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Abstract: This review uses a more holistic approach to provide comprehensive information and up-to-
date knowledge on solar energy development in India and scientific and technological advancement.
This review describes the types of solar photovoltaic (PV) systems, existing solar technologies, and the
structure of PV systems. Substantial emphasis has been given to understanding the potential impacts
of COVID-19 on the solar energy installed capacity. In addition, we evaluated the prospects of solar
energy and the revival of growth in solar energy installation post-COVID-19. Further, we described
the challenges caused by transitions and cloud enhancement on smaller and larger PV systems on the
solar power amended grid-system. While the review is focused on evaluating the solar energy growth
in India, we used a broader approach to compare the existing solar technologies available across the
world. The need for recycling waste from solar energy systems has been emphasized. Improved
PV cell efficiencies and trends in cost reductions have been provided to understand the overall
growth of solar-based energy production. Further, to understand the existing technologies used in
PV cell production, we have reviewed monocrystalline and polycrystalline cell structures and their
limitations. In terms of solar energy production and the application of various solar technologies, we
have used the latest available literature to cover stand-alone PV and on-grid PV systems. More than
5000 trillion kWh/year solar energy incidents over India are estimated, with most parts receiving
4-7 kWh/m?. Currently, energy consumption in India is about 1.13 trillion kWh/year, and production
is about 1.38 trillion kWh/year, which indicates production capacities are slightly higher than actual
demand. Out of a total of 100 GW of installed renewable energy capacity, the existing solar capacity
in India is about 40 GW. Over the past ten years, the solar energy production capacity has increased
by over 24,000%. By 2030, the total renewable energy capacity is expected to be 450 GW, and solar
energy is likely to play a crucial role (over 60%). In the wake of the increased emphasis on solar
energy and the substantial impacts of COVID-19 on solar energy installations, this review provides
the most updated and comprehensive information on the current solar energy systems, available
technologies, growth potential, prospect of solar energy, and need for growth in the solar waste
recycling industry. We expect the analysis and evaluation of technologies provided here will add to
the existing literature to benefit stakeholders, scientists, and policymakers.

Keywords: solar energy; installed capacity in India and World; solar power concentrators; solar
panels; photovoltaic cell; polycrystalline; monocrystalline

1. Introduction

To meet the growing energy demand and reduce the dependence on coal-based energy
production, India has allocated many resources to enhance solar energy production [1,2].
While, in 2010, the solar energy installed capacity was 0.16 gigawatt (GW), currently
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(in 2021), it has reached 40.1 GW, which is an increase of 24,962.5% (Figure 1A) [1,3]. In
terms of the major solar power systems, India currently has the installed capacity to produce
3 GW/year of solar cells and 10 GW /year of Solar PV modules (a PV module consisting of
many solar cells) [1]. As per the Paris climate agreement, India needs to achieve 100 GW
electricity generation capacity by 2022. This growth in solar-based energy generation
indicates that solar power systems can substantially help to reduce India’s energy crisis
in the future [2]. India has over 250-300 sunshine days in various parts of India, with
continuous solar radiation of 200 MW /km?, equivalent to 5000 trillion kWh per year [3-5].
Many hilly areas in India receive a relatively higher amount of solar insolation, which can
be converted into electricity by installing photovoltaic (PV) modules in roof buildings [6,7].
An increase in solar-based energy production in India can also help in tackling environ-
mental problems caused by coal-based energy production [7]. Currently, India is among
the top 10 solar energy-producing countries [8]. With the abundance of solar power and
significant environmental benefits, a substantial increase in solar-based energy production
is expected in India and other countries [1,3-5].

Solar energy production in any area is driven by solar insolation, weather, tempera-
ture, solar shadings, type of technology, and pollution, such as dust. Solar technologies
are evolving rapidly to improve the existing designs of various solar energy conversion
systems. Recent technical advancements in photovoltaic cells resulted in cost reduction and
improved economics, which helped disseminate solar energy systems in multiple countries,
particularly in poorer countries, where the cost of the photovoltaic system was one major
hindering factor in the past. In 2019, the top 10 countries with the highest solar energy
system installation were China, the USA, Japan, Germany, India, Italy, Australia, Vietnam,
the Republic of Korea, and the United Kingdom (Figure 1B) [7-9]. While China, which has
an installed capacity of 254,354 MW, is ranked at the top, the installed capacity in the USA
is 75,571 MW (29% of the installed capacity of China). The installed capacity of China is
about equal to the total (together) solar energy installed capacities of the USA (75,571 MW),
Japan (68,665 MW), Germany (53,783 MW), and India (39,211 MW) [9]. In 2018, the world’s
total photovoltaic capacity was 505 GW. This was a significant increment considering the
world’s total installed capacity of only 15 GW in 2008 (Figure 1C). This is attributed to
higher demand in Europe, the USA, and many emerging markets [10]. In 2018, the total
installed capacity in operation worldwide was enough to produce 640 TWh of electricity
per year, equal to 2.4% of annual global electricity generation [9]. The total world’s installed
capacity in 2019 was 627 GW (Figure 1D). In 2019, the solar PV market was increased by
115 GW. The same year, the global market (not including China) grew by 44% [9,10]. In
2019, around 22 countries had sufficient solar energy capacity in operation to meet at least
3% of their electric demand, and 12 countries had sufficient solar energy capacity to meet
at least 5% of demand [11]. While analyzing the trends of solar energy production, the
overall objective of this study is to understand solar energy production in India and how
it compares to other countries in the world and understand the technologies, which are
widely used for solar energy production. The specific objectives are to (1) assess the growth
in solar energy production in India; (2) describe solar energy systems and compare the
existing technologies; and (3) discuss the key technologies, fundamentals, limitations, and
future potential of solar energy. This study is novel in many aspects. First, it explores
the impacts of COVID-19 on the growth of solar energy installed capacity and provides
the most updated information on the growth of solar energy installed capacity. The post-
COVID-19 trajectory of solar energy installation capacity has been evaluated. Second, it
provides a comprehensive review of the existing solar cell technologies, their limitations,
adaptations in various regions, and the scope of the solar cell recycling industry. Third, it
described the irradiance transitions, cloud enhancement phenomenon, partial shading, and
mismatch losses that affect the PV power system and power quality. Due to our holistic
approach to this review and in-depth discussions of solar energy fundamentals, the study
will effectively educate stakeholders to understand risks and support the decision-making
processes for solar energy installations.
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Figure 1. (A) growth of solar energy installed capacity in India between 2010 and 2021 [1]; (B) top
ten countries with the highest installed capacity [2,3]; (C) relative growth of solar energy installed
capacity among top solar energy-producing countries between 2008 and 2018 [9,10]; and (D) total
change solar energy installed capacity in the world between 2009 and 2019 [9,10].
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2. Solar Energy Technologies and Systems

