al., 2015; Kajihara & Harakawa, 2005; Vergura,
2015).

light

metal grid — : : .
l n | + semiconductor
p | —— layers
metal base —

Fig. 7 Physical structure of PV cell (Villalva & Gazoli, 2009a)

Ideal PV cell model
Usually, two different types of semi-conducting materials,
the solar cell are designed and the junctions of P-N are
influenced by solar radiation (Chin et al., 2015), which is
shown in Fig. 7.

The Shockley (Chin et al., 2015) equation of the solar
PV cell with P-N junction diodes and its /-V curve,
Eq. (1) is used:

q9Vp
Ip =15 [exp (ot[(T) 1}. (1)

In Eq. (1), the terms simplified as; Boltzman constant
is K, saturation current is Is, current of the diode is Ip,
voltage of diode is Vp, charge in of the electron is g, and
Kelvin is the temperature units.

The ideal solar cell is indicated in Fig. 8. The P-N junc-
tion in the solar cell attracts light photons and produce
electron hole pair. This electron hole pair creates poten-
tial difference between the junctions and produces an
electric circuit that means photocurrent (Ipy) (Chin
et al., 2015). The current verses voltage curves are shown
in Fig. 9. In the figure, the current (I) is superposition
of Ipy and Ip, but these values can be given by the cell
manufacturer. Equation (2) shows the generated Ipy
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Fig. 8 Ideal model of solar cell

(photocurrent) and it is very sensitive in the environmen-
tal conditions:

G
Ipy(T,G) = Ipy,stc + Ki(T — Tstc) () (2)
Gstc

The terms in Eq. (2) are: STC is the standard test condi-
tion; that means at a temperature of 25 °C, the photocur-
rent at STC is Ipy, Tscrt is the temperature at STC, Gstc
is the solar radiation is 1000 W/m?, and K; is the photo-
current temperature coefficient.

The diode current is neglected because of photovol-
taic current and short circuit current are nearly equal
(approximately). The term Isc is short circuit current.
The ideal PV cell model, Eq. (3), is presented below:

1= Iy — Is[exp (L) 1] (3)

The open circuit voltage (Voc), the maximum voltage
(V) and current (1) are related to the solar radiation and
temperature (Rajasekar et al., 2013; Soon & Low, 2012)
are provided below:

G
Voc(T, G) = Vocstc + Kv(T — Tstc) + Viln ( >,
GstC
(4)
G
Vinp(T, G) = Vipstc + Kv(T — Tstc) + ViIn G ,
STC

(5)

oy A I, A

L
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G
Imp(T; G) = mp,STC + K(T — Tstc) (G) (6)
STC

The terms are, temperature coefficient of voltage (Kv)
and temperature coefficient of current (Kj), maximum
power voltage (Vinp ), maximum current power (Iyp) and
thermal voltage is (V;). The relation between all the terms
in Eq. (3) is presented in Fig. 10.

Resistance Rs model single-diode based

Actually, the single diode ideal model is not used to simu-
late the PV cell, but this is used to understand the con-
cepts of PV cell (Ciulla et al., 2014; Lim et al.,, 2015). The
single diode-based resistance model is commonly used
and reliable model for solar PV cell based on the resist-
ance of silicon, electrode surfaces and resistance.

The schematic diagram of single diode resistance
model is shown in Fig. 11. It contains, Ipy, ¢, ¢, Is and Rg
terms, and the /-V behavior is presented in Eq. (7). The
single diode resistance model is improved model when
compared with ideal PV cell model:

v

Fig. 9 /as superposition of /, and I (Chin et al,, 2015)
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Single diode Rp model

The single diode Rp model layout diagram is noticed in
Fig. 12 and it contains the parameters of Ipy, o, g, Is, Rs and
Rp and the I-V behavior is shown in Eq. (8). By considering
the leakage current of P—N junction, the shunt resistance
(Rp) is applied to the single diode PV (photovoltaic) model:

I = v — Il ex qV+Rsh)\ ]  V+Rsl
TV TS P T KT Rp

8)

The parameter characteristics of the solar PV cell are
mostly related to the ambient conditions. The photocur-
rent is related to the ambient conditions which can be ana-
lyzed by Egs. (2) and (4) is also related to the other PV cell
parameters:

R ) = ISSTC\ €x N\ — = ’
Tstc P K \ Tstc T

)
T G
Rs(T,G) = RssTC <TSTC> (1 —0.2171n (GSTC ) ),
(10)
G
Rp(G) = RpstC (G)’ (11)
STC
RS l
NMN—— +
Ip L
Ip\/ D Rp V

Fig. 12 Single diode R, model
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T
a(T) = astc () (12)
TstC
The terms are: energy bandgap of material (Eg), diode’s
ideal factor is asrc, series and shut resistance is Rsstc
and Rp sTc, and diode’s saturation current is /s sTc.

Two diode model

The two-diode model schematic representation is pro-
vided in Fig. 13 and this model gives the appropriate
results at low solar radiation. Considering the loss in
current the second diode (D2) is applied to the PV solar
cell model. It contains the terms of Ipy, Rs, Rp, a, Is (first
diode), a4, and Is (second diode) and the I-V behavior is
presented in Eq. (13) (Chowdhury et al., 2007; Gow &
Manning, 1996; Gupta et al., 2012):

q(V + Rsl)
I =Ipy —1I — | -1
PV — 151 [eXP ( alKT

e |ex q(V + RsI) 1 V4RI
82 |XP\ T oKT Rp

(13)

PV cell thermal and other models

The other models such as: (i) single-diode model with
capacitance (Suskis & Galkin, 2013), (ii) three-diode
model (Nishioka et al., 2007), (iii) modified two-diode
models (Kurobe & Matsunami, 2005; Mazhari, 2006), (iv)
drift—diffusion model (Lumb et al., 2013) and (v) multi
dimension-diode model (Soon et al., 2014) can be used to
analyze the solar PV cell.

