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Juan M. Castañón Symtech Solar Group, Lewes, DE, United States; Department
of Microsystems Engineering (IMTEK), University of Freiburg, Solar Energy
Engineering, Freiburg im Breisgau, Germany

Shauhrat S. Chopra School of Energy and Environment, City University of Hong
Kong, Kowloon, Hong Kong

Hossein Ebadi Biosystems Engineering Department, Faculty of Agriculture,
Shiraz University, Shiraz, Iran

Aref Eskandari Electrical Engineering Department, Amirkabir University of
Technology (Tehran Polytechnic), Tehran, Iran

Patrice Geoffron Paris-Dauphine University, PSL University, LEDa-CGEMP,
UMR CNRS-IRD, Paris, France

Barat Ghobadian Biosystems Engineering Department, Faculty of Agriculture,
Tarbiat Modares University (TMU), Tehran, Iran

Shiva Gorjian Biosystems Engineering Department, Faculty of Agriculture,
Tarbiat Modares University (TMU), Tehran, Iran; Leibniz Institute for Agricul-
tural Engineering and Bioeconomy (ATB), Potsdam, Germany

Faezeh Ketabchi Mechanical Engineering Department, Amirkabir University of
Technology (Tehran Polytechnic), Tehran, Iran

Saber Khanmohammadi Mechanical Engineering Department, University of
Kashan, Kashan, Iran

Anil Kumar Department of Mechanical Engineering; Centre for Energy and
Environment, Delhi Technological University, Delhi, India

Nallapaneni Manoj Kumar School of Energy and Environment, City University
of Hong Kong, Kowloon, Hong Kong
ix



x Contributors
Uzoma EdwardMadukanya Department of Microsystems Engineering (IMTEK),
University of Freiburg, Solar Energy Engineering, Freiburg im Breisgau,
Germany

LadanMalehMirchegini Mechanical Engineering Department, Alzahra Univer-
sity, Tehran, Iran

Abdur Rehman Mazhar Centre for Built and Natural Environment, Faculty of
Engineering, Environment and Computing, Coventry University, Coventry,
United Kingdom

Saeid Minaei Biosystems Engineering Department, Faculty of Agriculture,
Tarbiat Modares University (TMU), Tehran, Iran

Aline Kirsten Vidal de Oliveira Federal University of Santa Catarina,
Florianopolis, Brazil

Pramod Rajput Department of Physics, Indian Institute of Technology Jodhpur,
Jodhpur, Rajasthan, India

Geetam Richhariya Department of Energy, Maulana Azad National Institute of
Technology, Bhopal, India

Samsher Department of Mechanical Engineering; Centre for Energy and Envi-
ronment, Delhi Technological University, Delhi, India

Mahdi Shakouri School of Environment, College of Engineering, University of
Tehran, Tehran, Iran

Redmond R. Shamshiri Leibniz Institute for Agricultural Engineering and
Bioeconomy (ATB), Potsdam, Germany

Ashish Shukla Centre for Built and Natural Environment, Faculty of Engineer-
ing, Environment and Computing, Coventry University, Coventry, United
Kingdom

Renu Singh Centre for Environment Science and Climate Resilient Agriculture,
Indian Agricultural Research Institute, New Delhi, India

Max Trommsdorff Fraunhofer Institute for Solar Energy Systems ISE, Freiburg
im Breisgau, Germany

ShimaVaezi Chemical Engineering Department, Islamic Azad University South
Tehran Branch, Tehran, Iran

Maria Vicidomini Department of Industrial Engineering, University Federico II,
Naples, Italy

Hyun Jin Julie Yu French Alternative Energies and Atomic Energy Commission
(CEA Saclay), Institute for Techno-Economics of Energy Systems (I-t�es�e),
Gif-sur-Yvette Cedex, France



C H A P T E R
Photovoltaic Solar Energy Conv

https://doi.org/10.1016/B978-
1

Introduction
Shiva Gorjiana and Hossein Ebadib

aBiosystems Engineering Department, Faculty of Agriculture, Tarbiat

Modares University (TMU), Tehran, Iran, bBiosystems 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, oil, 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 (CO2) 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.
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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, energymay 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.

• 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].

• 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, andwhat 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, governmentsmustmaximize 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.
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.

• 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.

• 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
13,865Mtoe, 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 2018wasmeasured as 2,356,346 MWand 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 energywas 7%, with the remain-
ing shares formarine, 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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71.2 Global trend of energy supply and demand
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 amore 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
transportationwith 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 CO2, 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 CO2 emissions at a pace that natural photo-
synthesizing was not able to cover, and accumulation of CO2 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) CO2 emitted by combustion of fossil fuels, deforestation,
and desertification, (ii) methane (CH4) produced by rice cultivation, cattle
rearing, coal mining, biomass burning, landfills, ventilation of natural gas,
and using wood fuel, (iii) nitrous oxide (N2O) 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 CO2 emissions. However,
the decoupling of industrial energy consumption and CO2 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 CO2

emissions and GDP growth, two salient strategies of increasing the grid
share of low-carbon generation sources and utilizingmore 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 andwind turbines
have fallen by 80% and 50%, respectively [27].

In 2015, theworld invested about $286 billion inwind, 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
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 pumpwater
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,a 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,
46.8GW onshore wind power out of a total of 51.3GW was added to
global installations reaching 591GW [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
aOrganization 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 themajority 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].
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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
REN21 [34] in 2018, 181GW of renewable power has been added to the
world’s renewable energy systems, reaching a total power capacity of
2378GW. 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 bymaking 55% of the total 181GW increase in the
power sector [34]. Unlike the deployment of some renewable energy



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).
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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 canmeet human needs by
several billion times where the solar power output is estimated as
3.86�1012 MW. Traveling near 1.495�1011 m, this high potential energy
reaches the Earth at a constant rate of 1.37kWperm2 [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.

Airmass (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/m2, which varies by a
set of factors such as cloudiness and climatic conditions aswell as seasonal
changes [42].

The solar radiation that reaches space is highly dissimilar to the portion
that reaches Earth. In space, the solar spectrum ismore 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].
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.
CurrentBack Electrode (+)

SunlightFront Electrode (–)

+

Anti-reflection 

Coating

N-type Silicon (P+)

P-type Silicon (B–) +–
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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-Si), copper indium
gallium selenide (CuInxGa1�x Se2, 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



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-

tional Publishing; 2014. p. 1–12. https://doi.org/10.1007/978-3-319-07530-3_1; International

Renewable Energy Agency (IRENA). Global energy transformation: a roadmap to 2050 (2019 edi-
tion); 2019; Masson G, Kaizuka I. The 23rd international survey report on trends in photovoltaic

(PV) applications; 2018.
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high vulnerability are its alarming disadvantages [49]. One of the merits
of thin-film technology is the flexibility in the substratematerials ranging
frommetal 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].

https://doi.org/10.1007/978-3-319-07530-3_1
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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 aswell 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].
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 100GW (including on/off-grid capacity), and
reaching a total capacity of 505GW 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 systemswith a power output of a
few watts (1–10W) 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.

• 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.

• 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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• 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 systemmay 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 PVmanufacturing 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-
ingPV(CPV) is theother segment sufferingfromasharp fall in thenumberof
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 becomingmorewidespread 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 CO2 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 fourmain areas: PVCells andModules,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 autonomousmonitoring 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 globalmar-
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].
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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].