In principle, we have sufficient sunlight to meet the global energy demand. For exam-
ple, the earth’s surface receives enough sunshine in an hour and a half to handle the entire
world’s energy consumption. Existing solar technologies convert sunlight into electrical
energy through solar cells or a concentrator to convert solar radiation into heat energy.
These solar technologies are categorized into the following two main types: (1) concen-
trated solar system (thermal); and (2) photovoltaic cells. Sunlight, solar radiation, is radiant
energy (electromagnetic) from the sun, which provides light and heat. The amount of solar
radiation in a location depends on many factors, including geographic locations, landscape,
and weather. With the help of solar energy technologies, solar radiation can be captured
and converted into useful forms of energy, such as heat/thermal, by using a concentrator,
and electricity by using photovoltaic cells or solar cells.

2.1. Concentrated Solar Power

In the past several decades, multiple technologies have been used in India to convert
sunshine into energy, which can be used for various purposes. For example, the parabolic
trough collector (PTC) (Figure 2A), where the temperature of the absorber tube can be
increased to 350-600 °C [12]. In the PTC, the molten salt is used as a high-temperature
heat transfer fluid to increase the system’s efficiency [13]. The PTC is considered the best
concentrated solar collector technique for electricity generation and heat application [14].
For now, PTC has become a mature technology and is available worldwide for generating
thermal energy [15]. The typical cost of concentrating solar power plants is relatively higher
than other renewable energy-based electricity generation [16]. For example, the capital cost
of a concentrating solar power system is about USD 3200-7300/kW, compared to solar PV
(utility-scale), which costs USD 950-1250/kW [16]. Multiple types of PTC systems have
been developed, and particular focus has been given to increase the aperture diameter
of the PTC for improving thermal performance. A range of aperture areas from 128 to
1048 m? have been used in the existing PTC-based plants [16]. Currently, PTC technology
dominates the concentrated solar power (CSP) system. More than 90% of the CSP plants
use PTC technology in India [17]. The trough system comprises a highly polished glass
or aluminum surface with 85-95% high reflectivity. The radiation on the mirror surface
is reflected in the absorber tube placed at the focal axis [17]. The CSP receiver is made of
aluminum (Figure 2A) and is collated with a selective surface to improve absorptivity and
minimize emissivity [18]. The overall efficiency of the PTC depends on both the optical
and thermal efficiency of a PTC [17]. The first PTC plants were installed in the USA in
1984. Spain is the leading country with 2225 MW of installed capacity based on the PTC
system, followed by 1361 MW in the USA [19]. By 2020, the world’s photovoltaic power
system capacity increased to 633 GW, while the solar thermal power generation capacity is
relatively small (only 6.8 GW until 2020) [20,21]. Currently, Spain has the highest number
of CSP plants (over 50), followed by the USA (over 40) and China (over 20), and India (less
than 15) [22].

Besides parabolic trough concentrators, parabolic-dish-based CSP plants convert solar
energy into thermal energy and electricity (Figure 2B) [23-32]. A parabolic dish can increase
the temperature of a fluid up to 750 °C. In a parabolic dish system, the receiver is at the
focal point, and the receiver is attached to the turbine and generator, which is used for
converting heat into electricity [23]. The capacity of the parabolic dish system can vary
between 0.01 and 0.4 MW. The thermal efficiency of the parabolic dish system is about
25 and 30%, higher than the trough system. This is because the mirror in the parabolic dish
is always pointed at the sun [24].

A solar power tower (SPT) is another technology used for electricity generation
(Figure 2C). In this method, thousands of mirrors (heliostats) are placed around a tower,
where sunlight is concentrated to heat the working fluid. Then, by using a heat exchanger,
heat is converted to electricity. Each mirror has a sun tracking system, which helps keep the
sunlight focused on the tower throughout the day. The power tower is considered efficient
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and cost effective and has better energy storage capabilities than other CSP technologies [25].
In the SPT system, fluid heat transfer plays a crucial role, and several types of fluid, such
as MgCl-KCl with S-CO cycles, have been proposed [26]. The fluid temperature can reach
960-1500 °C depending on the month of the year and sunshine availability [27]. The SPT
system is one of the efficient CSP technologies, which aims to collect the sunbeams on a
central collector using heliostats (thousands of mirrors) [28]. The largest SPT system is the
Ivanpah Solar Power Facility in the USA, which uses 173,000 collectors with an installed
maximum capacity of 392 MW. Currently, no known plants based on SPT technology exist
in India. The largest SPT plants are in the USA, followed by Morocco (7400 collectors with
an installed capacity of 150 MW) and Israel (50,600 collectors with an installed capacity of
121 MW) [29-31].