Parameters estimation of PV cells

Various models are available to evaluate the performance
of solar PV cell and those are divided into three types, the
first type gives the information about the I-V pattern, the
secondary is the conversion PV cell model and identify-
ing the optimized condition and the third is hybrids of
Metaheuristics and analytical approaches.

L]
D1

Ipv o Rp Vv

Fig. 13 Two diode PV cell model
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Table 1 Comparison of the parameter outcomes that the CS
algorithm provided with those of other SDM algorithms

cs CPSO (Burden & GA (Huang PS (Joseph
Faires, 2010) etal., 2011) etal., 2001)

Ipy 0.7607 0.761 0.7612 0.7615
lo 3.25E-07 4.10E-07 8.19E—-07 9.88E—-07
n 14814 1.5103 1.581 1.621
Rs 0.0365 0.0356 0.0289 0.0314
Re 53.618 59.112 42.368 61.16
RMSE 0.0011 0.00141 0.0192 0.0145

Radiation level evaluation

The identified data of solar PV cell were located in R.T.C
France (Ogliari et al., 2013) and the values are provided
in Table 1. The values of various parameters are obtained
based on the CS algorithm (AlHajri et al., 2012) and com-
pared with various approaches of CPSO (Easwarakhan-
than et al., 1986), GA (Huang et al., 2011), and PS (Joseph
et al, 2001). The other algorithms of MATLAB (Yang
2023), PSO model (http://www.mathworks.com/produ
cts/optimization/index.html) and N-R (Newton—Raph-
son) method (Birge 2006) are implemented to evaluate
the solar cell parameters.

Ambient conditions evaluation

The CS algorithm is used on KC200GT PV module at
various environmental conditions. Table 2 shows the
SDM and ISDM parameters. The purpose of identifying
those parameters is to evaluate the /-V characteristics
for design purposes. The SDM parameters identification
is important to understand the measured experimental at
test condition. From the analysis of PSIM (Al Hajri et al.,
2012), the solar PV dimensions of the SDM are evaluated.
The experiment is conducted at 1000 W/m?, 800 W/m?,
600 W/m?, 400 W/m?, and 200 W/m? and three different
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Parameter estimation of PV cell methods

The analytical methods have been used in large num-
ber of researches works to extract model parameters of
solar cells. Research works are categorized based on the
used solar cell model and its analysis is explained in this
section.

Single diode Rs model

It is clearly mentioned that, the single diode R, model has
four parameters, i.e., Ipy, q, &, Is, and Rs. For extracting
the values of these four parameters, four equations are
required (Ma et al., 2013; Ulapane et al., 2011). Typi-
cally, PV manufacturers publicize the values of Voc, Isc,
Vimps Imp, KI, and KV in their data sheets. The important
equations provided in the following two ways i.e., using
Egs. (19)—(21), and Eq. (25), or using Egs. (19)—(21), and
Eq. (26), respectively:

q(Voc)
O =1Ipy — I -1,
pv — Is [exp< KT ) } (14)
q(Voc)
Ipy = I —1].
pv = Is {exp < KT ) } (15)
Based on Eq. (7), at short circuit point
qRsIsc
Isc = Ipy — I -1,
sc = Ipy S{GXP< KT > } (16)
qRsIsc
Ipy = I I —1].
pv = Isc + s{eXP< KT ) } (17)

From Egs. (15) and (17), we have

q(Voc) qRsIsc
I KASCLON ) axsse)
s [eXp< «KT ) ] sc [eXp ( oKT

temperature levels (25 °C, 50 °C, and 75 °C) and the I-V (18)
curves are drawn and the ISDM data are fitted (Power-

sim, 2001).

Table 2 Values of KC200GT PV module noticed from CS algorithm (Al Hajri et al,, 2012)

(a) SDM parameters (extracted by the CS algorithm)

lpv lo n Rp

81715 4.24E—10 1.0089 0.2655 140.58

(b) Based on the CS code the obtained ISDM parameters

Ipym lon n Rsn Rem Ki Egn
8.184 5.12E—10 1010 0257 117.92 0.002 1247



http://www.mathworks.com/products/optimization/index.html
http://www.mathworks.com/products/optimization/index.html

Shaik et al. Sustainable Energy Research (2023) 10:6

The saturation currents as a model can be computed by
Isc
|7 Rslsc )
o (557 o0 (50F)

By plunging Eq. (19) into Eq. (17), photocurrent can be
computed by

Is = (19)

Rg 1
Isc exp (qa;(;C> -1

1PV - ISC 1
Voc Rs I
exp (qKT) — €xXp <7q SKTSC>

(20)
q(vmp+RSImp
Iy = Ipy — I —_—— ] =1},

p = 1pv s{exp< oKT (21)
o _don o)
dv.= dv S dv 7
Al —Imp
AV " Vip (23)

After differentiating the current (/) with effect to volt-
age (V) in Eq. (7), we will get

)

v ' (24)
R (V+RsI)

v {aqT% X €Xp (q KT~ 1)}

From Egs. (23) and (24), we extract, Eq. (25):

I 4(Vinp+RsImp)
{O?ITST x eXP( KT )} _ —Imp (25)
B <op (1 1) ™ o

It is possible to obtain another equation from the slope
of the I-V curve at a short circuit location:

1 R
[ xep (19559)] -
& x e (152 —1)|  Rso

Table 3 Paths to extract the equations in single diode Rs models
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Required four associated terms in single diode, Rs
model is provided in Table 3.