FIG. 2.2 Best research cell efficiency up to 2020 [5].



FIG. 2.3 Solar cell technologies.
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FIG. 2.4 Schematic of a first-generation mono-Si PV cell [6].
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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
themethod of Czochralski (CZ) [8]. Amolten 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-Si
solar cells, but they are also less efficient because of their nonuniform lat-
tices. They have a number of ingots drawn from amolten 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 rawmaterial. A chemical purification process known
as the Siemens process produces poly-Si frommetallurgical-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-Si contains adulter-
ation levels of less than one fraction per billion when produced for the
FIG. 2.5 Structure of a typical poly-Si solar cell [9].
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solar PV industry, whereas poly-Si 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 1mm. 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 frommono-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

TCO SnO2

CdS
CdSxTe1–x

CdTe

Window

Alloy layer

Absorber

Metal contact

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 1μm) 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 degradationwhen 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-SiOx:H) were fabricated to enhance transmit-
tance in visible ranges of 500–800nm. At an R (CO2/SiH4) 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/cm2 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

(CO2/SiH4) η (%)

Average

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 4.91 20.99 103.1



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

i-Thickness

(nm) Voc (V) Jsc (mA/cm2)

Fill factor

(FF) η (%)

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 Voc (V) Jsc (mA/cm2) Fill factor (FF) η (%)

a-Si:Ge alloy 0.58 20.14 0.53 6.26
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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/cm2) Fill factor (FF) η (%)

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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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/cm2 from 20.3�0.6mA/cm2, 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 defined power, and resis-
tance to the intensity of solar radiation have led CIGS solar cells to become
progressivelymore used for space applications. CIGS PV solar cells have an
extremely high absorption coefficient at the forbidden energy band gap of
1.5eV, resulting in an incredibly strong absorption of the sunlight spectrum.
A new solar cell configuration was assembled by taking into consideration
nontoxic indium selenide (In2Se3) as the photosensitizerwhile a copper zinc
tin sulfide (Cu2ZnSnS2Se2)-coated carbon fabric was used as the counter
electrode. Photovoltaic solar cell with TiO2/In2Se3-S2-/poly(hydroxyethyl
methacrylate) gel-Cu2ZnSnS2Se2/carbon fabric structure offers a conver-
sion efficiency of 4.15%, which means that quasisolid-state quantum dot
solar cells with nontoxic components can be easily manufactured and still
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scaled up for current applications [23]. Solar cells using flexible CIGS
achieved a conversion efficiency of 14% using a stainless steel substrate
enclosed with a layer of insulating material (Fig. 2.8). Moreover, the
open-circuit voltage was increased due to a grown double-graded gallium
composition in the film of CIGS on stainless steel [24].

The x-ray diffraction and energy dispersive spectroscopy techniques
were used to observe the crystal structure and the ratio of the atomic com-
position of elements in Cu3In5Se9, Cu3Ga5Se9, Cu3In5Se9, and Cu3In5Te9
crystals [25]. The chemical bath deposition process was employed to
fabricate zinc oxysulfide (Zn(S,O)) thin films onto glass substrates as well
as the surface of CIGS for the fabrication of solar cells. The power conver-
sion efficiency of an annealed ZnO (S,O)-based copper indium gallium
selenide solar cell was recorded as 6.15%, which was much higher than
nonannealed ZnO (S,O) (4.56%), as shown in Fig. 2.9 [26].

Microelectronic and photonic structure (AMPS-1D) simulation software
was used to analyze the photovoltaic properties of CdTe/Si tandem solar
cells with the configuration of n-SnO2/n-CdS/p-CdTe/p+CdTe/n+-Si/
n-Si/p-Si/p+-Si/Al. A power conversion efficiency of 28.457% was
obtained from the CdTe/Si tandem structure thatwas higher than the base-
line CdTe solar cell efficiency of 19.701%, as mentioned in Fig. 2.10 [27].

2.2.3 Polymer solar cells

A polymer solar cell is a sort of flexible PV solar cell prepared with
polymers, large molecules of persistent structural units, that generates
an electric current from sunlight by the photovoltaic effect. A schematic
diagram of a polymer solar cell is shown in Fig. 2.11.
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The commercially available solar cells are prepared from a refined,
purified silicon crystal such as the materials used in fabricating computer
chips and integrated circuits. The uneconomical nature as well as the com-
plicated production process have led to interest in alternative technolo-
gies. The light weight of such types of solar cells reveals applications in
autonomous sensors. As compared to other solar cell devices, these solar
cells are economical, disposable, flexible in nature, and have less of an
effect on the environment. The transparent nature of polymer solar cells
results in applications in walls, windows, and flexible items. Four novel
random polymers were synthesized using accepting units such as ben-
zothiadiazole and benzotriazole while the donor unit was benzodithio-
phene. The polymer-based solar cells P1, P2, P3, and P4 revealed 4.10%,
3.84%, 1.60%, and 3.83% power conversion efficiency, respectively, as
shown in Table 2.5 [29].

Two-dimensional conjugated polymers named PBDTT-4S-TT and
PBDTT-4S-BDD were fabricated and synthesized using a benzo[1,2-
b:4,5-b0] dithiophene unit with 4-methylthio substituted thiophene side
chains. PBDTT-4S-TT and PBDTT-4S-BDD showed power conversion
efficiencies of 6.6% and 7.8%, respectively (Table 2.6). The open-circuit
voltage (Voc) was increased due to the substitution of 4-methylthio on
the thiophene side chain of the two-dimensional polymers [30].

With the addition of benzothienoisoindigo as the electron, two conju-
gated polymers have been fabricated and synthesized. A high open-circuit
voltage of 0.96V was shown by PBDTT-TBID based on an alkylthienyl-
substituted benzo[1,2-b:4,5-b0]dithiophene (BDT) derivative, as shown
in Table 2.7 [31].
TABLE 2.5 Photovoltaic properties of polymer-based solar cells [29].

Polymer Voc (V) Jsc (mAcm22) Fill factor (FF) η (%)

P1 0.77 9.51 0.56 4.10

P2 0.76 9.00 0.56 3.84

P3 0.64 3.80 0.65 1.60

P4 0.66 8.84 0.65 3.83

TABLE 2.6 Performance parameters of 4-methylthio-based polymer solar cells [30].

Polymer Voc (V) Jsc (mAcm22) Fill factor (FF) η (%)

PBDTT-4S-TT 0.94 12.3 0.57 6.6

PBDTT-4S-BDD 0.98 11.9 0.67 7.8



TABLE 2.7 Photovoltaic properties of polymer-based solar cells [31].

Polymer Voc (V) Jsc (mAcm22) Fill factor (FF) η (%)

PBDT-TBID 0.85 11.81 0.58 5.87

PBDTT-TBID 0.96 09.77 0.51 4.83
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The effect of three different additives (1-chloronaphthalene, 1,8-
diiodooctane, diphenylether) was carried out on the performance of
polymer-polymer solar cells based on a BHJ blend comprising a donor such
as poly[4,8-bis(5-(2-ethylhexyl) thiophen-2-yl) benzo[1,2-b,4,5-b0]
dithiophene-alt-3-fluorothieno [3,4b] thiophene-2-carboxylate] (PTB7-Th)
while the acceptorwas poly [[N,N0-bis (2-octyldodecyl)-naphthalene1,4,5,8-
bis (dicarboximide)-2,6-diyl]-alt-5, 50-(2,20-bithiophene)] (P(NDI2OD-T2)),
as shown in Fig. 2.12. A slightly improvement in the performance of the
PV solar cellwas observedwith additives as compared towithout additives,
as shown in Table 2.8 [32].

