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Introduction
Shiva Gorjian” and Hossein Ebadi”

“Biosystems Engineering Department, Faculty of Agriculture, Tarbiat
Modares University (TMU), Tehran, Iran, bBiosxystems Engineering
Department, Faculty of Agriculture, Shiraz University, Shiraz, Iran

1.1 Introduction

The world is undergoing a global crisis because of increasing popula-
tion, with an extra 1.7 billion people expected to be added by 2040. This
will increase energy demand by more than a quarter, mostly driven by
developing nations. Improvement in new energy sectors has decreased
the relentless appetite for conventional energy sources, although robust
data still suggest a continuous increase in coal, 0il, and natural gas produc-
tion. Based on the conclusion of the International Energy Agency (IEA) in
its annual “World Energy Outlook” report (2018) [1], meeting future
energy demands seems implausible to fulfill climate goals, unless govern-
ments take serious and forceful steps to employ carbon-free sources. The
report warns that if the current policies scenario (CSP), the set of active
policies in today’s world, remains constant, energy security will be
strained from almost all aspects. However, the gap between the outcome
and the sustainable development scenario remains huge in addressing
goals to halt climate change. Therefore, governments may be the only
game-changer in making decisions for the future.

Data analyses estimate that there was a 1.6% rise in the amount of car-
bon dioxide (CO,) released from the energy sector in 2017 globally, with
this trend possibly causing millions of premature deaths per year as the
fallout. Being aware of the tragedy behind the consequences of current
policy measures, people are directing a global march toward clean energy
at a higher but not sufficient pace. However, the coincidence of three main
changes—the drastic cost reduction in renewable energy technologies, the emer-
gence of digital applications, and the growing role of electricity—has triggered a
notable prospect for meeting sustainable development goals.

Photovoltaic Solar Energy Conversion 1 © 2020 Elsevier Inc. All rights reserved.
https://doi.org/10.1016/B978-0-12-819610-6.00001-6
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2 1. Introduction

The deployment of renewable energy systems into the global energy
mix is an essential and beneficiary tool in world progress strategy.
Renewable energy sources are extensively distributed around the world,
and every nation can harness a substantial share. The integration of
these green sources with economic developments in remote and
less-developed areas contributes to financial improvements, thanks to
alleviating migration from rural regions and easing social problems. In
this regard, considering current challenges and new advances in technol-
ogy associated with economic issues and environmental impacts is
crucial.

1.1.1 Basic energy concepts

Energy is a conventional concept that may be remembered by defini-
tions such as “the potential for causing change,” and “the capacity to
do work.” Energy comes in different forms such as thermal, chemical,
mechanical, electrical, etc. There is also the term power that indicates
“the rate at which energy is transformed, used or transferred.” The source
is the matter that energy comes from, and the mass of matter is propor-
tional to the amount of energy transformed as work [2]. Some of the pri-
mary energy concepts are introduced in this section, as follows:

* Energy conversion is the transformation from one form to another,
which is a common occurrence in nature. Sometimes there is a
conversion process chain between a set of energy forms that means, in
this process, that more than one form of energy has resulted from the
device. In other cases, energy may be converted through several ways to
yield the desired format [3].

* Energy efficiency comes as a measure to estimate the amount of output
from a given input of energy. In a broader description from the
European Union (EU) Energy Efficiency Directive (2015) [4]; “It means
the ratio of the output of performance, service, goods, or energy to the
input of energy.”

* Energy flow refers to the flow of energy through different processes
from the primary source to the final form of energy [5].

* Energy balance is a set of relations considering input and output
energies in forms of supply, generation, consumption, and loss in a
processor stage. This can be used as a technique providing overviews
for analyzing energy positions such as management, optimization, and
energy auditing tools.

e Traditional energy or traditional resource is another name for fossil
fuels, which are nonrenewable resources and are formed by rotting
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animals and plants buried under rock layers over millions of years.
Three main types of traditional resources are coal, oil, and natural
gas [5].

e Commercial energy includes sources of energy that have been
monetarized, which are usually based on fossil fuels. However, there
are some renewable forms of energy that are cost-competitive and have
a considerable share of the world economy [5].

¢ Cogeneration is defined as the sequential use of energy to generate two
different forms of energy originating from a primary source. In most
cogeneration cases, electricity and heat are generated from the same
process, and the overall efficiency of energy use can be as high as
85% [6].

¢ Gross energy requirement (GER) can be defined as the accumulation of
resources coming from all nonrenewable energy forms that are used in
yielding a product or service; it is denoted as the ratio between energy
units and the physical unit of product or service delivered. GER is a
metric tool to evaluate the consumption of nonrenewable resources. It
exhibits the share of exhaustion of the Earth’s inherited supply of
nonrenewable energy in the manufacturing procedure of a product or
service [7].

¢ Greenhouse gases (GHGs) are a set of gases that accumulate in the
lower layer of the atmosphere, the troposphere, and absorb infrared
radiation, which contributes to increasing the average temperature of
the Earth’s surface [8].

* Renewable energy comes from natural and renewable sources that are
known as nonpollutant sources. These are continuously replenished
and have a high capacity for being implemented in rural and remote
areas with no access to local power grids [9].

1.1.2 Energy economics

The energy sector plays a crucial role in the entire economy, and what is
known as stability or vibrancy is affected by energy under different states
such as job creation, environmental considerations, and energy efficiency
[7]. With the advent of concerns over climate change and its severe
impacts on human welfare and the environment, policymakers and law
enforcement are compelled to shift from fossil-based fuels to renewable
energy systems. As the energy sector’s contribution to gross domestic
product (GDP) is 6% on average, governments must maximize the benefits
of renewable energy deployment for their national economy [10]. Under
world energy scenarios focusing on future energy, global energy con-
sumption is predicted to undergo an annual 1.2% increase from 2010 to
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2050. This energy consumption supports the economic growth of
developing nations. Simultaneously, energy technology advancements
will diminish energy consumption per unit of GDP, starting from
2.7 tons/US$10,000 to 1.4 tons/US$10,000, which reflects remarkable
developments in the effectiveness of energy deployment [11].

As shown in Fig. 1.1, the rise of the average annual global economy is
estimated to reach 3% from 2010 to 2050 while energy demand growth is
estimated to increase to 1.2% and the average elasticity coefficient of
energy consumption is expected to be 0.4.

This figure also demonstrates the rise of electrification to about 3.1%
in the future, which surpasses the growth of global demand. This
indicates the gradual strengthening of the electricity position in energy
systems and the necessity of its prioritization in technological
development [11].