Single diode Rp model

The single diode Rp model has five parameters; Iy, 4,
I, and R, (Bellini et al., 2009). The extraction of model
parameters is done using five of the following equations.
In some instances, the Ideality Factor (IF) of the diode in
the range [1, 2.5] is selected at random:

q(Voc) VOC
0= Ipy — I -1 - ——.
pv — Is [exp ( KT Ro (27)
Therefore, we can write
q(Voc) Voc
Ipy = I -1 —.
PV =S {eXP< oKT ) } * e (28)
From Eq. (8), the short circuit point we get is
q(Rslsc) Rslsc
Isc = Ipy — I A S S | e
SC PV S {GXP ( oKT Rp
(29)
Therefore, we can have
q(Rslsc) Rslsc
Ipy = I I — ) -1
PV sc +1s {EXP < oKT Rp
(30)
By equating (28) and (30), we can have
q(Voc) Voc
I -1 — =1
S{“"( KT ) ] TRy T a1
4L |ex qRslsc)\ + Rslsc
S|P\ "okt Ro
Therefore, we have
R Vi
[15c + e — Yec]
Is = (32)

Ve RgI. ’
{eXp (%) —exp (%)}

Then, inserting Eq. (32) in Eq. (28), we have

References

Equations (SC: short circuit, OC: open circuit)

Yang (2023), Birge (2006)
picked at random

Huang et. al. (2011)
to zero

In (Wang et al,, 2017), the ideality factor of the diode, the slope of the -V curve at the OC point, and the SC point are all

Maximum power point, SC point, OC point, and maximum power point’s power derivative with respect to voltage are all set

Burden and Faires (2010) The derivative of power with respect to voltage at maximum power point is 0 at the SC point, OC point, and maximum

power point
Huang et. al. (2011)

Maximum power point, SC point, OC point, and the derivative of power with respect to voltage there are all set to zero
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(ISC + R%ﬁ _ %) {exp (Q(Voc)> 1}

Ipy = - Yoc
Voc Rl :
exp(q(< )) —eXP(q(oqup)) Rp
(33)
Based on Eq. (8), I,,,, is given as
Vimp + Rsl, Vimp + Rslm
Ionp = oy — I {exp (W) ~1| - Yon t Relmp
(34)
After differentiating / with V'in Eq. (8), we get
gl q(V+RsI) 1
s [ﬁxe"?< KT )‘HTP}
= (35)

dV ~ [Bsk (V+Rs])
{al%; N (q KT ) + Rs + 1}
Using Eq. (23), at the maximum power point, we get

qls q(V+RsI) 1
{aKT X exp (W) + RT)} —Imp

|:7SV<TS X eXp (q(al(ls )) RPS :|

Vinp

By using R,
curve, we can derive another equation:

ql. q(V+Rs) 1
{ akT % eXP( oKT ) + RT:} -1 37)
R V+Rgl R B ’
[aIS(YS" X exp (q( oj;TS )) + % + 1i| RSO

Similar to this, another equation can be derived using
the slope of the I-V curve at the open circuit point
(RPLO):

qls q(V+RsI) 1
{erxP( aKT )"'Rﬁ} -1

Rs] (V+Rs]) R ~ Rpo
<o (LGP0 + 1] R

(38)

In some cases, R, and Rpg have been assumed equal
(Chouder et al., 2012; Orioli & Gangi, 2013).

Table 4 References are used for single diode R, models in
preparation of useful equations

Ref. Equations

Arab et. al. (2004) Voo Ise, dP/AV=0, R, Ry,

Bai et. al. (2014) Voo lser Vinps npr Roor Rso

Mares et. al. (2015) Voer lser Vinps /mp Reor oo

Arab et. al. (2004) Voo lser Vinps s Rsor oo

De Blas et. al. (2002) Voo s Vinps s Rsor Roo

Brano et. al. (2010) Voo lser Vinpr s Rsor Roo

Orioli and Gangi (2013) Voo lser \/mp, /mp, Rpo, dP/dV=0
Sera et. al. (2007) Voo st Vings s Rsor Roo
Chouder et. al. (2012) Voo lser Vinps T Reo

Adamo et. al. (2009) Vo lo Voo 1o, dP/dV=0, alis setas 1

(Short circuit point) in the slope of I-V
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The five necessary equations are extracted from Table 4
using data, and the reference equations in single diode R,
models are described (Arab et al., 2004; Bai et al., 2014)
requires the slope of the I-V curve at the short circuit
(SC) and open circuit (OC) points in terms of the avail-
ability of the necessary data.

Two-diode model

I,\» Rg, Rp, a and I of the first diode, and a and ; of the
second diode are the first two of the two diode models
seven parameters. These seven parameters must be iden-
tified using seven equations. Three equations are gen-
erated by applying the /-V characteristic of Eq. (13), at
short circuit point, open circuit point, and maximum
power point, from the slope of the I-V curve at short
circuit point and open circuit point. The sixth equation
can be obtained by setting the derivative of power with
respect to voltage at maximum power point to zero. Ulti-
mately, the seventh equation can be obtained by setting
the sum of the ideality factors of two diodes to 3 (Belha-
ouas et al.,, 2013; Elbaset et al., 2014; Villalva & Gazoli,
2009b).

Efficiency of solar PV cells

A DC is produced when a solar cell is exposed to light; it
is a p—n junction semiconductor. Numerous benefits are
provided by photovoltaics, including great dependability,
cheap maintenance costs, little environmental contami-
nation, and no noise (Ishaque et al.,, 2011). Due to the
massive use of fossil fuels, there is a huge interest in using
renewable energy sources, including solar energy. In the
past 10 years, photovoltaic power has grown rapidly,
making it an established technology (Patel et al., 2008).

Factors effect on the efficiency of the PV cell
Environmental factors

The PV modules must be exposed to the environment
in full sunshine. Therefore, environmental parameters
including irradiance, temperature, dust distribution, soil-
ing, wind, shade, humidity, etc. have a significant impact
on the performance and efficiency of the PV module. The
effects of these elements are discussed in the following
sections.