2.2.4 Organic solar cells

An organic solar cell (OSC) is a variety of the PV solar cell that employs
organic electronics. The flexibility of organic molecules and the cost
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FIG. 2.12 Chemical structure of photovoltaic materials [32].

TABLE 2.8 Performance parameters of polymer solar cells without andwith additives [32].

Condition Voc (V) Jsc (mAcm22) Fill factor (FF) η (%)

W/o additive 0.80 11.92 0.47 4.51

With additive 0.80 12.64 0.55 5.41
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effectiveness are the main advantages of such solar cells. Also, they have
the greatest optical absorption coefficient, thus maximum light can be
trapped. However, they suffer from the severe drawbacks of less effi-
ciency and less stability as compared to a silicon-based solar cell with
an inorganic structure. The inverted organic solar cells using hafnium-
indium-zinc-oxide (HIZO) act as an electron transport layer (ETL) with
an active layer of a bulk heterojunction of Poly({4,8-bis[(2-ethylhexyl)
oxy] benzo [1,2b:4,5-b0] dithiophene-2,6-diyl} {3-fluoro-2-[(2-ethylhexyl)
carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7) and [6,6]-phenyl C71
butyric acid methyl ester (PC70BM), as shown in Fig. 2.13. The degrada-
tion of encapsulated HIZO-iOSC was seen at a slow rate compared to an
inverted organic solar cell using poly [(9,9-bis(30(N,N-dimethylamino)-
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) as the electron
transport layer [33].

The organic cells based on PTB7Th:PC71BM utilized thiophene (TH)
and diphenyl ether (DPE) as halogen-free processing solvents. The
performance of the cell is compared with chlorobenzene (CB) and 1,8-
diiodineoctane (DIO) combination. A power conversion efficiency of
9.02% was achieved by TH while only 7.41% was obtained from CB, as
mentioned in Table 2.9 [34].
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FIG. 2.13 Schematic structure of iOSCs HIZO as ETL and PFN as ETL [33].

TABLE 2.9 Photovoltaic parameters of OSCs using CB and TH [34].

Solvent Voc (V) Jsc (mAcm22) Fill factor (FF) η (%)

CB 0.76 15.40 0.62 7.41

TH 0.81 16.60 0.66 9.02
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The donor moiety was connected via a nonconjugated σ-linker to a
PC61BM-derived block based on push-pull π-conjugated systems. Bithio-
phene (BT), thienothiophene (TT), and cyclopentadithiophene (CPDT)
(Fig. 2.14) units were used as π-connectors, constituting a push-pull unit
to evaluate the effect of the chemical bridging (CPDT) or fusing (TT) on
the electrochemical and electronic I-V characteristics of the cell [35].
2.3 Recent advances in solar cells

There has been continuous progress in the use of renewable energy in a
wide spectrum and solar energy in a diligent manner for useful applica-
tions. Recently, various novel solar cells have been developed such as gal-
lium arsenide as well as perovskite and dye-sensitized solar cells, which
are discussed in detail in the following.
2.3.1 Gallium arsenide

Gallium arsenide is considered the second material after silicon in
terms of development and properties. Nevertheless, there are demerits
such as recombination process, deficiency, and constant content. The con-
version efficiency of 5.3% with an open-circuit voltage (Voc) and a short-
circuit current density (Jsc) of 0.35 V and 2.14 mA/cm2was achieved using
graphene/gallium arsenide Schottky solar cell junction as shown in
Table 2.10 [36].

Polytype gallium arsenide (GaAs) nanowires (NWs) were investigated
for solar photovoltaic applications. The different configurations of poly-
type defects along the wire were investigated using a rate equation model
together with surface and temperature effects. The peak positions of
bandgap and below bandgap transitions of GaAs NW are shown in Fig.
2.15 [37].

A novel configuration of graphene-based gallium arsenide (Gr-GaAs)
solar cells using poly(3hexylthiophene) (P3HT) as the hole transport layer
was reported. It is observed that the open-circuit voltage and short-circuit
current of the devices notably improves due to the P3HT layer, as shown
in Table 2.11 [38].
2.3.2 Dye-sensitized solar cells

Adye-sensitized solar cell (DSSC) is an economical solar cell that comes
in the category of thin-film solar cells. The DSSC has various striking
merits: easy fabrication using the roll-to-roll technique as well as an eco-
nomical and environmentally friendly nature, in the case of natural dyes.
DSSC cells are designed and fabricated using four natural dyes: Celosia



FIG. 2.14 Synthetic route to TPA-BT-C60, TPA-TT-C60, and TPA-CPDT-C60 [35].



TABLE 2.10 Photovoltaic parameters of a gallium arsenide solar cell [36].

Structure of device Voc (V) Jsc (mA/cm22) Fill factor (FF) η (%)

Graphene/SiO2/
n-GaAs/metal

0.35 2.14 0.69 5.3
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FIG. 2.15 Peak positions of bandgap and below bandgap transitions of GaAs NW [37].

TABLE 2.11 Photovoltaic parameters of devices [38].

Devices Voc (V) Jsc (mAcm22)

Fill factor

(FF) η (%)

P3HT-GaAs 0.51 0.10 0.54 0.03

Gr-GaAs (without P3HT
layer)

0.60 12.44 0.61 4.63

Gr-GaAs (with P3HT layer) 0.72 16.59 0.56 6.84
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Cristata, Saffron, Cynoglossum, and eggplant peel. A maximum energy
conversion efficiency of 1.38% was achieved by DSSC using Celosia Cris-
tata as dye with a maximum absorbance of 510 nm as shown in Fig.
2.16 [39].

A dye-sensitized solar cell was sensitized using single-step hydrother-
mally synthesized CDOTs. A power conversion efficiency of 0.10% was
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FIG. 2.16 UV-Vis spectrum of natural dyes [39].

TABLE 2.12 I-V characteristics of CDOT DSSCs [40].

Dye

Voc

(V)

Jsc
(mAcm22)

Fill factor

(FF) η (%)

CDOT 0.49 0.89 0.22 0.10

N719 0.57 0.80 0.30 1.35

CDOT/
N719

0.89 0.89 0.24 0.19
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observed by a carbon dot-sensitized solar cell while 0.19% efficiency was
observed in the case of a CDOT- and N719-based dye solar cell, as shown
in Table 2.12 [40].

ZnO- and TiO2-based dye solar cells were fabricated using the peels of
Malus Domestica, Punicagranatum, Phoenix dactylifera, Raphanus sati-
vus, and Solanum melongena as natural sensitizers. A power conversion
efficiency of 1.10%was observed by Solanummelongena dye using a TiO2

photoelectrode DSSC, as shown in Table 2.13 [41].
A flexible quasisolid DSSC was reported using eco-friendly, economi-

cal stainless steel mesh with a photoelectrode of electrospun ZnO



TABLE 2.13 Photovoltaic parameters by various natural dye-sensitized
TiO2-DSSCs [41].