According to recent reports published by IRENA [12], the transforma-
tion of the energy system influences both the energy importer and the
exporter with different approaches. The increase in the share of renew-
able energy would be a boon for fossil fuel importers where the more sig-
nificant source of energy reflects ripple effects on their economy by
reducing reliance on foreign energy and investing in indigenous sources.
However, new trade patterns do not seem favorable to fossil fuel
exporters as their GDP has the vulnerability to export revenues, which
has a significant impact on their economy.

Total economic demand @ Electricity demand m Energy demand

a4
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FIG. 1.1 The comparative trends of the world’s total economy, energy, and electricity
demand increase from 2010 to 2050 [11]. (Note: To make the values nondimensionalized, ini-
tial amounts are set at 1).
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Renewable energy systems are affecting the economy in different ways
and by various factors. In order to assess the renewable energy footprint
on the economy, several indicators have been used by economists [13]:

* Number of employees is one of the most frequent indicators for
evaluating the impacts on the economy, and it must be investigated in
full-time equivalents or person-year.

e Fiscal effects represent the financial contribution share of the local or
national government to the renewable energy industry.

¢ Salaries of employees reveal the quality of jobs created in the industry
in which highly paid and low-paid employees are distinctive, and
highly paid jobs render a more significant impact on the economy.

e Landowner benefit lies in land lease payments to the landowner from
the plant operators, which chiefly are found in wind power plants and
other space-intensive technologies such as solar photovoltaic (PV)
farms.

Some other economic effects are also used to assess the impacts of
renewable energy systems on the economy such as GDP, gross value
added (GVA), the new democratic party (NDP), the rights of conserved
water, the benefits of operators, etc., that have been assessed for the
impacts of renewable energy systems on the economy.

1.2 Global trend of energy supply and demand

Human civilization, industrial evolution, and population growth are
the leading causes behind the depletion of conventional energy sources
through increasing the world’s energy demand. In the case of energy
reporting, fuels, and energy commodities, the energy flow refers to the fol-
lowing terminology [14]:

® Primary energy is dedicated to the means of energy commodity that is
extracted from the original source and via a direct process with
minimum unit operation.

* Secondary energy is defined as a means of fuel or energy commodities
that are consumed as the energy source converted from a form (usually
primary energy) to another form.

¢ Final energy is what the consumer buys at the marketplace.

® Useful energy is described as the input energy in an end-use
application.

Reviewing the world’s energy consumption reports [15] shows that by
the end of 2018, the share of primary energy consumed by the world’s
population increased by 2.9% on an average annual scale. Oil and coal
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as primary fuels for energy consumption are decreasing, as coal has the
lowest share by 27% in the last 15 years. However, natural gas has
increased to 24% and is predicted to replace the coal consumption share
in the near future. Hydro and nuclear energy shares remain at near 7%
and 4%, respectively, while other renewable energies such as united
sources have soared to 4%, just close to nuclear. The statistics prove that
the total amount of energy consumed as fuel in 2018 is equal to
13,865 Mtoe, in which China had the most significant share with respect
to the United States as the second-largest energy consumer. The develop-
ment trend of world energy consumption for different fuels from 1965 to
2013 is depicted in Fig. 1.2.

In 2018, fossil fuel production increased as oil expanded by 2.2 Mb/d,
natural gas improved by 5.2%, and coal rose by 4.3% [15]. However,
according to the statistics reported by IRENA (2019), the total renewable
energy capacity by the end of 2018 was measured as 2,356,346 MW and the
amount of energy produced from renewable energy technologies until
2017 was 6,193,948 GWh. Of that, the hydropower share was 67%, the
wind energy was 18%, and the total solar energy was 7%, with the remain-
ing shares for marine, bioenergy, and geothermal. In 2017, 425,810 GWh of
solar power was dedicated to PV and 11,476 GWh to concentrating solar
power (CSP) plants [17]. Fig. 1.3 shows the global energy generation
trends for each sector from 1990 to 2030.

According to Fig. 1.4, the primary energy demand is projected to
increase consciously at a steady lower speed. In 2013, the global popula-
tion was measured at 7.2 billion, where the total demand for primary
energy reached about 19.5 billion tons of standard coal [11]. Thanks to
the global energy agenda toward a low-carbon energy supply, there are
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mandates for renewable energy portfolios, and every nation is trying to
formulate strategies, plans, and policies for avoiding an energy crisis
and promoting sustainable development initiatives. Renewable energies
have a more significant contribution to total energy supplies in developing
countries than in developed countries. Statistical reports show that more
than 75% of produced renewable energy is used by developing countries,
where the most useable sources are hydropower and traditional biomass.
Further analysis shows that in 2030, renewable energy is expected to have
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a considerable chunk, such as 7,775 TWh of the world’s electricity gener-
ation and 539 Mtoe in energy generation for industries and buildings [18].

1.2.1 Future energy outlook

According to the latest report published by McKinsey [19], the global
primary energy demand will have slowing growth in the future, when
it is expected to plateau after 2035 due to the stronger penetration of
renewable energy sources. It is also expected that electricity consumption
will increase twofold until 2050, which rises from a shift toward electric
transportation with 50% of total energy production comes from renewable
energy. The report states that gas is the only fossil fuel that shows a grow-
ing trend in total energy demand, which is expected to plateau after 2035;
however, in the long term, gas demand is expected to decline to 33% from
41% for the period from 2015 to 2050.

1.2.1.1 Challenges

Conventional sources of energy are emitting CO,, which hinders the
heat exchange between the Earth’s surface and space; thus, absorbed
energy remains on the earth, making it warmer. This excessive heat cul-
minates in the climate-changing effect that is looming nowadays. So far,
oil, coal, and natural gas have fulfilled human energy needs while they
ultimately have elevated CO, emissions at a pace that natural photo-
synthesizing was not able to cover, and accumulation of CO, has been rec-
ognized in the atmosphere [20].

Although GHGs form 0.03% of the total atmospheric volume, they have
a tremendous influence on the Earth’s surface temperature. Usually, these
gases include: (i) CO, emitted by combustion of fossil fuels, deforestation,
and desertification, (ii) methane (CH,) produced by rice cultivation, cattle
rearing, coal mining, biomass burning, landfills, ventilation of natural gas,
and using wood fuel, (iii) nitrous oxide (N,O) released from agricultural
practices as well as catalytic conversion through cars and fossil fuel com-
bustion, and (iv) chlorofluorocarbons (CFC) discharged from air condi-
tioners, freezers, solvents, and insulators [21].

Regarding a recent United Nations (UN) call for climate action,
nations have been encouraged to propose plans not only to mitigate
existing circumstances but also to show a way toward a full transforma-
tion of economics along with sustainable development goals, where the
aim is to reduce GHG emissions by 45% in the next decade [22]. Some
scientists believe that the best way to solve the energy crisis is to study
interregional energy flows and connections by monitoring globalized
villages. They put forth that it is becoming common that a product is
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produced using energy either exploited from domestic resources or
traded from foreign countries and then is exported somewhere else for
reprocessing or consumption [23].