Solar irradiance

The quantity of energy that enters a specific horizontal
region at a given wavelength and time is known as irra-
diance (Santbergen et al, 2017). Solar power or solar
irradiance has a significant impact on the output of the
PV panel due to the great unpredictability of the solar
resource (Mondol et al.,, 2007). At the sub-second level,
the amount of variability is affected by time resolution,
and it rises with increasing time resolution (Bright et al.,
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Fig. 14 Variation of spectral irradiation values (Wang et al., 2020)

0 =
250 500

2500

Incoming solar
Radiation

High clouds

Reflected solar
Radiation

Incoming solar

Reflected solar
Radiation

Radiation Low clouds

Reflected by
the surface

Earth’s surface

Fig. 15 Incoming solar radiation (Santbergen et al., 2017)

2017). Irradiance is impacted differently by the follow-
ing factors: weather, seasonal variations, place, time of
day, and solar position in the sky (Prema & Uma, 2015).
According to changes in its height, the sun’s position
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changes throughout the day (Fouad et al., 2017). Fig-
ure 14 shows that the main cause of the fluctuating irra-
diance values is cloudy situations (Wang et al., 2020).

The PV modules get both direct-sunlight from the sun
and dispersed light from the sky, ground, and nearby
objects (Santbergen et al, 2017) (Fig. 15). Direct sun
exposure does, however, play a significant role (Fouad
et al.,, 2017). It is more challenging to calculate the inci-
dent irradiance when nearby objects cast shadows or
reflect sunlight onto the PV modules. The solar panel
would need to be oriented and towards the sun to receive
the most solar irradiance. The optimal tilt angle is deter-
mined by the location’s latitude angle. The tilt angle devi-
ates from the latitude angle in the summer and by around
15° in the winter (Viitanen, 2015).

Several solar tracking techniques are used to align PV
panels with the direct component of solar irradiance. A
one-degree azimuth deviation from the south causes an
irradiation loss of 0.08% (Chanchangi et al., 2020). The
output of the PV module increases as the irradiation does
(Zogou, 2011). The PV module can utilize the G-P (sun
radiation—output maximum power) curve to calculate
irradiance, because it is essentially linear (Salim et al.,
2013). The literature states that it is impossible to calcu-
late the impact of solar irradiance on the performance of
the PV panel by a precise percentage, because there is a
linear relationship between the module current and the
irradiance value (Fouad et al., 2017).

Temperature on photovoltaic cell performance

The quantity of power generated by photovoltaic cells
will be impacted by the variation in solar cell efficiency
that occurs with temperature changes (PV modules). The
temperature has a big impact on the voltage. Tempera-
ture and voltage are inversely related. The output of a PV

A The efficiency of Solar PV Panels decrease as

Current (A)

their temperature increases, decreasing their
overall power.

75°C

50°C
25%C
O°\C

Fig. 16 Effect of panel temperature (Fesharaki et al., 2011)

>

Voltage (V)
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power system is influenced by a variety of environmental
factors. Module temperature is a factor that significantly
affects how a PV system behaves, because it modifies sys-
tem efficiency and energy output as well as atmospheric
parameters (such as ambient temperature, irradiance
level, dirt, and dust), as well as specific installation condi-
tions such as rooftop, on floor, or on water bodies (Fesha-
raki et al., 2011) (Fig. 16).

The efficiency of a single crystal silicon solar cell is sig-
nificantly influenced by its operating temperature. At an
operating temperature of 56 °C and a 1000 W/m? radia-
tion level, the solar cell’s efficiency decreases by 3.13%
(Rahman et al.,, 2015). Nizeti¢ et. al. (2016) research
shows that panel efficiency is reduced by 69% at 64 °C
and, additionally, efficiency decreases to 5% when the
module temperature increases from 43 to 47 °C, illustrat-
ing the effect of wind speed on the rate of temperature
rise.

In the absence of cooling, every 1 °C increase in solar
cell temperature causes a 0.03-0.05% drop in electri-
cal efficiency (Odeh & Behnia, 2009). The thermal dis-
sipation and absorption properties of the encapsulating
or covering materials have an impact on the PV perfor-
mance (Said et al., 2018).

Dust accumulation

The effectiveness of the PV modules is decreased when
debris, water vapor, air molecules, and other pollutants
in the atmosphere prevent sunlight from penetrating
the PV panel. Sunlight can be refracted by airborne dust
particles bigger than the wavelength of the sun’s incom-
ing beam, lowering solar irradiance (Mani & Pillai, 2010)
(Fig. 17). On the surface of the PV module, a thick layer
of dust may also accumulate. A dust layer’s optical char-
acteristics can be changed to improve light reflection,
absorption, and reduce surface transmissibility, which in

Fig. 17 Dust accumulation on the PV cell (Mani & Pillai, 2010)
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turn boosts the output of PV modules (Said et al., 2018).
Dust accumulation is influenced by environmental fac-
tors such as wind speed, humidity, rainfall, dust source,
particle type, PV module technology, and PV module
surface coverage.

It gets worse in desert areas, where there is a lot of
dust and little rain. The typical rate of efficiency decline,
according to research done in Saudi Arabia, is 6-7%
every month (Said, 1990; Said & Walwil, 2014) and might
increase to 13% in 6 weeks without cleaning (Said et al.,
2015). The output power generation could even decrease
to 50% of its maximal level in the absence of cleaning
(Adinoyi and Said 2013). Elminir et. al. (2006) estimate
that Egypt’s output power is decreasing by about 17.4%
each month. The problem is made worse by air pollut-
ants, toxic gases, suspended particles, and dust that lower
PV energy output by more than 60% (Asl-Soleimani et al.,
2001). Dust gathers on module covers as a result of grav-
ity (Mastekbayeva & Kumar, 2000).