Name of peel Voc (V) Jsc (mAcm22) Fill factor (FF) η (%)

Malus domestica 0.32 4.48 0.59 0.85

Punicagranatum 0.32 4.50 0.70 1.008

Phoenix dactylifera 0.33 4.21 0.58 0.81

Raphanus sativus 0.33 3.12 0.71 0.73

Solanum melongena 0.33 4.51 0.74 1.10

FIG. 2.17 (A)–(C) AFM images of the ZnO nanofibers [42].
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nanofibers. The surface-to-volume ratio was improved because of the
higher porosity of electrospun ZnO nanofibers having a 12–20nm grain
size. AFM images of the ZnO nanofibers are shown in Fig. 2.17.
A power conversion efficiency of 0.13% was achieved [42].
2.3.3 Perovskite solar cells

A perovskite solar cell includes a perovskite structured compound as
a light-harvesting active layer. Methylammonium lead halide materials
are used as perovskite materials that are less costly to obtain and easy
to fabricate. The power conversion efficiency with such materials was
considered as 3.8% in 2009 [43]. The use of NiO nanoparticles as a hole
transport layer in carbon-based solar polymer cells enhances stability
and also increases the performance of the solar cell as compared to the
simple carbon electrode that causes recombination problems. A scanning
electron microscopy image of perovskite solar cells with a carbon/NiO
deposition is shown in Fig. 2.18 [44].



FIG. 2.18 Scanning electron microscopy image of a perovskite solar cell [44].

FIG. 2.19 Mott-Schottky analysis of the PSCs derived by either pristine MAPbI3 thin film
or the MAPbI3:xNd3+ (x¼0.5mol%) thin film [45].
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Significantly, there was enhanced and balanced in charge carrier mobil-
ities due to Nd3+-doped hybrid perovskite materials (Fig. 2.19) that have
better film quality with extremely reduced trap states [45].

The PV performance has been improved by the utilization of perovskite
compound-based solar cells with metal-free phthalocyanine, silicon
phthalocyanine, or germanium naphthalocyanine complexes. The best
photovoltaic performance has been accounted for due to the small addi-
tion of silicon phthalocyanine into the perovskite layer, which suppresses
defects and pinholes in the surface layer. Fig. 2.20 shows the fabrication
process of the perovskite solar cell [46].
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2.4 Conclusion

The creation of various solar cell technologies has been explored in this
chapter and will continue to play a key role in the advancement of differ-
ent technologies. The rising awareness of the need for sustainable and
clean energy sources has positively helped in supporting the continuing
research and development of solar cell technologies. Development of
PV cells has been embraced by viable companies rather than by educa-
tional laboratories in case of traditional solar cell technologies. The same
can be expected to be done with solar cell technologies that are similar to
commercialization but for which current cell production is dominated by
academia.
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3.1 Introduction

Photovoltaics (PV) are one of the fastest-growing energy generation
options that we have in the modern energy sector. Because of favorable
energy policies, PV is one of the main renewable energy sources to be
adapted around the globe in trying to decrease greenhouse gas emissions
in the energy sector. Its unique selling point of scalability and adaptability
to any regional condition is added to the fast dissemination and successful
implementation in different global regions. PV systems range from small
isolated home systems to multimegawatt centralized power plants. These
plants can be installed in hot, sandy climate areas as well as in cold regions
with high altitudes. The adaption of PV to different needs and conditions
has spurred the development of diverse PV technologies. Additionally,
significant economies of scale have been achieved that have led to a rapid
fall in PV system costs. In the last 5years, module prices decreased by 8%
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from $0.53/W to an average of $0.49/W in 2019 [1]. A vivid scientific com-
munity provides technological innovations and a steep learning curve.
These innovations are rapidly adopted and converted into new products.
For example, the traditional aluminum-covered back surface solar cell (Al-
BSF) is being replaced by passivated emitter rear contact (PERC) cells,
achieving cell efficiencies of up to 25%. A decade ago, the average cell effi-
ciency of a solar cell was at 16% [2]. The gain in efficiency is accompanied
by falling PV module prices. This has led to gains in the efficiency of PV
modules and the development of new materials and technologies. Apart
from traditional crystalline silicon PV modules, much effort has been put
into improving other PV technologies, such as thin-film or concentrating
PV (CPV) modules. Nevertheless, crystalline silicon PV modules remain
the main product for PV installations. In addition, a few novel solar PV
modules have emerged recently, including flexiblemodules, bifacial mod-
ules, double glassmodules, antireflection coated glass, light-capturing rib-
bons, light-reflective films, smart wire, multibus bars, and smart PV
modules.

The chapter briefly explains the followingconcepts in subsequent sections:

• Performance characteristics of the PV module parameters
• PV module technologies and their classification
• Service life and reliability of PVmoduleswith a focus on faults and their

identification methods
• PV module testing methods
• Novel PV modules

3.2 PV module performance parameters

PV module performance parameters are evaluated based on I-V and
P-V curves, where “I” represents the current, “V” represents the voltage,
and “P” represents the power, as shown in Fig. 3.1. I-V and P-V curve trac-
ing are the main methods for PV performance analysis. They determine
the short-circuit current, the open-circuit voltage, the fill factor, and the
maximum power point.

Various performance characteristic parameters are briefly defined
below. Themathematical formulae used for evaluating PVmodule perfor-
mance are highlighted in Table 3.1.

Open-circuit voltage (Voc): This is the value of voltage measured under
the STC or real-time operating conditions by putting the PV cell terminals
in open-circuit condition. The value of the voltage recorded at this condi-
tion will be generally higher than the maximum voltage attained at the
maximum point [3].



FIG. 3.1 I-V and P-V curves indicating the maximum power point as well as the open-
circuit voltage and short circuit current [3].

TABLE 3.1 Description and the mathematical relation of major performance
parameters [3–5].

Parameter

Mathematical

relation Description

Power input Pin¼Area� I It is the amount of solar energy potential
available and is the product of the area of the
PV module to the incident solar radiation.
Units: kW

Power output Pout¼Vmax� Imax It is the product of maximum current and
maximum voltage at any given time. Simply
referred to as the power output at the terminals.
Units: kW

Power
conversion
efficiency

PEC¼ Pout

Area�Ið Þ
h i

�100 It is the ratio of power output to the power
input. It generally represents the performance
of PV cells.
Units: %

Fill factor FF¼ Pout

VOC�ISCð Þ It is one factor that represents the quality of the
PV cell. It is simply given as the ratio of power
output to the product of open-circuit voltage
and current
Units: no
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Short-circuit current (Isc): The maximum current that is generated when
a solar PV cell is made to operate in STC, or real-time conditions, is
referred to as Isc. While measuring this current, the PV cell terminals
are short-circuited by means of some load. The current value at this point
will be higher to the current that is achieved at maximum power point [3].
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FIG. 3.2 Structure of a c-Si based PV module [6].
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Maximum power point (Mpp):A PV cell is capable of producingmaximum
power at one particular point, and such a point is called the maximum
power point. The voltage and current recorded at this point are generally
termed the maximum voltage and maximum current. These values could
vary based on solar radiation intensity as well as with other local weather
parameters [3].
3.2.1 Crystalline silicon PV module

In this section, an overview of the crystalline silicon (c-Si) PVmodules is
provided. These PV modules are classified as the first generation of solar
modules. At present, the PV market share is dominated by c-Si modules.
Currently in the market, two different types of c-Si modules are available:
monocrystalline (mono c-Si) and polycrystalline (poly c-Si). These mod-
ules are fabricated by joining the c-Si PV cells in series and parallel con-
figurations [3]. Considering the cell level structure, c-Si PV cells consist
of silicon slices that are generally visible as wafers. These wafers are used
to fabricate the c-Si cells, which are then mechanically assembled by pro-
viding the electrical contacts. A simple stricture of the crystalline silicon
PV module is shown in Fig. 3.2 [6].