2.2. Solar Cell

Solar cells, also known as photovoltaic (PV) cells (Figure 2D), consist of semiconductor
material. The semi-word in a semiconductor is further clarified as a material that can
conduct electricity better than an insulator but lower than a metal conductor [32]. Light
energy is absorbed in semiconductors when exposed to light, and semiconductors transfer
light energy to negatively charged particles (electrons) in the material. This increased
energy permits the electrons to flow through the material as an electrical current. The
efficiency of a PV cell (i.e., a ratio of the solar cell energy output to input energy from the
sun) is determined as the amount of electrical power coming out of the PV cell compared to
the energy coming in as light [32,33]. Many factors influence solar cell efficiencies, including
wavelength, temperature, reflection, and recombination (i.e., charge carrier that includes
negatively charged electron, and hole as the absence of an electron) [34]. Solar cells perform
better at a low temperature, minimum reflection, and increased photons with the right
energy to separate electrons from their atomic bonds to produce charge carriers and electric
current [34,35]. In a solar cell, the photovoltaic effect is a process that produces an electric
current (Figure 2D), and these cells are composed of two different semiconductors (p-type
and n-type). These semiconductors are joined to form a p-n junction [35-37]. In order to
work for a cell, the p-type silicon (i.e., conductor) is produced by adding atoms such as
boron or gallium, and the n-type silicon is made by adding atoms that have one more
electron in their outer level than silicon does [38].

For the n-type layer, material such as phosphorous is used because phosphorus has
five electrons in the outer layer, and in the p-type layer, boron has one less electron in their
outer layer. In a solar cell, p-type silicon is placed near n-type silicon to form the depletion
zone (Figure 2E). The depletion zone is created because an n-type layer has an excess of
electrons, and a p-type layer has an excess of positively charged holes that allow the transfer
of electrons from n-type to p-type. In the depletion zone, electrons fill the holes (Figure 2E).
In a scenario when all the holes in the p-layer are filled, it contains negative ions. The
n-type layer, where electrons were initially located, now has positively charged ions. These
oppositely charged ions in n-type and p-type layers produce an internal electric field [38].
A simple comparison between CSP technologies and solar cells is shown in Table 1.
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Figure 2. (A) Parabolic-trough solar concentrator [12,13]; (B) Parabolic dish collector [23,24]; (C) Solar
power tower system [25]; (D) Schematic diagram of solar cell [32,33]; (E) A solar cell n-type and
p-type layers [35-37]; and (F) Schematic of solar cell, module, panel, and array systems [39-41].

Table 1. Comparison between solar cells and concentrated solar power system.

CSP Technologies Solar Cells
Advantages
Renewable, clean, natural energy source. Clean electricity generatlf)n without eml'ttmg greenhouse gases and
environmentally friendly.
Low operating costs Low operating costs
. - Relatively low efficiency, however, low maintenance, easy installation,
High efficiency . .. . . . .
produce direct electricity without involving moving parts
Scalable to more than 100 MW Both small-scale (rooftop? and large-scale can be built and
easily scalable.
Disadvantages
Dependent on plentiful direct sunlight Dependent on plentiful direct sunlight
Typically high construction and Cost is reduced over time; however, still cost-prohibitive for many
installation costs rural areas

A large amount of land is needed The large-scale solar panel requires a substantial amount of land
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2.3. Solar Cell Module, Panel, and Array

In terms of solar-based energy technology, wafer-based technology is the leader. The
majority of solar cells are made based on this technology. The wafer-based technology pro-
duces crystalline solar cells (monocrystalline and polycrystalline silicon). In the production
of solar cells, monocrystalline silicon is sliced from large single crystals grown in a highly
controlled environment. Compared to polycrystalline, the monocrystalline silicon solar
cells are the most popular and oldest technology made from thin silicon wafers, which
provide a 4-8% higher power output for the same size module. In addition, polycrystalline
is composed of several small, low-grade silicon crystals that reduce the cost and efficiency
compared to monocrystalline silicon. In terms of technology, polycrystalline silicon is
considered the key technology in manufacturing conventional silicon-based solar cells. In
2006, more than half of the global supply of PV cells was based on polycrystalline solar cells.

The solar cell is a single basic unit in designing the solar module and panel. It is
a semiconductor device that converts sunlight into direct current. Solar cells are used for
producing a solar module, which has many solar cells (Figure 2F) [39,40]. Several solar cells
are combined in an electrically series and parallel manner to manufacture a solar module
based on the voltage and current requirement [39].

The module is a critical element of the PV System and is made by sealing the cells
completely by lamination, which protects them from rain and dirt [40]. The array of PV
modules is formed by connecting the modules in a series and parallel manner [41]. A solar
module is a single solar panel, an assembly of connected solar cells. In general, a solar
module consists of an assembly of 6 x 10 solar cells and can produce energy from 100 to
365 Watts DC [42].

Solar panels include a single solar module or more solar modules to produce the
desired DC electricity. A solar array can have many solar modules and panels [43]. As
a general rule, 5-10 solar panels may be needed for a home, consuming 500-1000 kWh per
month. In 2019, the production of solar modules worldwide reached 140 gigawatts, which
is significantly higher than 238 megawatts in 2000 [44].