When exposed to humid air conditions, these particles
transform into adhesive and sticky mud at the surfaces
(Yilbas et al.,, 2016a). Dust collection for 45 days reduces
the overall glass cover transmittance by 20%, according to
Said et. al. (2015). The impact of rain on dust deposition
is clear. When Egypt receives 18 to 50 mm of precipita-
tion per year, PV power generation drops to 60—70%.
Studies (Mohandes et al, 2009) and (Touati et al.,
2013) conducted in the UAE and Qatar, which receive
80-90 mm and 70-75 mm of precipitation per year,
respectively, have revealed a lower (10%) reduction in PV
power generation than Egypt.

Soiling

Furthermore, a dust accumulation could render the PV
module unclean. In humid environments, dust parti-
cles drop on PV surfaces and gather up water from the
surrounding atmosphere to generate mud (Yilbas et al.,
2017). The air humidity has a substantial impact on the
force of adhesion between dust particles and PV sur-
faces (Jing et al, 2009) which results the dust accumu-
lation grows as absolute humidity rises. In addition, the
vapor condensation in the solar PV module forms capil-
lary bridges between the particles and the surface. Large
meniscus forces are generated, improving particle and
surface adhesion and promoting dust formation (Bark-
house et al., 2012; Ghazi et al., 2013).

Soiling shades the PV panel on both its soft and hard
sides, reducing its power production. Smog in the atmos-
phere causes soft shading, but soil mass or muck on the
panel causes hard shading. Solar irradiance still reaches
the cells that are not hard shaded, therefore, even though
severe shadowing on some PV module cells lowers mod-
ule voltage, the current is unaffected. PV power loss from
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soiling varies geographically similar to dust deposition,
because different forms of dust have varied effects on
light transmission.

In some cases, the amount of soiling and PV power loss
has a linear connection (Maghami et al, 2016; Verma
et al., 2011). Since the surface is already quite dusty, new
dust particles that may accumulate on older ones due
to an increase in soil mass do not further obstruct light.
Studies show that after 40 days of exposure, coated glass
transmittance falls by 30% and uncoated glass by 37% in
Saudi Arabia. 55 According to measurements made in
Belgium with a 35° tilt angle and typical rainfall inter-
vals, transmission loss varies based on the type of glass
used, such as multilayer (ML) (0.85%), self-cleaning (SC)
(1.30%), anti-reflection (AR) (1.75%), and standard glass
(2.63%).

It reveals that panels with a flatter orientation or a
smaller tilt angle are more vulnerable to the effects of
soiling (Shaju & Chacko 2018). The amount of dust that
accumulates at the panel’s surface is decreased and trans-
mittance is increased by increasing the hydrophobicity.
The surface energy and roughness are changed to achieve
this (Yilbas et al., 2016b). Rainfall can naturally fix the
soiling problem, while fluids or water can also mechani-
cally fix it.

Wind velocity

The amount of electricity a photovoltaic module pro-
duces depends on the wind’s characteristics, including
wind speed and direction. A number of variables, includ-
ing module temperature, surface structure, and dust
deposition, are used to characterize how wind affects
PV performance. Utilizing convective heat transfer by
natural wind movement as much as feasible is the most
economical cooling approach (Vasel & Iakovidis, 2017)
(Fig. 18). PV cell temperature increases are far more
influenced by wind speed than wind direction (Griffith
et al,, 1981). Convection cooling of PV panels is clearly
impacted by surface form and structure. Glass cover

Small wind loads
Low power generation efficiency
Fig. 18 Wind velocity on the solar PV cell (Vasel & lakovidis, 2017)
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surfaces with structure and grooves may function in
colder climates with higher wind speeds.

However, for the flat surface at low wind speed, the
cooling impact is significantly greater (Duell et al., 2010).
According to studies conducted in the USA, a glass cover
with grooves can lower the operating temperature by
3.5 °C for winds of 10 m/s. In addition, the temperature in
Slovenia can be reduced to half of its operating tempera-
ture with a wind speed of 12 m/s and by up to 10 °C in
the KSA. 88 In addition, the wind clears the PV module’s
surface of dust particles and lowers dust deposition (Assi
& Chaar, 2008). For instance, a study conducted in Egypt
demonstrates that, at a specific tilt angle, blowing wind
causes a reduction in dust deposition from the module.
The desert region, where wind itself transports a sub-
stantial amount of dust and sand particles, is adversely
affected (Mekhilef et al., 2012). Due to the movement of
the air wind in Libya, dust builds up over the PV surface
quickly and at a high rate (O’'Hara et al., 2006).

Shading

The blockage in the direction of light that hits the PV
panel is known as shading. The PV power output was
reduced by the shadowing effect. There are many differ-
ent types of shading, including self-shading, hard shad-
ing, and soft shading. Hard shading develops as a result
of the buildup of debris, such as leaves, bird droppings,
snow, and dust. In addition, a distinct and definite shape
of sunlight is also blocked by poles, trees, and buildings.
PV module output is greatly reduced by partial or total
shade, which depends on module position, array con-
figuration, and shading scenario. A PV module’s output
is substantially impacted by partial shading, since the
shaded cells are unable to produce any current.

As a result, the current generated in cells that are not
shaded flows into cells that are shaded, causing the latter
to operate in a zone of negative voltage and lose energy
rather than produce it. In addition, the maximum power
point tracker (MPPT) in shaded areas may change from

| AN

Fig. 19 Shading on the solar PV cell (Lavado Villa et al., 2013)
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the global maximum power point (MPP), resulting in
less energy being produced. To lessen the losses brought
on by full or partial shading numerous researchers
have studied the losses and created technical solutions
(Ahmad et al., 2017; Lavado Villa et al., 2013) (Fig. 19).

Humidity

The accumulation of minute water droplets and water
vapor on solar panels from the atmosphere is influenced
by the relative humidity, which is one of the factors. Sun-
light that has been refracted, reflected, or diffracted away
from solar cells by water droplets is less likely to directly
hit those cells and generate electricity. 90 Because smaller
water vapor particles have larger scattering angles, the
radiation intensity also varies nonlinearly with humid-
ity (Gwandu & Creasey, 1995). Due to moisture intru-
sion into the solar cell, prolonged exposure to a humid
environment corrodes PV modules. In addition, the pres-
ervation of moisture in the module housing raises the
material’s electrical conductivity and leakage currents
(Ndiaye et al., 2013) (Fig. 20).