1.2.1.2 Opportunities

GDP is a value for economic analysis and is a function of energy sys-
tems. Increasing living standards raises energy demands, which have
resulted in GDP growth besides the rise in CO, emissions. However,
the decoupling of industrial energy consumption and CO, emissions
has shown its viability through a successful case in the energy-intensive
industry in Scandinavia, which exemplified GDP growth that was
decoupled from carbon emissions [24]. In the case of decoupling CO,
emissions and GDP growth, two salient strategies of increasing the grid
share of low-carbon generation sources and utilizing more efficient energy
generation technologies are playing crucial roles [25].

There is growing recognition that renewable energies are becoming
increasingly affordable, which leads us to leapfrog to more sustainable,
resilient economies. Recent findings have proven that supplying energy
systems by 100% renewable energy is achievable and the feasibility is well
documented for around the world [26]. As was mentioned earlier, renew-
able energy utilization has accelerated in recent decades, and the plunging
trend is expected to be perpetuated by technology maturity and signifi-
cant price drops behind renewable energy implementation. Economic
analysis indicates that in 2010 and 2017, the prices of PV and wind turbines
have fallen by 80% and 50%, respectively [27].

In 2015, the world invested about $286 billion in wind, hydro, solar, and
biofuel production. Patent data based on climate change mitigation tech-
nologies reveal that the solar PV fabrication industry, with a focus on cost-
effective solar cells and hybrid solar technology, has the highest number at
15% of total patents [28]. It is also estimated that the renewable energy
industry will provide 7.7 million jobs around the world, where PV cell
manufacturers hire the largest employer [29].

In the context of future energy systems, the only way to strive for sus-
tainable development goals as well as economic growth is orienting cur-
rent infrastructure toward more sustainable systems via a transition
pathway. Two main characteristics have been assigned for this transition
pathway [30];

I. The impacts are long term due to the long lifetime of the used
infrastructures and the effects that energy systems have on finite
resources and climate change.

II. Regional characteristics are different, and transition pathways may
have various starting points depending on the region.
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In order to evaluate world energy systems, there are several models
that must be assisted with life cycle assessment (LCA) for a comprehen-
sive analysis of different scenarios. What has been added to this evalua-
tion process is a large set of sustainable indicators that thoroughly deals
with environmental and human life issues coupled with an investigation
from raw material to the disposal of technology.

1.3 Overview of renewable energies

Usually found as parts of physical structures on our planet, various
forms of renewable energies originating from sunlight, wind, water, bio-
mass, and underground natural heat are inexhaustible and constantly
renewed by natural phenomena. Based on recent advances, renewable
energy sources are becoming cost-competitive and an alternative choice
for conventional energy sources such as oil, gas, coal, etc. Despite the fact
that these renewables are clean, they are not necessarily 100% eco-friendly
and have some environmental impacts that vary with the location, tech-
nology, materials, and other factors. Their distinctive role appears when
renewables reflect a very much lower carbon footprint compared to fossil
fuels. They are a key element in hampering global climate change with
minimizing air pollution. Different forms of renewable energies are
depicted in Fig. 1.5 and concise descriptions of them are given in the
following.

Solar energy is an unlimited energy flow from the sun, which runs
most of the renewable energy sources. The energy is conveyed through
sunlight, which is one of the clear examples of direct solar energy deliv-
ered to Earth. Some types are found in forms of stored solar energy, where
rainfall or wind serves as short-term storage of solar energy, and some
others such as biomass feature the long-term storage of solar energy. This
source of renewable energy is described in Section 1.3.2 in detail.

Hydropower is a sustainable power production technique in which a
dam is usually used to pass the stored water through a turbine, spinning

Renewable energies
|

T 1 T ]
mi ¢ it

Wind energy Geothermal Hydropower Biomass energy Tidal energy
energy

FIG. 1.5 Different types of renewable energies.
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the blades and generating electricity. This technology is not limited to
large dams, as there are many small stations that employ rivers, channels,
or water canals to harness their kinetic energy. Pumped storage plants are
the other form of hydroelectric unit, making it possible to store energy.
In this type, electric power is first used from the utility grid to pump water
from a low reservoir to the upper reservoir, a process that stores power.
Finally, when water is released from the elevated reservoir, power is gen-
erated via the turbine placed along the flow line [31]. It is the world’s larg-
est source of renewable electricity. Hydropower generation capacity
surged from 250GW in 1950 to nearly 1400GW in 2018 while the global
pumped hydropower storage has reached 160.3GW [32].

Biomass energy; Biomass is an organic material that stores the sun’s
energy via photosynthesis as chemical energy; this will result in heat when
burned. Moreover, biomass can be converted to a liquid form as biofuel or
a gas as biogas to run engines or power plants [33]. There are numerous
examples for bio-based products that are employed for different energy
conversion systems such as woods, agriculture crops, food wastes, animal
manure, municipal wastes, and human sewage, which undergo a diges-
tion or degradation process inside the bioreactors to produce biogas or
fuels. Heat energy derived from these biomaterials is usually used for
residential water and space heating and cooking, or on a larger scale for
industrial thermal processes. According to the latest reports from
OECD/IEA,” bio-based renewable sources accounted for 12.4% of global
energy consumption in 2017 while modern bioenergy accelerated its
growth and increased its biopower capacity to nearly 130 GW in 2018 [34].

Wind energy is one of the renewable sources that can be harvested
and used as a clean and favorable form of energy to generate electricity.
This mature technology is a zero-pollutant and completely affordable in
large scale. Inexhaustible wind power is harnessed via wind turbines to
drive an electric generator for electrification purposes. One of the con-
straints in the wind industry is land use issues that have yielded offshore
wind farms, a plausible solution targeted at bolstering the capacity of
renewable energy sources in the world’s electricity supply. In 2018,
46.8 GW onshore wind power out of a total of 51.3GW was added to
global installations reaching 591 GW [35].

Geothermal is a thermal source of energy that comes from the earth’s
core, producing a high-temperature condition that is ideal for steam gen-
eration in power plants. This technology is put to work around the world
where geographical factors are favorable. It can be found in two main
types: dry steam or hot water resources. In dry steam, natural steam is

?Organization for Economic Cooperation and Development/International Energy Agency.
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extracted from deep wells and used to drive turbine generators while in
hot water reservoirs, the saturated wells keep hot water under pressure
and in liquid form so that piping the hot water to low-pressure separators
will change the water to vapor. Powering the turbine generators by the
resulting steam makes electricity, where cooled and condensed water
can be returned back to the reservoirs. In 2018, a new 0.5GW geothermal
power capacity was added to the global energy market, making the total
accumulated capacity 13.3GW [34].