Many large-sized solar plants (with capacities of >2000 MW) are recently installed in
India and worldwide [43—49]. The top 12 most prominent projects are shown in Table 1.
In 2020-2021, the two most significant solar projects were installed in China and India,
with a combined capacity of 4245 MW (Table 1). Currently, there are more than eight
projects worldwide, which produce more than 1000 MW. Four of the 12 most significant
solar projects are in India (Table 2), which shows India’s substantial emphasis on solar
energy production.

Table 2. Top solar projects in the world and in India.

Top 12 Solar Power Plants in the World

S. No. Name of Solar Power Plant Yeat: Of. Current ?lant
Commission Capacity
Huanghe Hydropower Development Solar
L Park, China [46,47] 2020 2200 MW
2. Bhadla Solar Park, Rajasthan, India [46,47] 2021 2045 MW
3 Pavagada Solar Park (shaktl Sthala), Karnataka, 2018 2000 MW
India [48]

4. Benban Solar Park, Benban Aswan, Egypt [49] 2019 1800 MW
5. Tengger Desert Solar Park, China [50] 2017 1547 MW
6. Noor Abu Dhabi, Sweinhan, Abu Dhabi, 2019 1200 MW

UAE [51]
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Table 2. Cont.

Top 12 Solar Power Plants in the World

S. No. Name of Solar Power Plant Year' Of. Current ?lant
Commission Capacity
Datong Solar Power Top Runner Base,
7. China [50] 2016 1070 MW
Mohammed bin Rashid Al Maktoum Solar Park,
8. UAE [32] 2020 1013 MW
Kurnool Ultra Mega Solar Park, Andhra
% Pradesh, India [53] 2017 1000 MW
NP Kunta Ultra Mega Solar Park, Andhra

10. Pradesh, India [54] 2016 1000 MW
11. Longyangxia Dam Solar Park, China [50] 2015 850 MW
12. Villanueva Solar Project, Mexico [54] 2018 828 MW

Top 12 solar projects in India

1. Bhadla Solar Park, Rajasthan [46,47] 2021 2045 MW
Pavagada Solar Park (Shakti Sthala),

2. Karnataka [48] 2018 2000 MW
Kurnool Ultra Mega Solar Park, Andhra

3. Pradesh [52] 2017 1000 MW

NP Kunta Ultra Mega Solar Park, Andhra

4. Pradesh [53] 2021 978.5 MW

5. Rewa Ultra Mega Solar, Madhya Pradesh [55] 2020 750 MW

6. Kamuthi Solar Power Project, Tamil Nadu [56] 2016 648 MW

7. Charanka Solar Park, Gujarat [57] 2012 600 MW
Kadapa Ultra Mega Solar Park, Andhra

8. Pradesh [55] 2019 250 MW

Welspun Solar MP Project, Madhya

9. Pradesh [59] 2014 151 MW

10. Sakri Solar Plant, Maharashtra [60] 2013 125 MW

11. Maharashtra I Solar Plant, Maharashtra [61] 2017 67.2 MW

12. Bitta Solar Power Plant, Gujarat [62] 2011 40 MW

2.4. Photovoltaic Systems, Efficiency, and Cost

In terms of solar energy production, growth in photovoltaic cell production is favorable.
However, improvement is expected considering the price, efficiency, and cost. The market
share for various types of solar cells is shown in Figure 3A, which shows that silicon-based
solar cells dominate the market. In 2014, over 90% of the market share was accounted for
by silicon-based solar panels. Around 5-7% of the market was accounted for by Cadmium
telluride (CATE)-based technology, and 1% was accounted for by other materials such as
dye-sensitizes, concentrator photovoltaics (CPV), and organic hybrids [63-65]. Currently,
silicon-based solar cells in the market are about 73%, and CdTE based cells are about
10% (Figure 3A). In terms of cost, substantial reductions in solar module prices have been
witnessed over the past four decades (Figure 3B) [66,67]. For example, the cost of a solar
module in 1976 was about USD 106 /Watt, which was reduced to USD 0.38 /watt in 2019
(Figure 3B). The more than 99% reduction in the cost can be associated with increased
production and manufacturing technologies” improvement.

The efficiency of solar cells increases over time (Figure 3C) [67], and expectations are
that solar cell efficiency will continue to increase with advancements in manufacturing and
material development technologies. In 1950-1960, solar cell efficiencies were 5-10%, and
many solar cells are currently available with 15-20% efficiency [67]. Over time, the cell
efficiencies of each solar energy system have been increased regardless of the crystalline
silicon, thin-film, and concentrator systems (Figure 3C). Currently, the concentrator system
is considered to have the highest efficient (efficiency was around 25% in 2020). The capital
costs for the three different PV systems (i.e., crystalline silicon, thin-film, and concentrator)
are shown in Figure 3D.
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Figure 3. (A) Market share of silicon and thin-film solar systems [63]; (B) Changes in crystalline solar
cell price between 1976-2020 [66]; (C) Change in PV system efficiency between 1995 and 2020 [65];
and (D) change in PV system capital cost between 1995 and 2020 [67].

3. Diurnal Changes in Sunlight Intensity and Solar Energy Production

The sunlight intensity, which influences solar energy production and changes within
a day, climate, and weather, influence solar cells and solar energy production. During
a normal day, the insolation is the maximum at noon, when the sun is at its highest point
(Figure 4A) [68]. A location’s average daily solar radiation provides sufficient information
to design the system and its basic solar energy system capacities. Peak sun hours, often
used in solar energy system installation, are defined as the average daily solar insolation
(kWh/m?/day) (Figure 4B). The peak sun hours are numerically equal to the average
daily solar insolation [69]. The figure indicates the area under the curve equal to the solar
insolation defined by peak sun hours (Figure 4B).