3.2.1.1 Types of crystalline PV modules

There are two types of thin-film modules:
Monocrystalline silicon (mono c-Si):This type of c-Simodule is widely used

and will continue to be the leader of the PVmarket. At present, these mod-
ules seem to be readily available and the existing benefits are numerous.
The only major driving factor is the low cost. The cells used in manufactur-
ing c-Si modules consist of p-doped wafers with p–n junctions. At first, in
the fabrication process, the c-Si ingot ismanufactured. This c-Si ingot is then
sized into wafers with a size less than 0.3mm. This forms the overall solar
cell structure, which is then capable of generating 35mA current, 0.55V
under the full illumination conditions. These modules generally have a
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special textured surface thatmost commonly looks like a pyramid structure.
Depending upon the required voltage and currents, such solar cells are
grouped together to form a PVmodule.While fabricating themodule, these
cells are arranged in series and parallel configurations with conductive
contacts [7].

Polycrystalline silicon (poly c-Si): The next type of c-Si PV module is the
poly c-Si, whose market is a bit lower when compared to mono c-Si. The
problem ofmetal contamination exists inmono c-Si and to limit such prob-
lems, the industry has come up with poly c-Si cells. Like the mono c-Si,
here also modules are fabricated by arranging cells in series and parallel
configurations. The cells are manufactured such that they have different
crystal structures. Melting and solidifying silicon takes place. In this pro-
cess, crystals that orient only in one direction are produced, and are then
made into thin blocks and then wafers. These solar cells have random
structures on their surfaces, and they come with an additional layer that
minimizes the light reflection [7].
3.2.2 Thin-film PV modules

In this section, an overview of the thin-film solar modules is provided.
Thin-film PVs are classified as the second generation of solar systems.
A thin-film module consists of several solar cells that are wired together.
Fig. 3.3 shows a generic anatomy configuration of a thin layer solar cell.
A typical thin-film solar panel is composed of the semiconductor sand-
wiched between two sheets of glass and sealed with an industrial lami-
nate. Usually, an antireflecting coating is used to reduce the reflection
Anti-reflection coating

Absorber layer

Back contact

Substrate

Buffer layer

Front contact

FIG. 3.3 The anatomy of a thin layer solar cell.
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of light from the surface of the panels. Thin-film modules are defined as
modules that use several thin absorbing layers, which are more than 300
times less than conventional crystalline silicon (c-Si). The thickness of the
PV active layers varies from a few nanometers to tens of micrometers. One
of the most important goals to be achieved bymanufacturing the thin-film
modules is reducing the high cost needed to produce the monocrystalline
and polycrystalline silicon modules. However, thin-film modules have
lower power and durability than the first-generation c-Si solar panels.

3.2.2.1 Types of thin-film PV modules

There are several types of thin-film modules:
Cadmium telluride (CdTe): This PV cell has a 1.45eV direct bandgap,

allowing high absorption of light. This makes CdTe a leading thin-film
technology, as it occupies half of the thin film available market. The most
common techniques used for deposition of the CdTe thin layer are the
closed-space sublimation (CSS), simple evaporation, electrodeposition,
chemical-vapordeposition,metal-organic spraydeposition, andscreen-print
deposition [8]. The most efficient modules are produced by the CSS tech-
nique. The highest recorded efficiency for the CdTe modules is 18�0.5%
in 2015 [9]. One of the main drawbacks of these modules is the toxicity of
the Cd material.

Copper indiumgallium selenide (CIGS): It is adirect bandgapsemiconductor
material that has a chalcopyrite crystal structure and polycrystalline inter-
changeable material. It has the stoichiometry of CuIn(1�x)Ga(x)Se2, where
x could vary from 0 to 1, depending on the amount of gallium and indium;
hence, the bandgap can be tuned from 1.0 to 1.7eV. The record efficiency for
this module is 19�0.5% [9]. Different processes are involved in growing
CIGS such as the coevaporation process and the sequential process. In order
toget high-quality filmand fewer shunts, selenium-rich content and copper-
poor amount less than 25at.% is used. One of the most efficient approaches
to boost the efficiency of this technology is grading the bandgap by varying
the amount of Ga and Se. Another approach to improve the efficiency of
CIGS is incorporating alkali material such as sodium in the CIGS layer, as
Na passivates the defects in the grain boundary; this can be considered
one of the main issues that limits CIGS efficiency [10].

Amorphous Si (a-Si:H): It is the noncrystalline form of Si. The bandgap
can take values from 1.7 to 1.9eV [11]. The deposition techniques that
are used to fabricate a-Si are magnetron evaporation, plasma-enhanced
chemical vapor deposition (PECVD), and very high-frequency CVD.
a-Si:H has several advantages including the ease of gas doping, stacking
ability without material restrictions, and the ability of deposition on flex-
ible substrates. Its drawbacks include sensitivity to the high solar irradi-
ation in addition to the short diffusion length and the deficient charge
mobility. The a-Si solar module efficiency is 9.8% [11].
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Gallium arsenide (GaAs): This is a direct bandgap system 1.43ev technol-
ogy. The well-known deposition techniques in this technology are epitax-
ial growth, close-spaced vapor transport (CSVT), metal-organic vapor
phase epitaxy (MOVPE), and the recently used cheap technique, hydride
vapor phase epitaxy (HVPE) [12]. Themodule efficiency could reach up to
25.1�0.8%. Recently, a few other promising thin-film technologies have
been developed on the lab scale or in the early stages of commercialization
such as organic, perovskite, copper zinc tin sulfide, and quantum dot
solar cells.
3.2.2.2 Advantages of thin-film modules

Generally, the advantages of thin film over other module types are:

• Less material usage due to the fact that they consist of a thin film rather
than bulk material; as a consequence it is less expensive. However,
thin-film modules require a larger space.

• High temperature and low light tolerance: Thin-film solar modules
have a low-temperature coefficient compared to a-Si panels. Thin-film
modules are less influenced by environmental effects such as low light
radiation and shading.

• Flexibility: one of the great advantages of thin-filmmodules is that their
shape can be flexible as they do not need a rigid substrate, which may
widen their applications.

• Each thin-film module type has its own pros and cons. In solar PV
module technologies, the trade-off between the efficiency and cost
exists, such as in the comparison between CIGS and GaAs. For
environmental concerns, the toxicity of Cd in CdTe modules has to be
taken into account.