The ocean enjoys two prime sources of energy in the forms of thermal
and mechanical. Absorbing solar thermal power and storing the heat
within its layers, the ocean has marine thermal energy that can be har-
vested from the temperature gradient between the surface and deep-water
layers to produce electricity or desalinate ocean water. Tidal power is the
other form of energy inside oceans that generates electricity out of the
repeated rise and fall of water levels. Tidal barrages and fences are utilized
to power electric generators and turbines by converting the mechanical
energy of tides. Wave power harvesting has also loomed in recent years
and new methods are under development to enhance the efficiency of
energy conversion from wave energy to electricity. Although ocean ther-
mal power plants are still at their infancy, wave and tidal energy systems
are exhibiting an increasing rise where the global installed marine energy
capacity reached 532MW in 2018 [36].

1.3.1 Global market for renewable energies

To achieve social and economic development, the global demand for
energy and related services has been increased. As a consequence of
energy service provisions, GHG emissions have dramatically increased.
It has been confirmed that burning fossil fuels accounts for the largest part
of the GHG emissions originating from human activities. In the majority of
cases, an increase in the share of renewable energies in the energy mix can
significantly mitigate destructive impacts and provide vast benefits. The
use of different renewable energy sources and technologies is envisioned
to be further expanded and employed at an increasing rate in the near
future [37].

Fig. 1.6 provides the carbon emissions from the energy providers in the
power sector, which reflects an ascending trend with a 2.7% increase in
2018. It shows that despite the rapid growth in renewable energy, the sig-
nificant power demand has resulted in substantial carbon emissions. This
crucial vector has resulted from the businesses and factories that have
been electrified without decarbonization. In this way, it is essential to
improve the share of the renewable energy technologies in the power sec-
tor; however, to win the Paris agreement, the world needs to incorporate a
range of fuels and technologies [15].
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FIG. 1.6 Carbon emissions from the power sector [15].

After a long period of global slowdown, the growth of renewable
energy sources is being spurred in the energy transition from fossil fuels
to low-carbon strategies. According to the latest report published by
RENZ21 [34] in 2018, 181 GW of renewable power has been added to the
world’s renewable energy systems, reaching a total power capacity of
2378 GW. Although the annual investment in renewable power and fuel
decreased to $37 billion in 2018, energy efficiency augmentation, energy
access expansion, and the progress in renewable energy utilization have
driven this growth. Power generation has been the most dominant market
in the renewable energy industry in recent decades. But the heating and
cooling sector is also a critical segment where renewable energy has the
least penetration due to the lack of implementing policies [34].

In particular, by 2016, modern renewable energy made up just 10% of
the total heating and cooling demand. Therefore, more incentives and pol-
icies are necessary, especially in building energy codes to meet the rising
trend of energy demand by the integration of modern renewable energy
technologies in this sector [34]. Transportation is another sector in which
renewable energy integration has been less than expected, although
biofuels and a new generation of electric vehicles (EVs) are booming in
this respect. Major uncertainties about the utilization of biofuels still
confine the vast use of this liquid renewable energy source so that in
2018, only 3.3% of the total transportation energy market was provided
by renewables [34].

Fig. 1.7 depicts the share of each source in the total power generated by
renewables in 2018, in which hydropower capacity is still the leading
source of energy, followed by wind power and solar PV. However, data
analysis revealed that solar PV capacity has had the highest pace among
these renewable sources by making 55% of the total 181 GW increase in the
power sector [34]. Unlike the deployment of some renewable energy
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FIG. 1.7 Yearly renewable power addition by technology from 2012 to 2018 [34]. Note:
Solar PV capacity data are provided in direct current (DC).

sources that are on track, such as solar PV and wind power technologies,
other systems need a spike in technology penetration to considerable
shares such as biofuels for transportation and solar heat for industrial
processes [38].

1.3.2 Solar energy

Both renewable and fossil fuels originate from the abundant energy
source of the sun. The sun, as a blackbody with a 5777K surface temper-
ature, encompasses several fusion reactions that trigger its abundant con-
tained energy. This continuous fusion reactor is based on its constituent
gases, referred to as a “containing vessel” retained by gravitational forces
[39]. The released energy is vast in quantity and can meet human needs by
several billion times where the solar power output is estimated as
3.86 x 10" MW. Traveling near 1.495 x 10" m, this high potential energy
reaches the Earth at a constant rate of 1.37 kW per m? [40]. After the direct
sunlight bathes the Earth’s atmosphere, a fraction of it is blocked from
penetration into the atmosphere layers. Solar energy can be harnessed
by utilizing various technologies including solar thermal collectors, con-
centrators, and solar cells to produce heat and electricity.

1.3.2.1 Properties of sunlight

In space, the solar spectrum is more like the radiation of a black body
and covers different wavelengths. However, the Earth’s surface absorbs
the selected sunlight, regulated by the atmosphere at a certain wave-
length. Sunlight comprises photons, minuscule particles that carry the
electromagnetic waves originating from the sun and traveling through
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space [4]. All the photons reaching a solar cell can be converted into elec-
tricity, except those with lower energy levels. For successful energy con-
version, those with higher energy levels have to decrease their energy
content to the gap energy by utilizing the thermalization of the photogen-
erated carriers [5].

According to Fig. 1.8, the solar spectral irradiance curve covers a broad
range of wavelengths and forms the distribution of extraterrestrial radia-
tion. However, the atmosphere attenuates several parts of the spectrum
and regulates the solar radiation delivered to the Earth’s surface by the
elimination of x-rays, for instance.

Air mass (AM) is defined as the atmospheric parameter that usually has
a strong influence on the solar spectrum. It depends directly on the short-
est distance that sunrays travel through the atmosphere while reaching
the Earth’s surface. Therefore, as the sun angles approach the horizon,
the solar intensity reaching the ground becomes weakened due to the
greater air mass in the way of the rays. The apex for solar intensity at
the Earth’s surface is usually assumed as 1kW/m?, which varies by a
set of factors such as cloudiness and climatic conditions as well as seasonal
changes [42].