A typical daily profile of a residential unit with an installed PV generation unit and
load demand is shown in Figure 4C. This profile shows the low demand in the midday and
early afternoon hours while increasing production simultaneously. During the evening,
high demand occurs with low energy production in the solar energy system. Therefore, the
energy storage system such as the battery plays a crucial role in storing excess power during
peak production time and supplies the energy during peak demand time (Figure 4C) [70].
In certain situations, when renewable and non-renewable energy sources are connected
through the grid, the excess renewable powers can be generated (Figure 4D), and tack-
ling those extreme production requires planning and balancing between renewable and
non-renewable energy sources. While energy production from sunshine can often be unpre-
dictable due to the weather and cloud, the energy production from non-renewable sources
such as power plants operated with natural gas is relatively more predictable [71-73].
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Figure 4. (A) Diurnal change in sun intensity [68,69] (B) Solar insulation [68,69]; (C) A typical
daily profile of the PV power generation and load demand [70]; (D) Changes in renewable energy
production during a day [71-73].

4. Monocrystalline and Polycrystalline Solar Photovoltaic Systems

Both monocrystalline and polycrystalline-based solar photovoltaic systems are used
worldwide (Figure 5) [74-78]. Monocrystalline solar cells (Figure 5A) are made from
a cylindrical silicon ingot grown from a single crystal of high purity, and subsequently,
the cylindrical ingot is sliced into wafers forming cells [79]. Monocrystalline cells have
a pyramid pattern that facilitates a relatively larger surface area to collect energy from the
sun. Due to improved efficiencies, monocrystalline solar cells produce more electricity.
The solar panels made of monocrystalline cells are often used in residential and commer-
cial applications. Currently, the efficiency of monocrystalline cells varies between 13 and
19% [80]. Polycrystalline solar cells comprise several crystals of silicon [81] (Figure 5B).
Polycrystalline solar panels are considered more eco-friendly but have a lower heat toler-
ance than monocrystalline cells. Polycrystalline solar panels are used in large solar farms
to convert solar power into electricity. The key ingredient used in polycrystalline solar
cell formation is silica sand, i.e., silicon dioxide (5i02). The major difference between
monocrystalline and polycrystalline is that, after the purification of the silicon, pulling the
ingot produces homogeneous cylindrical crystals for monocrystalline. However, for poly-
crystalline cells, the silicon is left to cool and fragment, and subsequently, these fragments
are melted and formed in cubic-shaped growth crucibles [82]. Polycrystalline solar cells
are relatively cheaper, and the production process is simpler, but it also shows a lower
efficiency of 9-14% [80,83]. Many minute crystals exist in a poly-5i, giving the material
a typical metal flake effect [84]. The future trend shows that monocrystalline solar modules
will dominate the market because of their effectiveness, solid design, and durability [85].
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Figure 5. (A) Representative images of monocrystalline solar cell structure, scanning electron micro-
graph, and physical appearance of a monocrystalline solar module [74-76]; (B) a typical polycrys-
talline solar cell, scanning electron micrograph, and physical appearance of a polycrystalline solar
module [77,78].

5. Single Unit and Utility Grid Solar Power Systems
5.1. PV Power Production System and Growth

A significant amount of non-renewable electricity demands can be met through solar
energy. PV power plants are designed by constructing blocks, which include a PV generator,
a transformer, and an inverter. The PV power plant’s inverter is related to the power
generator. Multiple solar modules and panels can be fitted depending on the power
requirement (Figure 6) [86-89]. For example, stand-alone systems are popular in residential
units isolated from the grid (Figure 6A). Solar panels charge the batteries with the help of
the charge controller. Subsequently, inverters are used to supply the loads. The size of the
stand-alone system varies according to the available solar radiations and load conditions.
These systems are often useful for small housing and business communities in rural and
urban areas [86]. A large stand-alone solar PV power system can supply DC and AC
loads [90]. Rooftop on-grid Solar PV systems are used in houses and connected with the
batteries for storage. This type of system can also be connected with the grid. In general, it
involves a hybrid inverter that supplies AC power from the battery and can supply AC
power to the grid.

A solar power generator is used for the instantaneous power injection in a grid-tied
system. These systems do not require the battery to store the energy (Figure 6B). Instead,
the direct current (DC) power generated from the solar array is converted to alternating
current (AC) using inverters before injecting it into the grid. In a grid-connected solar
power system, when batteries are connected, the grid acts as a buffer (i.e., oversupply of
PV is transmitted to the grid. During the under-supply of PV, power can be received from
the grid (Figure 6B,C). Based on the International Renewable Energy Agency, the global
grid-connected solar capacity was 580.1 GW in 2019, and 3.4 GW was from off-grid PVs [91].
In 2019, the ground-mounted solar system installed capacity was 27,930 MW, the rooftop
solar power system was 2141 MW, and the off-grid system was 919 MW [92]. Currently,
the majority of the electrical power of the power grid is obtained from non-conventional
sources. A relative comparison among various power sources (thermal power, hydroelectric
power, nuclear power, and solar power) is shown in Table 3, which is common in grid-based
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electricity supplies. In many aspects, the solar power system is superior to other forms
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Figure 6. (A) Stand-alone solar PV system [86]; (B) Standalone/off grid PV system [87]; and (C) On-
Grid system (solar + grid import and export [88,89]).
Table 3. Comparison among various sources used for grid-based electricity.

Thermal Power Hydroelectric Power Nuclear Power Solar Power
Works on Modified The potential energy of water Sun energy is converted to

Rankine Cycle.