• Thin-film market and increased production: Although solar PV
power represents a small fraction of the total renewable energy, many
countries are focusing on its economic potential. Fig. 3.4 shows the
growing installation of global solar PV. In 2013, almost 140GW was
installed worldwide [13]. This is related to the reduced costs of the
modules and batteries. China achieved the largest amount of solar PV
installations (13GW in 2013) [13]. However, during the same period,
PV installations in Europe decreased. The market share of all thin-
film modules is about 5% (4.5GWp) of the global total annual
production in 2017 [14]. In 2017, contributions to total PV production
from CdTe, CIGS, and a-Si were 2.3GW, 1.9GWp, and 0.3GWp,
respectively. The total annual production of CdTe and CIGS modules
has increased since 2011 while the production of a-Si has
decreased [14].



FIG. 3.4 World cumulative PV installed capacity from 2009 to 2013.Data Resources: Global

Market Outlook for Photovoltaic 2014–18, European Photovoltaic Industry Association (EPIA) Zou

H, Du H, Ren J, Sovacool BK, Zhang Y, Mao G. Market dynamics, innovation, and transition in

China’s solar photovoltaic (PV) industry: a critical review. Renew Sustain Energy Rev 2017;69
(November 2016): 197–206.
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3.2.3 Concentrating PV modules

Concentrating PV (CPV) makes use of mirrors and optics to amass high
levels of sunlight, contrary to traditional flat crystalline silicon modules
that exclude any concentrator in their design. At present, the technology
hasmatured and achieves the highest level of efficiency. At the same time,
the cost of thesemodules is very high, whichmakes them unaffordable for
conventional PV applications. However, in order to justify their cost, these
modules are mostly used for space applications. The solar cells that are
typically used in high concentrator photovoltaics (HCPV) are multijunc-
tion cells belonging to the III-V semiconductor group (alloy, containing
elements from groups III and V in the periodic table), making this technol-
ogy a more complex product to mass produce. This chapter will briefly
describe the low- and high-concentration PVs (LCPV and HCPV) and
compound parabolic concentrators (CPCs). Since the inclusion of PV into
the electricity market, various types of systems and technologies have
emerged. CPV modules are typically made with high-efficiency multi-
junction cells, which are optically addressed in order to concentrate the
foremost amount of sunlight [15]. Although CPVmodules have a reduced
cell area, these modules work at preferred optimal conditions in geo-
graphic areas that are exposed to high levels of direct normal irradiance
(DNI), typically at values over 2000kWh/(m2a) [16]. CPV modules con-
centrate the incoming irradiance by the use of collectors and mirrors.



FIG. 3.5 (A) Solar concentrator including point-focus Fresnel lenses; (B) parabolic dish
concentrator.
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Due to the nature of their optics, these can include Fresnel lens, Cassegrain
primary reflectors, and waveguiding designs [17]. These will depend on
the design strategy of the manufacturer. A limitation of CPV systems
would be the addition of active components such as a sun tracker, which
is required by these systems to follow the position of the sun throughout
the day. CPVs can be classified into two main levels of concentrators:
HCPVs and LCPVs. HCPVs include solar cells from the III-V semiconduc-
tor group and are built with double-axis sun trackers, concentrating the
light with an intensity magnitude between 300 and 1000suns. LCPV sys-
tems are composed of c-Si or other semiconductor materials and may
include double or single-axis trackers concentrating the light with an
intensity in the magnitude below of 100 [18, 19]. Fig. 3.5 shows the typical
examples of solar concentrators as well as the parabolic dish concentrator.
In the below section, three different types of CPVs are briefly discussed.

3.2.3.1 High concentrator PV (HCPV) modules

HCPV modules have achieved high levels of module efficiency due to
their concentrator design and type of cell (multijunction). Some efficien-
cies recorded have reached the 40% mark. In recent years, these systems
have demonstrated the potential of being a financially viable option due to
the reduction of their footprint when installed while utilizing fewer semi-
conductor materials for their cells, hence offering a balance to the overall
cost [20].

3.2.3.2 Low concentrator PV (LCPV) modules

LCPV modules concentrate the light intensity below the factor of
100suns. However, these modules are more cost-effective than HCPV
and can be very reliable if their design allows good uniform irradiance col-
lection and temperature control. These modules are made in some occa-
sions with c-Si cells, which make them a very attractive option for the
market [20].
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3.2.3.3 Compound parabolic concentrators (CPC)

CPCs are the nonimaging category of CPVs. They are designed in away
that the reflecting ratio of the incident light onto the absorber is very high.
They are capable of having higher efficiencies as they try to focus the light
within wide limits. Because their design is concave, these systems do not
require tracking. By concentrating a higher level of irradiance, these
collectors improve system efficiency and at the same time reduce costs
for PV and thermal applications. The current installed capacity of this type
of CPV plant is circa X MWs [20].
3.3 Service life and reliability of PV modules

This section discusses the various common defects and faults seen in
PV modules and methods to identify them. In addition, PV module dura-
bility, quality control, and service life prediction concepts are discussed.
3.3.1 Common defects and faults in PV modules

A fault is defined as anything that might decrease the PV module per-
formance or change its characteristics. On the other hand, a defect is an
unexpected thing that was not observed before on the module and does
not necessarily imply power loss. Table 3.2 summarizes defects that are
commonly found in PV modules.

3.3.1.1 Methods for defect and fault detection on PV systems

With the more widespread adoption of PV technology, the importance
of O&M of power plants increases. An investigation of novel monitoring
methods is a critical issue for solar energy market growth. With the
advance of data analytics, sensors, and artificial intelligence, one applied
solution is a system supervisory platform. However, these systems nor-
mally measure power, current, and voltage of each string, making it hard
to detect faults that affect only one module. They also cannot detect none-
nergy or latent risk factors such as hot spots or substring failures that do
not reduce power production in the short term but can cause damage to
the system in the long run. Therefore, onsite inspections are still necessary.
The most traditional diagnostic tools to detect defects and failures on PV
systems are visual inspection, I-V curve measurements, and infrared ther-
mography analyses. Recently, new methods have gained attention
because of their lower costs, such as electroluminescence (EL). The follow-
ing subsections describe some of these methods.

Visual assessment: It is the first step and also the quickest andmost effective
evaluationtool/technique.Visual inspectioncandetectyellowing/browning,



TABLE 3.2 Common defects and degradation of PV modules [21, 21a, 21b].

Defect Possible reason Effect on PV module

Faults found in all PV modules

Delamination Problem of adhesion between the
glass, encapsulant, active layers,
and back layers, caused by
contamination or environmental
factors

Humidity ingress, corrosion,
reduced module performance,
isolation fault

Back sheet
adhesion loss

Mechanical stress, UV radiation,
heat, humidity

Corrosion, mechanical stress,
risk of electric arcs

Junction box
failure

Poor fixing, poor manufacturing,
bad wiring

Higher resistance, risk of
thermal damage

Frame breakage Snow loads or other mechanical
loads and extreme weather
conditions

Humidity ingress, reduced
module performance, isolation
faults

Encapsulation
discoloration

UV radiation, humidity,
temperature

Higher light absorption in
polymer, decreasing module
performance

Encapsulation
embrittlement

UV radiation, temperature Higher stress in solar cells, cell
breakage, module
delamination

Cell cracks Mechanical stress induced by
mechanical or thermal loads

Insulated cell areas, reduced
module performance

Broken
interconnection

Mechanical stress induced by
mechanical or thermal loads

Higher resistance, insulated
cells, and strings, risks of hot
spots

Light-induced
power
degradation
(LID)