In addition, increasing corrosion rates caused by water
condensation at the interface between the components
of the encapsulant and the solar cell materials raise the
possibility of encapsulant delamination (Ndiaye et al.,
2013). A suitable hermetic seal or an encapsulant loaded
with desiccant with a very low diffusivity can be used to
prevent performance degradation in the module (Kempe,
2006). Furthermore, the high relative humidity (RH)
causes sticky and adhesive dust layers to accumulate on

Fig. 20 Humidity on solar PV cell
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PV surfaces (Sala et al., 2009), which could lead to soil-
ing and a reduced power output. As the relative humid-
ity drops from 60 to 48%, the efficiency of solar cells rises
from 9.7 to 12.04%. A 20% increase in relative humidity
results in a 3.16 W reduction in power production.

According to another study, PV power output falls by
40% during the rainy season at a relative humidity of
76.3% and by 45% during the overcast season at a rela-
tive humidity of 60.5% (Gupta et al., 2019). Although the
loss of irradiance caused by moisture is a natural one,
dust adhesion loss on the surface of the module can be
regained with the use of the right cleaning techniques
(Ndiaye et al., 2013).

Operation and maintenance factors

Over time, the photovoltaic module deteriorates. How-
ever, some operational and maintenance aspects might
lessen PV module deterioration and increase their eco-
nomic viability. Some of these factors are covered in the
section that follows.

Panel degradation

Panel degradation is the phrase used to describe the slow
deterioration of a PV system’s properties, which might
affect how much power it can produce. A panel is consid-
ered deteriorated, according to manufacturer recommen-
dations, when its power falls below 80% of its starting
power (Munoz et al.,, 2011). PV panels deteriorate over
time due to a variety of conditions, including tempera-
ture, humidity, radiation, and mechanical shock (Waqar
Akram et al., 2020). Hotspot formation is also a prob-
lem, since cells may be damaged by high temperatures
(Gosumbonggot & Fujita, 2019) (Fig. 21). Hotspot heat-
ing is caused by series-connected cells that are partially
shadowed, damaged, or mismatched. Studies revealed
certain hotspot mitigation techniques. Using hotspot
detection, Jerada et. al. (2016) provided an accurate and

Ll e

Fig. 21 Solar PV panel degradation (Gosumbonggot & Fujita, 2019)
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Fig. 22 Natural cleaning on solar PV cell

quick reaction. The undesirable power generating losses
can be eliminated with proper management of all these
problems.

Cleaning methods

Reduced glass transmittance and overall PV power gen-
eration are the results of dust accumulation and soiling.
According to studies, its effectiveness can be increased
with the right cleaning system and regular cleaning.
When the PV module is exposed to desert conditions, the
study also advised a cleaning frequency of about 20 days
(Kazem & Chaichan, 2019). Particulate matter (PM) from
the combustion of fossil fuels is one of the main con-
taminants that is deposited on the PV (Zorrilla-Casanova
et al., 2011). Researchers looked into the damage effect,
cleaning substance, and cleaning technique. However, the
model pattern, PV capacity, and power generation should
all be taken into consideration while designing the best
and most suitable cleaning procedure.

Natural cleaning Figure 22 depicts the natural cleaning
of a solar PV panel. In the natural PV cleaning method,
rain and wind are primarily responsible for cleaning PV
panels. Panels are typically tilted at an angle to allow rain-
water falling on the panel’s surface to wash away dust par-
ticles, facilitating the natural cleaning process. However,
this process frequently leaves behind dust that has been
moistly adhered to the panels, and it takes a lot of rain to
wash it away. The effectiveness of such a method to wash
off the deposited soil is questioned when there is excessive
soiling and minimal rainfall.

According to reports, when the rain stops during dry
seasons due to dust accumulation, daily PV performance
reductions of more than 20% may occur (Paudyal &
Shakya, 2016). Paudyal and Shakya (2016) investigated
the impact of dust buildup on PV modules and Kath-
mandu’s seasonal rains. Jiang et al. (2018) simulated the
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suspension of dust particles with sizes ranging from 0.1
to 100 mm and found that dust particles bigger than
1 m in diameter are easily dispersed by wind to assess
the effects of using natural cleaning of PV module by air
movement at a speed of 0.23-57.56 m/s.

Water cleaning This method requires a lot of water run-
ning continuously at a high pressure to wash away any
soiling PM that has clung to the PV panel surface. Pres-
surized water can be used to cool down PV panels in
semi-arid and desert regions, and it is occasionally mixed
with a specific cleaning solution to wipe away dust par-
ticles. Figure 23 mentions water cleaning on solar PV
cell (Moharram et al. 2013; Saha 2014). According to the
findings of the experimental inquiry using water spraying,
the surface temperature of the headboard was lowered
by 45.5%, while the surface temperature of the back was
reduced by 39%.

Over the course of the testing, the cleaned and cooled
panel’s efficiency was 11.7% as opposed to the non-
cleaned and non-cooled panels 9% (Elnozahy et al,
2015). The results of a study conducted in Egypt showed
that using the natural water flow, the PV efficiency
decreased by 50% after 45 days (Giirtiirk et al., 2018).