Need a large space

Coal as a fuel is used

The overall efficiency
of 30-32%

is converted to kinetic energy

Need a large amount of water

Water as a fuel is used

The overall efficiency of 85%
to 90%

Thermonuclear fission.

Requires relatively less space

Uranium (U235) and other
radioactive metals.

Efficiency is about 55%

electric and thermal energy
Relatively large space
is needed

Sun energy

Solar panels efficiency is
about 14-15%

Lower than hydroelectric
Maintenance cost high
Transmission cost is low
Lifetime 3040 years

Air and soil pollution

Very high
Maintenance cost low
Transmission cost is high
Lifetime around 100 years
Affects aquatic life and
natural rivers and lakes

Highest
Maintenance cost very high
Transmission cost is low
Lifetime 40-60 years
Radioactive waste disposal is
a big issue

Relatively low
Maintenance cost low
Transmission cost is low
Lifetime 15-20 years

Less environmental pollution

The growth rate in the installed capacity of solar energy between 2009 and 2019 is
shown in Figure 7A. Over the past decade, a substantial increase in the installed capacity of
solar power has been seen on each continent (Figure 7B). A categorical distribution of the
installed capacity is indicated in Table 4. The results showed that the growth rate in India
and China was the highest, 97.1 and 85.9%, respectively. In the global share of installed
capacity, China contributed 35.9%, and the USA contributed 11.7%, which is the largest

contribution among any cou

ntry.

Among various regions, Asia Pacific contributed 59.7%, followed by Europe, which
contributed 23.70%, indicating substantial infrastructure has been built in the Asia Pacific
and Europe over the past decade for solar-based energy production. Currently, the cost of
solar energy is reducing with the advancement of technologies and increased production.
The massive cost reductions in the last decade are a significant reason for solar renewable
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energy rapidly transforming the global electricity mix [93]. Besides solar energy, the cost
of electricity from onshore wind and solar PV is cheaper than the new and some existing
fossil fuel plants. According to the IEA [93], renewables are the most affordable way
to meet the growing energy demand in many countries. However, the decrease in the
cost of renewables such as wind and solar will not protect the renewable energy projects
from challenges that prevent them from expanding [93], and additional safeguards may

be needed.
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Figure 7. (A) Growth of installed capacity between 2009 and 2019; (B) Share percentage among
various regions in terms of installed capacity in 2020.
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Table 4. Comparison of solar energy installed capacity among countries on various continents.

Renewable Energy-Solar (Installed Capacity, Gigawatt) (Year Wise)

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
us 2.0 52 8.1 11.8 16.0 21.7 33.0 414 51.4 58.9 73.8
Total North America 23 5.7 9.0 13.1 17.9 244 36.0 44.9 57.1 66.7 82.8
Total S. and C. America 0.1 0.2 0.3 0.5 0.8 1.8 2.7 5.2 7.5 10.8 15.1
Germany 18.0 259 34.1 36.7 37.9 39.2 40.7 42.3 45.2 49.0 53.8
Italy 3.6 13.1 16.8 18.2 18.6 18.9 19.3 19.7 20.1 20.9 21.6
United Kingdom 0.1 1.0 1.8 29 55 9.6 11.9 12.8 13.1 13.3 13.6
Total Europe 30.1 53.6 71.7 81.9 88.8 97.5 104.7 113.5 124.4 146.3 167.8
Total CIS 0.0 0.0 0.0 0.0 0.1 0.2 0.2 0.4 1.0 2.3 3.2
Total Middle East 0.1 0.2 0.3 0.5 0.8 1.0 1.5 21 3.3 5.5 6.5
Total Africa 0.2 0.3 0.3 0.7 1.6 1.9 3.0 4.7 7.1 8.3 9.5
China 1.0 3.1 6.7 17.7 28.4 43.5 77.8 130.8 175.0 204.6 253.8
India 0.1 0.6 1.0 14 34 54 9.7 17.9 27.1 349 39.0
Japan 3.6 49 6.4 12.1 19.3 28.6 38.4 44.2 55.5 61.5 67.0
Total Asia Pacific 7.3 12.1 19.8 39.1 61.6 90.6 143.2 213.6 282.5 341.0 422.6
Total World 40.1 72.0 101.4 135.7 171.6 217.5 291.3 384.5 482.9 580.8 707.5

5.2. Scope of Solar Module Recycling

The industries involved in solar cell production are some of the fastest-growing
industries, and growth in solar cell production is enormous. For example, countries such
as Sweden have witnessed a growth in installed capacity of 70% in 2018-2019. Growth
in India for installing the solar energy system has been more than 90% over the past few
decades. Solar PVs have an average 25-year life span, and soon many developed solar
cells and panels will reach the end of their life in India and across the world, and methods
capable of recycling solar cells will be crucial [94,95]. Several advances have recently
been made to optimize solar geometry, including determining and optimizing factors
such as heat gain, shading, and daylight penetration potential [96]; however, research
in recycling solar cells has been slow. Temperature, precipitation, wind, and sunshine
substantially impact solar energy production. Currently, the feedforward neural network
model [96] and advanced technologies are used to optimize solar geometry to enhance
solar energy production efficiencies under various settings. While an improvement in
solar cell efficiencies is certainly needed considering the demand for the solar energy
system, strategies to identify solar cell waste management are equally important. With
a large amount of solar cell production, there will also be significant solar cell waste
generation. This necessitates additional research to identify cost-effective recycling methods
for improving sustainability in solar energy production. Attempts such as developing
organic solar cells are promising for improving the recycling of solar cell wastes [96,97].
Currently, only a few solar cell recycling facilities are in existence across the world, including
India, and often recycling is cost prohibitive. The solar cell and panel waste at the end of
life pose substantial environmental risks. Public health and industries involved in solar
cell recycling will witness substantial growth as this is a newly emerging field [98-101].
Cost-effective methods for recycling solar cells are yet to be discovered to minimize the
associated risks. Efforts from various government agencies will play a crucial role in paving
the way to recycling solar cells.