Light exposure Reduced module performance

Series and shunt
resistance
deviations

Series resistances in the module,
mismatch of the individual cell
characteristics, shunts,
interconnections resistance,
corrosion, glass problems,
delamination, broken cells

Hot spots, reduced module
performance, fire hazards

Continued
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TABLE 3.2 Common defects and degradation of PV modules [21, 21a, 21b]—cont’d

Defect Possible reason Effect on PV module

Faults found in silicon wafer-based PV modules

Snail trails Gray/black discoloration of the
silver paste of the front
metallization of screen-printed
solar cells

Higher resistance, insulated
cell areas, reduced module
performance

Burn marks Solder bond failure, ribbon
breakage, thermal fatigue

Higher resistance, insulated
cell areas, reduced module
performance

Potential induced
degradation
(PID)

Migration of ions from the front
glass through the encapsulant to
the antireflective coating at the cell
surface driven by the leakage
current in the cell to the ground
circuit

Hot spots, low shunt
resistance, module
delamination, reduced
module performance

Disconnected cell
or string
interconnect
ribbons

Problems in the manufacturing
process, mechanical stress,
thermal stress

Bypass diode activation,
reduced module performance,
hot spots, glass breakage

Defective bypass
diode

High voltage discharges and
mechanical stress

Hot spots, back sheet burns

Broken glass Previous glass damage,
mechanical load, thermal stress

Corrosion, loss of mechanical
stability, cell breakage

Faults found in thin-film PV modules

Micro arcs at
glued connectors

Problems in the manufacturing
process (lack of pressure on the
connection area in the conductive
gluing)

Reduced module performance
(affectsmainly the FF of the I-V
curve)

Shunt hot spots Problems in the manufacturing
process, reverse bias operating of
cells (caused by shading or
soiling)

Hot spots, reduced module
performance, glass
breakage, loss of mechanical
stability

Back contact
degradation

Poor manufacturing, high
temperatures, prolonged
open-circuit conditions

Reduced module performance

Adapted from K€ontges M, et al., Review of failures of photovoltaic modules; 2014, Aghaei M, Novel methods in

control and monitoring of photovoltaic systems. Politecnico di Milano; 2016, Renganathan RMV, Natarajan V,

Jahaagirdar T, Failure mechanism in PV systems. Grad. course MAE 598 Sol. Commer; 2016. pp. 1–17, Rajput P,
MalvoniM, KumarNM, SastryOS, Tiwari GN. Risk priority number for understanding the severity of photovoltaic

failure modes and their impacts on performance degradation. Case Stud Therm Eng 2019; 100563.
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delamination,bubbles, cell cracks,misalignments,badconnections, andburnt
cells. The inspection is performed from the front and the back of the module
and can detect faults such as bubbles, delamination, yellowing, browning,
brokenorcrackedcells, andburnedoroxidizedcellmetallization.Other faults
canbedetectedon the frame that canbebent, broken, scratched,ormisaligned
and on a junction box that can be loose or oxidized. Thewires and connectors
are also observed to detect detachments, brittleness, and insulation ruptures.
For the assessment, the standards requiremore than 1000lx of natural illumi-
nation [21, 22].

I-V curve:Historically, I-V curve tracing or electrical inspections are the
main methods for PV performance analysis. They determine the short-
circuit current, o the pen-circuit voltage, the fill factor, the maximum
power point, and other parameters. As the reduction of power production
is the main evidence of a problem, an I-V measurement curve gives suffi-
cient information about the PVmodule condition. Fig. 3.6 presents the I-V
curve of a module with a bypassed substring. The performance of the
faultymodule is reduced by 35.8% in comparison to a neighboring healthy
module (reference module).

The I-Vmeasurementcurvegivesenoughinformationabout thePVmod-
ule condition. Fig. 3.2 presents the I-V curve of a module with a bypassed
substring. The performance of a PVmodule would differ based on the con-
dition of the module. Here, the condition refers to whether it is faulty or
experiencingsomeadversesituation thatwouldhavean impacton theover-
all power outputs. The performance of the faulty module is reduced by
35.8% in comparison to a neighboring healthy module (reference module).
FIG. 3.6 IV curve of a PV module with a bypassed substring in comparison with the IV

curve of a healthy module.
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Normally, I-V curves are measured with solar simulators under standard
test conditions (STC—cell junction temperature—25°C, irradiance—
1000W/m2, the spectral distribution of irradiance air mass—1.5). They
can also be performedunder real sunlight exposure,where the PVmodules
do notmeet the STCduring the test measurement, withmeasurements cor-
rected for STC. Usually, the radiation is less than 1000W/m2, the cell junc-
tion temperature is higher than25°C, and the airmass is hardly ever 1.5. The
measured curves can be corrected to STC and can be used as an ideal refer-
ence for comparison of different PV modules [21–23].

In power plants, these inspections can be performed by an I-V curve
tracer on all or a subset of strings on a site. As the method is expensive
and labor-intensive to be applied to an entire site, a typical power plant
has 25% or less of its strings verified per measurement campaign. This
means that many defects are ignored. The inspection also requires the
opening of the fuse circuit, leading to a higher likelihood of a fuse failure
[24]. For I-V characteristic measurements, there are many aspects affecting
measurement accuracy, such as calibration of sensors, varying meteoro-
logical conditions during the inspection, variable soiling ofmodules, mod-
ule mismatch, and interstring temperature variations.

Infrared thermography (IRT): This measures the radiation emitted by the
surface of anything in the infrared wavelength spectrum between 1.4 and
15μm. The infrared thermography employed for PV applications usually
detects wavelengths in the mid-infrared wavelength range of 7–14μm,
which is an equilibrium between costs, availability, and measuring condi-
tions of IRT sensors [25, 26]. There are basically three different types of
thermography: the steady-state thermography, often called “passive
thermography,” and two “active thermography” techniques, pulse and
lock-in thermography, that evaluate the time dependence of temperature
distributions [27]. The three techniques are described as follows:

Thermography under steady-state conditions: Buerhop et al. [28, 29]
showed that IRT is a reliable fault diagnosis method that requires mini-
mum instrumentation and can be applied without interrupting the oper-
ation of the PV plant. IRT is a nondestructive and contactless method that
can provide information about the exact physical location of an occurring
fault, which allows for posterior electrical diagnosis of the problem. As in
a PV plant, all PV modules receive in principle the same amount of irra-
diance, and the modules or cells that are not converting photons into elec-
tricity will turn into heat. Therefore, energy losses will appear in IRT
images as temperature differences. IRT can be used for the detection of
a great number of defects in PV cells, modules, and strings because the
majority of the defects have an impact on the cell thermal behavior. Such
thermal patterns have been identified and classified in previous studies
[21, 23, 28, 29] and are now standardized in the international standard
IEC TS 62446-3 Edition 1.0 2017-06, as shown in Table 3.3. IRT under



TABLE 3.3 Examples of thermal abnormalities in PV modules.

Thermogram Description 4T (K) Recommendation

Suspicious
conductor
strip

>3K • In-depth visible check.
• Evaluation by a level 2

certified thermographer
based on a detailed high-
resolution backside
thermogram/photo.

Overheated
cell

>20K • Check for shading or
soiling effect.

• Replace the module.