The solar radiation that reaches space is highly dissimilar to the portion
that reaches Earth. In space, the solar spectrum is more like the radiation of
a black body and covers different wavelengths; however, the Earth’s sur-
face absorbs the selected sunlight, regulated by the atmosphere at a certain
wavelength [43].
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FIG. 1.8 The spectrum of solar radiation on Earth [41].
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1.3.2.2 Solar photovoltaic energy conversion technology
Photovoltaic effect

The photovoltaic effect is a process in which light is converted into
electricity. It was first experienced in 1839 by Henri Becquerel when he
immersed a sheet of platinum (Pt) coated with a thin layer of silver chlo-
ride in an electrolytic solution, and then illuminated the sheet while it was
connected to a counterelectrode [44]. In PV technology, direct current
(DC) electrical power, indicated by watts (W) or kilowatts (kW), is
generated from semiconductor materials as they receive photons in an
illumination process [45]. Functionally, individual PV elements mainly
known as solar cells include a p-n junction in a semiconductor material
where light absorption has occurred. Solar cells never need recharging
to produce electricity again, like what is happening in a battery. There-
fore, electric power generation continues as long as the light is cast on
a solar cell. Once the illumination is interrupted, the electricity generation
is also stopped [44, 45].

A solar cell is as simple as a semiconductor diode in which careful
design and fabrication have made it possible to obtain and use photonic
energy conveyed by radiant light from the sun to generate electrical
energy in an efficient way. The key physics of a simple conventional solar
cell are demonstrated in Fig. 1.9. First, the solar incident is delivered on the
top surface of a solar cell. One of the electrical contacts of the diode that is
formed by a metallic grid allows light to reach the semiconductor and lies
between the grid lines to be absorbed and consequently produce an
electric current. In order to improve the amount of transmitted light in
the process, an antireflective layer can be used between the grid lines.
As an n-type semiconductor becomes adjunct to a p-type semiconductor,
shaping the metallurgical junction, the semiconductor diode is formed.
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FIG. 1.9 Photovoltaic effect in a solar cell [46].
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Another metallic layer attached to the back surface of solar cells forms the
diode’s other electrical contact [45].

1.3.2.3 Development history of solar cells

In essence, the study of PV technology began in the 1800s, and
research continued until 1904 to complete the discovery phase of PV.
In 1905, a scientific foundation was formed for technology development
until the 1950s [47], where Bell labs introduced the first silicon solar cell
in 1954 [48]. After this breakthrough, the first practical PV devices
emerged drastically for a decade. From 1960 to 1980, PV technology
obtained a global scale, and its utilization was extended to the power
scale while the number of devices integrated with this technology rose.
PV developments slowed during 1980-2000, which was rooted in the
political and energy independence strategies [47]. However, after
2000, the technology accelerated, fueled by the considerable cost reduc-
tion and great improvements in the efficiency of commercial cells. This
led to the advent of new cell generation and advanced deployment of the
technology. Fig. 1.10 summarizes the historical timeline of the develop-
ment of PV technology.

First generation of PV cells

The first-generation PV cells are based on crystalline silicon techno-
logy in which silicon, one of the most abundant materials on the Earth,
with a 1.1eV bandgap is used to exploit photon energy coming from
solar irradiance. After the purification, the formation of silicon ingots
and wafers are the steps that account for the production costs and have
undergone numerous improvements [49]. This mature technology has
provided two different types of silicon solar cells: single (mono)-
crystalline silicon, multi (poly)-crystalline silicon. This technology
was profoundly improved in 1990, where the efficiency reached 35%
under lab tests. Due to easier manufacturing process, the poly-silicon
crystalline solar cells were expanded rapidly by a commercial effi-
ciency as 21.5% [50].

Second generation of PV cells

New explorations for a reduction in material consumption and a
feasibility study for new materials led to the advent of second-generation
PV cells. Thin-film technology was developed for easier and cheaper
manufacturing of PV modules, opening new opportunities to industry.
Several key technologies such as amorphous (a-5i), copper indium
gallium selenide (Culn,Ga;_, Se,, CIGS), and cadmium telluride
(CdTe) emerged in this respect. Although a-Si is a widespread technology
due to the ability of silicon-based manufacturing, low absorption and
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FIG. 1.10 The key milestones in the history of PV technology development. Data from
Fraas LM. History of solar cell development. Low-cost sol. electr. power. Cham: Springer Interna-
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high vulnerability are its alarming disadvantages [49]. One of the merits
of thin-film technology is the flexibility in the substrate materials ranging
from metal to fabrics, which broadens its viability with new applications.
On the other hand, using much fewer materials, the payback period
of this technology is merely 6 months that increases its investing
interests [51].
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Third generation of PV cells

Environmental and economic concerns shifted the PV conversion tech-
nology toward cheaper and more ecofriendly PV cells. Analogous to the
second generation, this technology is based on the thin-film deposition
technique in the manufacturing process. One of the perspectives of this
concept is to use nontoxic and abundant materials to be plausible in
large-scale production [52]. Third-generation technology is based on novel
thin-film devices, including dye-sensitized, organic, and quantum dot
solar cells as well as other “exotic” concepts consisting of spectral-splitting
devices, hot-carrier collection, carrier multiplication, and thermophoto-
voltaics. The prime aim behind the third-generation technology is to
achieve low-cost production such as $0.2 per watt by increasing the effi-
ciency beyond the Shockley-Queisser limit for single bandgap devices
[53-55].

1.3.2.4 PV technology landscape

Fig. 1.11 represents the technology status of three PV generations in a
plot of efficiency versus area cost. Single bandgap technologies suffer from
a power-loss mechanism, which limits their efficiency below the shaded
area. In these technologies, the photons exceeding the bandgap account
for half the solar incident, resulting in thermalization and a major loss
in light-to-electricity conversion. The thermodynamic limit is the other
constraint applied to the third-generation technologies (multiple thresh-
old approaches) and hinders their efficiency improvement by 67% or
86.8%, depending on the concentration [52]. This figure also indicates that
all technologies shift toward the upper-left corner, as the efficiency
enhances and the cost reduces progressively [53].
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FIG. 1.11 Projection of efficiency and costs for three solar cell generations [52].
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1.3.2.5 Global PV market and industry

As Fig. 1.12 illustrates, the annual PV industry has shown stable growth
in recent years, surpassing 100 GW (including on/off-grid capacity), and
reaching a total capacity of 505 GW compared to the global total of 15GW
only a decade ago. Moreover, in 2018, the rising tide of renewable energy
demand in emerging markets such as Europe and some developing coun-
tries offset the major declines in some of the older markets such as China,
where a number of countries have turned to gigawatt-scale markets [56].