5.3. Reviving Solar Industry Post COVID-19 and Future Prospects

The challenges such as government policies, age-old infrastructure, lack of a proper
battery storage system, and the ever-changing market scenario may limit the wider adop-
tion of solar energy worldwide. The National Solar Mission in India targets 100 GW of
solar electricity capacity by 2022 with 40 GW as Roof Top Photovoltaic Cells [102], which
suggests that solar energy production will be more decentralized. This requires substantial
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additional planning to install and recycle solar cells. Currently, a substantial demand
for solar energy-based agricultural equipment is seen. For example, more than 1.3 lakh
off-grid solar pumps are installed in the country, and considerable growth in installing
such a system is expected [103]. Grid-connected solar energy systems are likely to promote
sustainable agriculture. Further, adaptations of solar windows and solar streetlights can
reduce the dependency on conventional energy sources [104]. Considering the current
trends, China will likely remain the largest PV market, and expansion will continue in the
United States and India with ongoing policy support at the federal and state levels [105].
Due to the recent COVID-19 pandemic, a significant decline in new solar PV capacity
has been observed in India, which was expected to recover in 2021. India is estimated
to obtain 14 GW of newly installed PV capacity in 2021, about 280% more than in 2020.
Between January and September 2021, India completed 8.21 GW of new solar capacity
installation. Of the 14 GW solar power in India in 2021, around 11 GW is expected to come
from utility-scale projects, and 3 GW will come from distributed generation [106]. Similar to
India, many other countries have experienced a decline in solar PV installation in 2020 due
to COVID-related delays (supply chain issues, labor, and material availability). However,
the PV market was projected to recover rapidly in 2021 and maintain its growth in the
coming years [105]. In recent years, developments in solar energy generation in Brazil and
Vietnam have been reported, mainly driven by robust policies supporting distributed and
decentralized solar PV applications [105].

It was anticipated that overall, at a global scale, solar PV electricity generation would
increase by 145 TWh in 2021, which is approximately 18% new additions, and PV electricity
generation would approach 1000 TWh in 2021 [105]. Recurrence in the growth of PV-based
electricity generation, and long-term trends, indicate that the recent pandemic may not
have substantial negative impacts on the Paris Agreement. The growth of the renewable
energy sector indicates that the emission targets are likely to be met. COVID-19 may
influence energy consumption patterns (i.e., travel, residential and commercial energy
uses). However, one of the significant impacts of COVID-19 will be on the economic
capacity of a country to devote resources to meet the goals of the Paris Agreement and
willingness to meet their existing Paris emission pledges. COVID-19 may impact the
national commitments to action [107]. According to the International Energy Agency, solar
energy is one of the cleanest and cheapest energy sources. Solar power offers the most
affordable electricity and has enormous potential to meet global energy demands [108].

In India, many entities such as Adani Solar, Premier Energies, Vikram Solar, Waaree,
and others manufacture high-output modules ranging from 500 to over 600 W. There are
efforts to manufacture 640 W monocrystal modules by 2023, which would be a significant
achievement [109]. By 2022, India plans to add two million off-grid pumps for irrigation,
which will enhance sustainability in agriculture in terms of energy uses [110]. India’s house-
holds make up around 9% of India’s installed solar rooftop capacity. India’s government
provides approximately 20-40% (depending on the installed capacity in residence) rooftop
solar system installation subsidies. In terms of market share, the most preferred technology
in the PV market is wafer-based technology. At present, more than 85% of the world PV
market is currently based on wafer-based technology, which produces crystalline solar cells
(monocrystalline and polycrystalline silicon) [111]. The growth of both types of PV systems
(monocrystalline and polycrystalline) is expected to be consistent in post-COVID-19 sce-
narios. For example, between 2021 and 2026, the global monocrystalline system market
share is expected to grow by 5.7%, while the growth in the polycrystalline system market is
expected to be 7.5% [112,113].

Further, attempts are being made to adapt parabolic trough systems, one of four con-
centrating solar power (CSP) technologies, and the most mature CSP technology. Over
500 megawatts (MW) of parabolic trough systems operate worldwide [114]. Recently,
China has completed the installation of its largest 100 MW parabolic trough concentrated
solar power plant, and it is connected to the grid [115]. Parabolic trough technology is
currently the lowest-cost CSP option for electricity production among the various solar
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energy production technologies. However, considering the abundant supplies of solar
power across the world, additional supports from multiple government agencies and
institutions toward research and development focusing on improving the efficiencies of
the solar energy, reducing the cost, and producing the technologies for recycling the solar
cells after the end of life are critically important for the large-scale capability of the solar
technologies worldwide.

6. Challenges in Performance Management of PV System

It is well proven that energy from the sun can be converted into various forms of
energy such as electricity and heat for human purposes. One of the solar energy’s biggest
challenges is the unpredictability and unavailability of solar energy all year round. There-
fore, substantial efforts are needed in research to develop improved energy storage systems
and efficient and cost-effective solar cells, and identify less expensive and easily available
materials for solar cell manufacturing [116]. Considering solar energy is by far the largest
exploitable resource, which provides more energy in less than 1 h to the earth than all
forms of energy consumed by humans in one year, solar energy and the PV system has
the potential to become a primary source of energy to meet our energy demands [117].
Researchers have proposed storing solar energy in the form of chemical bonds, producing
oxygen from water, and obtaining a reduced fuel such as hydrogen, methane, methanol,
and other hydrocarbons [117], which is yet to be explored.