Manual cleaning To avoid scratching the surface of the
PV module, dust is removed manually using specialized
brushes with bristles. In terms of returning the solar panel
surface to its initial condition, it is far more effective than
rain cleaning. To increase PV efficiency, Al Shehri et al.
(2017) carried out an empirical study to determine the
most efficient cleaning methods using silicone rubber,
nylon, and cotton brushes. Pure water does not leave a
residue on the PV surface, as demonstrated by Al Shehri
et al. (2017). Therefore, pure water is superior to other
chemically active substances such as detergent, network
water, and liquid soap as a cleaning agent. Based on the
results of the experiment, the authors suggested various
cleaning instruments, including a glass razor, squeegee,
chamois, velour, and sponge. Energy, exergy, and power

Fig. 23 Water cleaning on solar PV cell
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Fig. 24 Mechanical cleaning on solar PV cell

conversion efficiency are all reduced by the squeegee by
a maximum of 17.87%, 19.37%, and 19.62%, respectively.

Mechanical cleaning Cleaning with an automated and
mechanical water system (Fig. 24) is more effective than
cleaning with rain and air from the atmosphere. A robotic
water spray cleans and cools the PV panel, increasing the
PV module efficiency by 15%, claims a study (Mazumder
et al, 2011). Mani and Pillai (2010) suggested cleaning
the panel once per week during dry seasons and every
day during periods of excessive dust accumulation. Their
study uses automation for the cooling technique, with a
microcontroller and sensors to manage the system. In this
instance, it is a labor-saving technique for cleaning panel
surfaces, even though it uses extra electricity to function.

Forced air-flow cleaning Assi et. al’s (2012) method
of cleaning dust from solar panels in the UAE climate
involved forcing air from air-conditioning fans to flow
directly on the panels. A model was developed by Alqatari
et. al. (2015) to examine the effects of three dust removal
techniques—EDS, highly hydrophobic nanocoating, and
air-blowing mechanisms—on the performance of PV
modules in six different Saudi Arabian locations.

Self-cleaning material The surface of a PV module can
self-clean thanks to hydrophobic or hydrophilic proper-
ties that disperse or repel water. A clean surface is pro-
duced when a waterfall falls over a hydrophobic surface,
because the water simply flows away and sweeps away
any dirt that sticks to the top (Isbilir et al., 2018). The
purpose of this method is to coat the PV surface with a
hydrophobic coating and a thin barrier layer to stop water
from clinging to it. It is also referred to as “active cleaning’,
since water moves over the surface and picks up the dirt as
it does so. TiO, nanofilm is chemically combined with the
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PV surface to create a super hydrophilic surface. TiO, is
often utilized in coatings on cover glass surfaces to create
surfaces that can be cleaned by themselves.

Battery maintenance

In a solar PV system, batteries are used to store extra
electrical energy produced by the PV cell and provide it
when sunlight is not available. In addition, battery aids
in supplying consistent electrical power in opposition
to variable PV system output features. Lead-acid bat-
teries are frequently utilized in stand-alone power sys-
tems, because they provide the best price/capacity ratio
(Chumchal & Kurzweil, 2017). The optimal charging and
discharging cycle of a battery depends on the water level
in each cell. Consequently, watering the batteries fre-
quently may be necessary to maintain a safe water level.
However, both excessive and inadequate watering might
shorten the battery life.

Batteries are also periodically discharged and
recharged, and when charging, a portion of the water is
used by the battery. The liquid levels in the cells must
thus be monitored, and if necessary, water should be
given to depleted cells in accordance with the manufac-
turer’s instructions. According to Quansah et. al. (2017),
when batteries are charged in conjunction with PV mod-
ules, the rate of PV deterioration is 1.3% per year and
0.8% per year. In a different study, Rajput et. al. (2016)
discovered that when an outdated battery-charging tech-
nique is deployed alongside PV, it degrades at a rate of
1.9%/year. A battery bank should ideally have enough
capacity to provide 5 days of autonomy under overcast
conditions. Battery life will be shortened if the battery
bank’s capacity is less than 3 days, since it will frequently
cycle profoundly. When used in a PV system, batteries
need to be placed in a room with moderate temperatures
and enough ventilation.

Performance analysis of PV module

In the above section, we discussed about the influence of
various parameters to evaluate the performance of solar
PV cell. To fully understand the performance of solar PV
cell an experimental analysis was conducted. A 500 KWp
solar power generating unit was installed in Center for
Diagnostics and Finger Printing campus, Hyderabad,
India. The solar panels were purchased from sunlight
solar systems and each panel size is 2.25 m? area, made
with polycrystalline silicon material. Based on the stand-
ard test conditions (STC), the efficiency of the solar mod-
ule is 17.52% and the capacity of 315-340 W range. To
generate 500 KWp, the solar panels used are 1516 units.
The silicon is the promising material for solar cell mate-
rial and it is occupied 48% solar cell market (Liu et al,,
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2010). In general, the monocrystalline solar cell manu-
facturing is cheap, but its efficiency is very less ~12-14%
(Saga, 2010). Hence, in the present study, polycrystalline
silicon material-based solar cells are used.

The sketch of solar PV power generation system is
shown in Fig. 25 and the block diagram of various acces-
sories and its assembly for 500 kWp solar PV generat-
ing system is shown in Fig. 26. The entire plant solar PV
generating system connected with 6 Inverters, out of

which 100 kVA each connected to 100 kWp each mod-
ule, and 2 numbers of 50 kVA Inverter is connected to
50 kWp modules. The total number of strings is 61 units
for 400 kWp, and the number of modules in each string
is 20 units. The number of stings for each 50 kWp is 8
units and 19 units in each sting, which is connected to
50 kVA Inverters. 500 kWp solar PV generations is con-
nected to the main LT panel, which is connected to loads
and excess power generation if any is export to the Grid
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W

.

Fig. 27 Photograph of solar PV plant installations

through a net metering system. The output of the AC
load is connected to the Main electrical LT DB. The gen-
erated power is utilizing the existing load requirements
and, if any excess load produces, will be supplied to the
power grid through a net metering system. The consumer
will pay the bills on the net units based on the import and
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export units of the system. Solar PV generation plants in
MWp scale can be connected to the electric grid, which
is known grid-connected solar plants. Smaller capac-
ity PV plants work separately and those are named as
autonomous PV systems (Jayakumar, 2009; Reca et al,,
2016). The assembled 1516 solar modules image is indi-
cated in Fig. 27. Each module was located at a height of 7
ft through steel structure. The power conditioning device
may include the MPPT (Maximum power point track-
ing), inverter, grid interface, as well as the controller pro-
tection interfacing.