In the PV technology market, there are seven categories of applications
for PV power systems, ranging from small pico systems with a few watts
to very large-scale PV plants with hundreds of MW [57]:

* Pico PV systems emerged as small PV systems with a power output of a
few watts (1-10 W) integrated with small LEDs, charge controllers, and
efficient batteries. They were introduced into the market as small kits to
enable services for lighting, phone charging, and powering radios or
small computers. These power systems are in extensive use for off-grid
electrification, especially in developing nations.

o Off-grid domestic systems supply electricity to residential households
and villages that lack a permanent connection to utility power
networks. The given energy comes as lighting, refrigeration, and other
loads to meet the energy demand from off-grid users. Most off-grid
domestic applications are mostly scaled to 5kW.

e Off-grid nondomestic systems emerged as the initial widespread
utilization of terrestrial PV systems, empowering vast applications in
remote regions where such a small system was able to bring significant
developments such as telecommunications, water pumping, vaccine
refrigeration, and navigational aids.
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FIG. 1.12 Solar PV global capacity and annual additions [34]. Source: Becquerel institute and
IEA PVPS.
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¢ Hybrid systems include minigrids that benefit from both PV systems
and diesel generators. The synergy comes out of the combination,
which leads to a major fuel price reduction and delivers higher-
quality service. With the advent of microhybrid systems, new
possibilities emerged in the development of telecom base stations
and rural electrification. However, large hybrid systems are able to
power large cities far from the grid, using utility-scale battery
storage.

¢ Grid-connected distributed PV systems are a set of PV systems on or
integrated on residential, industrial, or commercial buildings, or merely
in the built environment, to produce electricity for a wide range of
demands. These systems supply power to end users through the utility
network or directly to the electricity network. For integration into
buildings, the PV system may be building applied photovoltaic (BAPV)
or building-integrated photovoltaic (BIPV), where BAPV comes from
installation on existing buildings while BIPV refers to the replacement
of building materials with PV.

® Grid-connected centralized PV systems work like the centralized
power stations where the supplied power is not directed to specific
functions on the network and is usually in the form of bulk power. Most
systems are ground-mounted; however, recent advances have
introduced floating PV systems, enabling harnessing of the abundant
solar energy in the dam vicinity, and agricultural PV systems that
provide electricity generation alongside crop production.

® ViPV (vehicle integrated PV) is the latest segment of PV application,
which has displayed significant potential on cars, trucks, ships, etc. The
embedded PV may result in a significant reduction in carbon emissions
that comes from the transportation sector.

Thanks to enormous cost reduction and widespread production tech-
nology, the PV industry has evolved drastically in recent years. In
Fig. 1.13, the yearly PV production, production capacity, and installation
are shown. The trend indicates that in just 2017, 28GW was added to
global production capacity, where the most significant increase was
reported in China’s photovoltaic industry. It also suggests that the
increase in manufacturing capacity is a product of the incorporation of
new factories, besides the procurement of closed factories or inaugurating
joint ventures with other companies [56].

The PV manufacturing industry covers the value chain from raw mate-
rial to maintenance and installation. Although the PV industry is mostly
based on solar cells and module manufacturing, there are some upstream
industries, including materials and equipment manufacturing, as well as
some downstream industries consisting of battery manufacturing and
other maintenance and installation services. In the history of the PV
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industry and technology development, there are some key parameters
that have influenced the market rigorously.

After 2008, the price of silicon raw materials underwent a drastic fall,
resulting in much lower wafer-based silicon solar cells. Achieving up to
95% of the total PV market in 2017 led this technology to become the main
PV industry for years. With recent advances, the efficiency of commercial
modules has reached 12-22%, whereas the efficiency of monocrystalline
modules varies from 16% to 22% while the efficiency of polycrystalline
modules performs at 12-18%. However, the fastest-growing segment in
the PV power plant sector is PV technology with tracking systems, and it
has been expected that this technology will cover 40% of the PV market by
2020, continuing its share of 20% in 2016 [58]. Thin-film solar module
manufacturing is another significant industry, which started in 2005 and
reached 20% of PV markets in 2009. However, in 2017, this technology
declined to less than 5% due to the lack of progress in efficiency. Concentrat-
ing PV (CPV)is the other segment suffering from a sharp fall in the number of
manufacturing companies due to the lack of considerable cost reductions in
processing. In this technology, optical elements such as lens and tracking
systems play major roles. Moreover, new nonconcentrating high-efficiency
concepts are emerging to increase the cell and module efficiencies [58].

1.4 Conclusions and goals of the book

“Energy transition” is a pathway toward transferring the global energy
sector from fossil fuels to renewables. In order to confine climate change
and its consequences, energy sector decarbonization needs urgent action
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on a global scale. In this way, two known measures are renewable energy
and energy efficiency, which can potentially achieve 90% of the essential
carbon decrements.

Approved scenarios of “100% renewable electricity” have recently
focused on the significance of solar PV technology as a necessity to achieve
this goal and to decarbonize the power sector in a cost-competitive way.

PV systems are becoming more widespread as their advantages become
apparent and costs fall. The development of new technologies and the
establishment of new policies are required by the PV industry, grid
operators, and utilities to facilitate the deployment of large-scale PV into
flexible, efficient, and smart grids. Enjoying numerous advantages, PV is
one of the most sustainable, elegant, and benign technologies in power
generation and has strong superiority over conventional methods. PV
power has the flexibility to be generated in any place with a high potential
of solar radiation, regardless of urban or rural limitations, and at any
operating mode ranging from distributed to grid-feeding. Having no
dependency on conventional fuels and as a result of a sustainable produc-
tion system, PV would play a major role in national energy security
scenarios and ameliorate the CO, impacts in the future.

Empowering electrical equipment from an inexhaustible source like the
sun is always a laudable idea. This clean and abundant energy with the
least harm to our planet comes free and is needless of any power socket
when it appears as PV. There is a significant need for accelerating R&D
studies by governments and industry to cut production costs and support
long-term technology innovation to achieve deep PV penetration. Interna-
tional collaboration is a vital step in conducting PV research, develop-
ment, capacity scaling, and funding for better learning and averting
parallel efforts. To the current technology, solar electrification is demon-
strated as the most economical method to generate electricity.

This book provides up-to-date knowledge of the photovoltaic solar
energy conversion technology along with the most recent applications
in different fields, the environmental impacts, and the global market
and policies. This reference offers engineers, scientists, specialists, etc., a
comprehensive knowledge of different aspects of PV technology in the
context of the most recent advances in science and technology, providing
insights into future developments in the field of photovoltaics. In this
regard, this book covers four main areas: PV Cells and Modules, Applications
of PV Systems, Life Cycle and Environmental Impacts, and PV Market and
Policies.