Currently, most solar energy systems are based on PV cells. Power production in a PV
system is affected by many factors, including irradiance, shading, and cloud cover. Both
forms of clouds, such as cumuliform clouds (thick and isolated clouds) and low-altitude
cumulus fractus clouds (small, fragmented clouds), affect the value of solar irradiance [118].
These clouds pose various problems in generating PV electricity by causing the change
in irradiance from steep to mild [118]. Furthermore, these clouds result in various levels
of shading (from thin shading to 90% shading), and the highest transitions occur around
noon [119]. In addition, the edges of shadows of moving clouds impact the PV performance
and power losses. In general, steep irradiance changes occur due to the shadows of fast-
moving clouds, affecting solar farms (large PV systems) connected to the grids [119]. When
solar farms are connected with the grid, fast fluctuations in the power fed to the grid
can cause power quality, balance issues, and power losses. Small-scale solar cell units
are particularly affected by the irradiance variability produced by cloud shading, and
predictions of clouds passing over the PV are challenging [120].

Based on the International Energy Agency’s report, around 40% of the total installed
capacity in 2017 was in the form of decentralized systems. In countries such as Germany,
Australia, and Japan, the cumulative power generation values in decentralized systems
were higher than the centralized PV systems. Power generation in the small-scale PV system
can vary up to 80% within seconds due to shading, resulting in energy losses [121,122].
In practice, both small-scale and large-scale PV systems are affected by clouds; however,
larger projects present relatively lower variability, potentially because those projects are
well-studied and designed [121,123]. The output of electricity of a PV system mainly
depends on the irradiance of the PV panels, and clouds can have substantial impacts on
solar energy-based power generation. Not only can cloud decrease irradiance levels, but it
can also increase the irradiance on PV systems.

Due to clouds, the actual irradiance can exceed the expected clear sky irradiance (up
to 1.5 times), and such a phenomenon is known as clouds enhancement (CE) (i.e., the
maximum power of the PV system exceeds the rated power of the inverter, which connects
the PV system to the grid [123,124]. This phenomenon is also called over irradiance. The
over irradiance is often caused by the strong forward scattering of sunlight [124]. These
bursts of solar irradiance are possible at sea level and at high altitudes, and the forward
scattering of the sunlight at a narrow-angle can boost the clear-sky irradiance by at least
60% [125]. Due to CE events, power from the PV generator can exceed the inverter’s rated
power. A previous study showed that California’s largest lengths of CE events exceeding
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1000 W/m? were multiple kilometers. These results signify that even large utility-scale PV
systems could substantially affect CE events [126], and optimal inverter sizing considering
CE events is needed [126,127]. The impacts of mismatch and shading on PV modules
affect the solar energy yield. The results showed that typical thin-film modules are less
sensitive to mismatch than crystalline silicon-based PV systems [128]. Mismatch losses
can be significant depending on the size and type of the PV system [129]. Compared to
the smaller PV system, mismatching is a bigger issue in larger PV systems, where several
PV strings are connected in parallel to increase the power [128]. In general, mismatch
losses in PV systems are caused by partial shading, and the largest mismatch losses are
caused by sharp shadows [130]. In large PV systems, most shading events are caused
by moving clouds, which causes irradiance transitions [129-131]. In many developing
countries, when PV systems are installed, less emphasis is given to understanding the
impacts of mismatching, cloud effects, and associated power losses on the yields of PV
systems. Emphasizing these factors and ensuring the availability of climate data in those
countries for estimating the optimal PV size and associated accessories will improve the
power quality and reduce solar energy losses.

7. Conclusions

This review study was conducted to synthesize the information on the solar energy
system and provide an overview of the existing technologies, structures of PV systems,
diurnal changes in irradiance behavior, and PV grid systems. We emphasize identifying
the ongoing challenges in installing solar energy systems during COVID-19 and the post-
COVID-19 revival of growth in solar energy installation. In addition, we described the
challenges caused by transitions and cloud enhancement on a smaller and larger PV system.
The review is centered around the solar energy growth in India; however, to provide
a more holistic approach, we have compared the trends in the growth of solar energy across
the world. The results showed that substantial resources for planning and implementing
solar-based energy had been allocated in many countries over the past decade, which led
to the exponential increase in solar energy production system capacity in developing and
developed countries. Currently, the top 12 solar energy-producing countries have installed
a solar system with a capacity of over 575 GW. In 2010, India’s solar power installed capacity
was 0.16 GW, and it was 40.1 GW in 2021. This 24,962.5% increase in capacity in 10 years
indicates that solar-based energy will play a crucial role in meeting India’s electricity
demands. One major factor in disseminating solar photovoltaic (PV) systems worldwide
was the reduced cost of solar cells. Further, an increase in the efficiency of solar cells
assisted solar energy production. Currently, developing countries, including India, have
enormous potential for increasing the production of solar-based energy productions. This is
particularly true in rural areas, where the cost of a solar system can be less prohibitive, and
financial incentives may assist in installing the stand-alone solar system and grid-connected
solar system.
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Nomenclature

Symbols Used for

PV photovoltaic

KWh kilowatt-hour

GW Gigawatts

PTC parabolic trough collector
csp concentrated solar power
SPT Solar power tower

CdTE Cadmium telluride

CPV concentrator photovoltaics
SiO, Silicon dioxide

AC alternating current

DC direct current
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