The power generated by solar PV cell was monitored for
a period of 5 months and the value is 301,361 kWh, with
an average power generation per month is 60,272 kWh.
Based on the power generated by the solar PV cell, the
cost analysis was made. The capital cost of the erection
of the 500 kWp solar power generating unit is 19,500,000
INR and the income generated by the plant per month
is 427,484 INR. The generated kWh power (60,272 INR)
multiplied by the government unit kWh cost will give the
income generated by the plant. From this analysis, the
cost will recover for the period of 3.8 year, which is the
payback period.

Daily Solar Power Generation for the Month of January-2020
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The total generated power for the month of January
2020 is 62009 kWh and the data are indicated in Fig. 28.
Based on the Indian metrological department data, the
solar irradiation for the January month is 149.8 kWh/m?:
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the PV panel’s performance indicator. The various ele-
ments affecting a PV module’s output of electricity have
been successfully identified in this article. The latest
research has also revealed cutting-edge ways to lessen the

Energy generated(kWh) x 100

Performance ration(PR) =

PR for 330 Wp
62009 kWh x 100

= = 82.77%. (40)
149.8 (kWh/mZ) X 2941.57 m? x 0.17

The performance ratio is 82.77% which means the
power generated by the used solar PV modules is in
excellent conditions. However, this performance fac-
tor of the solar PV module will decrease over the period
of time which is called as degradation. The degradation
rate depends on the environmental conditions and the
technology of the module used in the PV generation. In
the process of manufacturing of solar PV cells, there are
several hazardous chemicals, such as HCL (Hydrochlo-
ricacid), H,SO, (Sulfuric acid), HNO, (Nitric acid), HF
(Hydrogen fluoride) and C;H,O (acetone), are used to
clean and purify the semiconductor surface depend on
the size of silicon dust and cleaning needed.

Future work

+ Making the best use of water will increase the effi-
ciency of cooling technology, enhancing PV mod-
ule performance and cost-effectiveness. To create
the ideal hybrid cooling technology that can lower
pumping power and water usage, more research is
required. It is possible to design automatic cooling
and cleaning solutions with suitable sensor systems.

+ Additional research can be done to create artificially
intelligent models that can forecast dust buildup on
PV surfaces. The researcher will benefit from this
expected model to create suitable cooling and clean-
ing technologies.

+ More research is needed to identify the proper nano-
materials that will shield PV modules from dust and
contamination in humid and arid environments.

Conclusions

In recent years, there has been a noticeable increase in
both the stand-alone deployment of solar PV and its
integration into the current grid network. However, the
weather and climatic factors have the biggest impact on

Irradiation (kWh/ mz) x Total area of solar modules (mz) x module efficiency’

(39)

impact of the many elements that contribute to the per-
formance decline of solar PV systems. The following are
draw from the study:

+ The amount of solar energy that is accessible and falls
directly on the module has a major impact on the
output of PV systems; for every degree that the direct
solar irradiance component deviates, there is a 0.08%
loss in output. By continually orienting the PV panel
towards the sun, this can be reduced. The fixed tilt
angle can be calculated by ¢ £15°.

+ As module temperature rises, PV module perfor-
mance suffers. Efficiency drops by 0.03-0.05% for
every 1 °C increase in temperature without cooling,
and it can drop by as much as 69% while operating
at 64 °C. The PV panel’s cooling indicates an increase
in energy gain of 18%, 15%, and 2.5%, respectively,
through thermoelectric cooling, active water cooling,
and natural ventilation.

+ In 45 days without cleaning, glass transmittance falls
by 20%. Tilt angle, rainfall, wind, and other envi-
ronmental factors can all cause a decrease in dust
density. The PV panel becomes soiled when dust
accumulates in humid conditions and generates tena-
cious, sticky mud. After 40 days of exposure in the
Kingdom of Saudi Arabia, the soiling impact can
lower transmittance by 30% for coated glass and 37%
for uncoated glass. Pure water has the highest clean-
ing and cooling properties and can boost productiv-
ity by 15% when used with a robotic sprayer.

+ There are advantages and disadvantages to environ-
mental wind speed. In the USA, a wind speed of
10 m/s might result in a 3.5 °C drop in operating tem-
perature. However, a 10 °C reduction at 2.8-5.3 m/s
wind flow is feasible in a warm location like KSA.

+ The materials should be carefully chosen to with-
stand humid conditions, because moisture intrusion
causes corrosion of the PV panel in humid environ-
ments.

+ The cheap cost of operation and maintenance makes
modern PV systems a cost-effective renewable energy
source, despite their relatively high installation costs.
As a result, the energy payback period and the total
life cycle cost are as short as possible. Given that this
study took into account the most recent papers, the
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literature review it presents will be useful for engi-
neers, academics, designers, and policymakers in
identifying the issues and potential solutions related
to PV systems.

« The various solar cell material types and circuit mod-
els for evaluating solar PV cell performance are cov-
ered. The sole element that determines how success-
fully solar energy is converted is the material used in
solar cells. The conversion efficiency of silicon-based
materials can reach 17%, and semiconductor-based
solar cells made of quantum dots in nanocrystals
have the potential to have a conversion efficiency of
60%.

+ Using multi-junction cells with different bandgaps
is another way to increase cell efficiency. A perfor-
mance ratio of 82.77% was discovered through exper-
imental examination of 500 kWp of solar PV power
generation. The performance of the solar PV cell will
be impacted by the production of dust in the sur-
rounding area. Solar PV cells need to be chemically
cleaned once a month to function more effectively.
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