The contents of this book encompass all the mentioned topics through
13 chapters, briefly introduced here. This chapter represents a general
view of the global energy status and outlook, the basics of renewable ener-
gies, the operating principles of PV cells, and the historical background
and global market for PV energy conversion technology. Chapter 2
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introduces all generations of solar cells along with the most recent
advances in this field. Chapter 3 studies the conventional and emerging
PV module technologies as well as their possible failures and defects,
and discusses the monitoring and inspection methods of PV modules.
Chapter 4 covers the most recent advances in photovoltaic thermal
(PVT) technology along with their various applications. Chapter 5 studies
different configurations and design principles of the PV systems, includ-
ing on-grid, off-grid, hybrid, and their main components. Chapter 6
investigates the employment of PV systems in farm applications, includ-
ing pumping and irrigation, drying, greenhouse cultivation, dairy farm-
ing practices, etc. Chapter 7 reviews novel applications of PV systems
in precision agriculture (PA) by introducing solar farm robots, solar
tractors, solar-powered wireless sensor networks (WSNs), etc. In
Chapter 8, applications of solar PV systems in desalination technologies
are presented and discussed, including commercial desalination tech-
niques as well as solar distillation systems. Chapter 9 studies the applica-
tions of solar PV systems in hydrogen production with the most focus on
the electrolysis water-splitting method. Chapter 10 represents the devel-
opments of PV power plants, distributed PV generation stations, and
the autonomous monitoring concept. Chapter 11 introduces new concepts
and applications of PV systems and their use in buildings, cars, spacecraft,
gadgets, etc. The life cycle assessment (LCA) methods and environmental
impacts of PV systems are discussed in Chapter 12. Finally, the global mar-
ket and policy mechanisms of PV technology are presented in Chapter 13.
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2.1 Introduction

Globally, increasing growth, improved industrialization and an
increase in people’s living standard have raised energy demands over
the past few decades. The International Energy Agency (IEA) projected
that developing nations are increasing their energy consumption at a
quicker rate than advanced ones and will need nearly twice their current
installed generation ability by 2020 to meet that demand [1]. Solar cells,
commonly referred to as photovoltaic (PV) cells, are in fact electrical
devices that convert solar energy into direct current (DC). When these cells
are exposed to sunlight, photons are absorbed, and the electrical current
begins to flow after completing the gap between two poles, as shown in
Fig. 2.1 [2].

These cells are useful in controlling the electricity voltage generated by
positive and negative cell reactions. A few decades ago, when researchers
tried to find an affordable and efficient way to produce energy through the
use of renewable resources, this field of technology came into practical
use. Solar power, however, remains the most productive source of renew-
able energy. Small business owners can generate their own electricity for
personal use at lower rates than the local service provider due to the use of
solar technology. To date, solar energy has faced strong competition from
hydroelectric and wind power, accounting for only a small proportion of
total energy production. Over time, however, solar power has emerged as
perhaps the greenest form of renewable energy and has seen growing
worldwide demand. The solar industry has made significant progress
in reducing solar electricity costs, and in many parts of the world, it is
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FIG. 2.1 Photovoltaic effect of a solar cell [2].

now competing with grid electricity in terms of costs. Because it requires
less infrastructure, solar power can also be used in areas where conven-
tional electricity is not an easy option [3]. Recent innovations in alternative
PV technologies, however, have opened up the possibility of solar panels
with features such as flexibility, a custom shape, and transparency [4].
Because of the lack of heavy glass sheets and metal frames, flexible solar
cells are lightweight, significantly reducing the transport and deployment
costs. Specifications, limitations, and advances for transforming solar
energy into electricity using solar cells have been processed in order to
provide four generations with specific improvements in their characteris-
tics, such as solar range, cost, protection, durability, and efficiency. In the
near future, the next generation of more exotic solar cells will be in the
pipeline. There are four generations of solar cells: crystalline solar cells,
thin-film solar cells, dye solar cells, and perovskite solar cells. This means
that different types of solar cells can be used according to needs and pref-
erences. There is progress in the research and development linked to dis-
tinct kinds of solar cell materials. The recent developments in solar cell
efficiency are shown in Fig. 2.2 [5]. In this chapter, some of the important
ones are described, as shown in Fig. 2.3.

2.2 Solar cell technologies

2.2.1 Crystalline silicon solar cells

Single junction solar cells based on silicon wafers along with single
crystal and multicrystalline silicon oversee recent solar photovoltaic
development. This sort of single-junction, silicon wafer system is now fre-
quently referred to as the first generation of solar PV technology, much of
which was based on screen-based systems comparable to those shown in
Fig. 2.4 [6].
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FIG. 2.4 Schematic of a first-generation mono-Si PV cell [6].

Crystalline silicon solar cells have numerous benefits, such as better
efficiency than other sorts of solar cells and simple accessibility; these ben-
efits have compelled producers to use them as a prospective material for
solar cells [7]. In many cases, the mono-Si solar cells are employed due to
high efficiency; however, the high material prices remain a point of con-
cern for producers and end users. As a result, the production unit could
use a substitute, and thus poly-Si solar cells may be the next alternative
that is more inexpensive than the monocrystalline solar cells.
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2.2.1.1 Mono-Si solar cells

Mono-Si solar PV cells are a photovoltaic technology of the first gener-
ation. They have been around for a long time, proving their reliability,
durability, and longevity. The technology, installation, and performance
issues are all understood. Many of the early PV cells that were installed
in the 1970s still produce electricity today. These are manufactured from
the method of Czochralski (CZ) [8]. A molten vat is made of a silicon ingot.
It is then sliced into a number of ingots that form the solar cell substrate.
The main demerit of mono-Si solar cells is their high cost due to the costly
manufacturing process. A second demerit is its reduction in efficiency as
the temperature drops to approximately 25°C. For panel installation,
proper maintenance is required to provide air circulation over the panel.

2.2.1.2 Poly-Si solar cells

Polycrystalline Si (Poly-Si) solar cells are less expensive than mono-5i
solar cells, but they are also less efficient because of their nonuniform lat-
tices. They have a number of ingots drawn from a molten vat rather than a
single large ingot [9].

Polycrystalline silicon is a high purity, poly-si form (Fig. 2.5) used by
the PV industry as a raw material. A chemical purification process known
as the Siemens process produces poly-Si from metallurgical-grade silicon.
This process involves distilling volatile silicon compounds at high temper-
atures and decomposing them into silicon [10]. In addition, the solar PV
industry generates upgraded metallurgical-grade silicon using metallur-
gical processes in place of chemical purification. Poly-5i contains adulter-
ation levels of less than one fraction per billion when produced for the

Nanosecond-
pulsed laser

Laser scanning
direction

Si fil
S/Si fil
Sifi
SiN,,

Al paste

FIG. 2.5 Structure of a typical poly-Si solar cell [9].



32 2. Solar cell technologies

solar PV industry, whereas poly-5i solar grade silicon is usually less pure.
Poly-Si consists of minute crystals, also known as crystallites, giving a typ-
ical metal flake effect to the material. While poly-Si or multi-Si are fre-
quently used as synonyms, multi-Si usually refers to crystals larger
than 1 mm. Multi-Si solar PV cells are the most common type of solar cells
in the fast-growing PV market and consume most of the worldwide pro-
duced poly-Si. Poly-Si is distinct from mono-Si silicon and amorphous sil-
icon. Initially built using single-crystal wafer silicon and processing
technology from the integrated circuit industry, it is apparent that the first
generation of solar cell technology greatly benefited from its symbiosis
with the integrated circuit industry, which provided the essential mate-
rials, processing know-how, and manufacturing tools to enable a rapid
transition to large-scale production.

2.2.2 Thin-film solar cells

Thin-film solar cells are considered to be the second generation of solar
cells. Fig. 2.6 shows a structural perspective of the thin-film solar cell.
These are more inexpensive than silicon crystalline solar cells, but they
have revealed lower efficiencies.

In such cell types, a thin layer of semiconductor PV material is depos-
ited onto the metal, glass, or plastic foil. Thin films experience low effi-
ciency and also need a wider range of fields and thus also increase
associated costs such as mounting due to nonsingle-crystal structure.
Examples of thin-film solar cells for outdoor uses are amorphous silicon
(a-Si), cadmium telluride (CdTe), copper indium gallium selenide
(CIGS), polymer, and organic solar cells.

Glass ——p|

TCO ——»| SnO,
Window Cds
Alloy layer ———p Cds,Teq_,
Absorber — g CdTe
Metal contact ——p»|

FIG. 2.6 Structure of a thin-film solar cell [11].
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2.2.2,1 Amorphous silicon solar cells

Because amorphous silicon is a noncrystalline and disordered silicon
structure, the absorption rate of light is 40 times higher compared to the
mono-Si solar cells [12]. Therefore, amorphous silicon solar cells are more
eminent as compared to CIS, CIGS, and CdTe solar cells because of higher
efficiency. Such types of solar cells are categorized as thin-film Si solar
cells, where one or numerous layers of solar cell materials are deposited
onto the substrate. To form a module based on the a-Si solar cell, a thin
layer of silicon (approximately 1 pm) is vapor deposited onto the substrate
such as metal or glass. For a plastic substrate, a-Si thin film is deposited at
a very low temperature [13]. The structure of an a-Si thin film consists of
layers of p-i-n in a single sequence. However, such solar cells suffer from
large degradation when exposed to sunlight. The process of degradation is
called the Staebler-Wronski effect [14]. The application of thinner layers
improves the stability, but decreases the absorption of light and hence
affects the PV cell efficiency [15-17]. This has led industries to produce
tandem and triple-layer devices that consist of p-i-n cells assembled one
on the apex of others. Thin-film solar cells using p-i-n layer hydrogenated
amorphous silicon oxide (a-5iO,:H) were fabricated to enhance transmit-
tance in visible ranges of 500-800nm. At an R (CO,/SiH,) ratio of 0.2, the
highest figure of merit that was achieved was greater than the conven-
tional a-Si PV solar cell, as shown in Table 2.1 [18].

The parasitic absorption in the doped layers is reduced by using
nanocrystalline silicon oxide-doped layers with a wide bandgap in case
of an ultrathin a-Si:H p-i-n solar cell. A conversion efficiency of 8.79%
was achieved for a 70nm thickness of i layer, as discussed in
Table 2.2 [19].

Doping of Ge in traditional a-Si:H thin-film solar cells improves the
power conversion efficiency of a solar cell. An open circuit voltage of
0.58 V, a short current density of 20.14 mA/cm? and a fill factor of 0.53,
which offer a high power conversion efficiency of up to 6.26%, as shown
in Table 2.3 [20].

TABLE 2.1 Efficiency, average transmittance, and figures of
merit for semitransparent solar cell performance [18].

Sample Average

(CO,/SiHy) 1 (%) transmittance Figure of merit
0 5.52 17.49 96.5

0.2 5.71 18.94 108.1

0.4 5.27 19.45 102.5

0.6 491 20.99 103.1
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TABLE 2.2 Performance parameter characteristics of ultrathin a-Si:
HSC with a distinct i layer thickness [19].

i-Thickness Fill factor

(nm) Voc (V) | Joc (mA/em?) | (FF) 1 (%)
70 0.91 13.83 0.69 8.79
50 0.89 12.82 0.66 7.65
20 0.86 10.02 0.61 5.32

TABLE 2.3 Photovoltaic properties of a-Si:Ge alloy thin-film solar cell [20].

Device

Vo (\%)

Jsc (mA/cm?)

Fill factor (FF)

1 (%)

a-Si:Ge alloy

0.58

20.14

0.53

6.26

2.2.2.2 Cadmium telluride (CdTe) solar cells

Cadmium telluride (CdTe) solar cells contain thin-film layers of cad-
mium telluride materials as a semiconductor to convert absorbed sunlight
and hence generate electricity. In these types of solar cells, the one elec-
trode is prepared from copper-doped carbon paste while the other
electrode is made up of tin oxide or cadmium-based stannous oxide.
And between the two electrodes, cadmium sulfide is placed. The cad-
mium telluride photovoltaic solar cells are the next most ample solar cell
photovoltaic technology after crystalline silicon-based solar cells in the
world market. CdTe thin-film PV solar cells can be assembled rapidly
and as long as an economical substitute for conventional silicon-based
PV technologies. CdTe thin-film photovoltaic solar cells can be assembled
easily and as long as they are an economical replacement for traditional
silicon-based photovoltaic technologies. However, developing a stable
low-resistivity back contact to the CdTe solar cells is still an issue. The back
contact was activated by rapid thermal processing (RTP), resulting in
spectacular improvement in key device performance indicators.
A power conversion efficiency of 11.25% was obtained with an open-
circuit voltage of 0.72V, as shown in Table 2.4 [21].

TABLE 2.4 Photovoltaic parameters of a CdTe solar cell using the RTP process [21].

RTP process Voc (V) Jsc (mA/cm?) Fill factor (FF) 7 (%)
360°C 0.63 21.95 0.66 9.33

380°C 0.72 21.99 0.70 11.25
400°C 0.76 21.40 0.66 10.88
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FIG. 2.7 I-V characteristic of a nanopillar with CdS solar cells [22].

The introduction of a nanopatterned structure and CdS quantum dots
in the n-i-p structure amorphous silicon solar cells enhances the photovol-
taic properties. The short circuit current was reached up to the value of
37.6+0.8mA/cm?® from 20.3+0.6mA /cm?, as shown in Fig. 2.7 [22].

2.2.2.3 Copper indium gallium selenide (CIGS) solar cells

The copper indium gallium selenide-based solar cells have the largest
energy generation compared to any thin-film-based solar cell technology.
On the glass substrate, the power conversion efficiency reached nearly
21%. Current developments in the area of CIGS technology have been
perceived as a shift toward flexible photovoltaic cells, with metal foil or
polyamide substrates. The flexible structure, high