Module with
broken front
glass

0–7K • Replace the module.

Heated
module
junction box

>3K higher
temperature
compared to
nearby junction box

• Personal review by a PV
expert or thermographer
level 2.

Substring in
short circuit

Averaged 2–7K
higher than
substring

• Check module and bypass
diodes for proper function
under reverse biasing.

Bypassed
substring
(open-
circuited)

2–7K • Replace the module.

Several
substrings
bypassed

2–7K • Replace the module.

Modules in
open circuit

2–7K • Check module.
• Check the state of

operation of the inverter.
• Check the condition of

cabling, connectors, and
fuses.

Modules in
short circuit

2–7K • Check module.
• Check cabling.

Polarity of
connector
reversed

3–12K • Check polarity of module
connectors.

• Check polarity of string
connectors.

Single-cell is
partly shaded
(not a defect)

20–70K • Remove the object that is
causing the shadow.

653.3 Service life and reliability of PV modules
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steady-state conditions is normally performed with a portable uncooled
IR camera [30, 31]. The measurements are performed under clear sky con-
ditions with minimal irradiance of 700W/m2 on the plane of the PV array
under inspection. The angle of the IRT sensor should be oriented perpen-
dicular to the PVmodules, and shading and reflections should be avoided.
In order to increase the cost-effectiveness and employ IRT for large-scale
PV plants or roof-mounted PV systems with limited access, IRT can be
combined with aerial technologies such as unmanned aerial vehicles
(UAVs) [32].

Pulsed thermography is a technique that can detect faults on inter-
connections as well as inhomogeneities on material properties and on
the underlying layers and structures through an opaque back sheet
[21]. It basically consists of heating the PVmodule from 1 to 5K and then
registering its temperature decay curve. It is performed using an exter-
nal pulsed heat source, for example, a flashlight, to create dynamic heat
flux on the module surface. The IR images are taken from the rear side of
the module with a high acquisition frequency camera (more than
100Hz). The faults will affect the dynamic local heat flux and are
detected with the time evaluation of the surface temperature [27, 33].
The lock-in thermography is similar to the pulsed thermography, but
in this technique, the heat is provided periodically in a lock-in fre-
quency. The local surface temperature modulation is then evaluated
and averaged over a number of periods. For the detection of different
faults, several measurements applying different lock-in frequencies
are performed. Therefore, the measurement time is considerably longer
[27]. The lock-in thermography can detect shunts, interconnect prob-
lems, bubbles, and cracks [21].

Electroluminescence (EL) and photoluminescence (PL) imaging techniques:
EL and PL characterizations are noninvasive methods for the detection
of cell and module defects at any stage in the lifetime of a PV module.
These techniques provide local information about shunts, contact and
series resistances, microcracks and snail trails, inactive cell areas, inho-
mogeneity of materials, and potential induced degradation [34]. Elec-
troluminescence is obtained from photons emitted by the radiative
recombination of charge carriers excited under forwarding bias. Typi-
cally, an external power supply electrically stimulates the module
under investigation to emit the electroluminescent radiation. For c-Si,
the radiation ranges in the near-infrared at wavelengths around
1150nm. Cell defects locally reduce or prevent the emission of EL radi-
ation and are thus revealed and visualized as black areas by cameras
that are sensitive to these wavelengths. Usually, such measurements
are carried out in the dark [22, 34–36]. Fig. 3.7 shows an EL image of
a PV cell presenting some cracks that are not affecting the current flow
over the cell at the present stage, but which might evolve into active
defects. The excitation can also be obtained by means of radiation



FIG. 3.7 EL image of a PV cell with cracks and dead fingers [22].
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incident over the solar cell, in which case the light obtained is due to
the PL effect [22].

UV fluorescence:UV fluorescence is a method capable of detecting deg-
radation effects of the polymeric encapsulant of PVmodules on the field.
Themeasurements are performed in a dark environment under UV light,
which reacts with the encapsulant and generates a fluorescence that can
be detected by a photographic camera. The fluorescence does not occur
along cracks or edges of a PV cell, due to the reaction to the oxygen that
infiltrates the semiconductor through the encapsulant in these areas. The
difference between fluorescent and nonfluorescent areas of a PV cell is
used to detect cell cracks and to differentiate old cracks from new ones
[37, 38].
3.3.1.2 PV module durability, quality control, and service life
prediction

The long durability of PV modules guaranteed by the manufacturers
is claimed to be their main advantage. Currently, some manufacturers
offer warranty for up to 30years, which means that during this period
the module will keep safely producing energy with a small degradation
within the range previously specified. The lifetime of a PV module
depends on its reliability, which refers to the probability that an itemwill
perform a required function and does not fail prematurely; its durability,
which refers to continuous degradation that results in unacceptable
levels of production reduction; soiling; incorrect installation; and many
other issues. These characteristics have a direct effect on cost-
effectiveness, energy payback balance, and public acceptance of PV
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energy. Therefore, the module durability, the quality assurance, and the
correct lifetime prediction of the PV module are very important fields of
study [39, 40].

For quality assurance in PV modules, several organisms have design
methods and protocols. The lifetime of a module is normally predicted by
a set of accelerated stress tests thatmimic the real operation conditions.After
installation, PV modules are exposed to mechanical loads, thermal cycling,
UV exposure, humidity, soiling, and shading, which intensify degradation
mechanisms such as encapsulation degradation, delamination, corrosion,
etc. [39]. The tests can have a destructive or a nondestructive character,
and simulate these stress factors using damp heat, thermal cycling, load
tests, vibration tests, and others [41].

The International Electrotechnical Commission (IEC) is the main orga-
nization that established qualification, performance, and safety standards
for PVmodules (IEC 61215, 61646, 62108, 61730, 60904, 60891, 61724, 61829,
61853, 62670 and 62892) [31]. The IEC 61215, for example, specifies the pro-
cedures for qualifying commercial PVmodules and includes UV exposure,
thermal cycling in the climatization chamber, humidity freeze cycling,
damp heat, pressure, hail impact test, outdoor exposure, hot spot tests,
and others. The tests are performed to a sample of PV modules and they
are considered qualified if no major failures appear after the tests [39].
3.4 PV module testing and standards

As the penetration of PV power in the electric grid continues on a global
scale, standardization and testing become of utmost importance. For
investors, reliable performance data are important because minor devia-
tions from the expected energy yield can have a great impact on the finan-
cial revenue of PV projects. Because the upfront costs of these projects are
considerably high, one seeks to have an optimum cost-benefit relation-
ship. In the case of overestimation, the capital expenditure is higher than
needed, as inverters, cabling, and other balance-of-system components are
oversized. Consequently, the investor’s expectations cannot be met. If the
PV module performance is underestimated, the produced energy cannot
be handled, and the inverter will cut the excess energy to maintain its des-
ignated alternative current (AC) output. The technical term for this behav-
ior is “clipping,” and it also causes losses in revenue to the investor.
Additionally, the degradation of the PVmodule is accelerated as excessive
power is dissipated in the form of heat. In addition, degradation of the PV
module will have an influence on the economic and environmental bene-
fits [42]. The grid operator also needs to have reliable data on the installed
capacity for the proper operation of the electric grid. As the electric grid
always needs to be balanced, he has to provide for sufficient reserve capac-
ity to level out energy fluctuations. For an accurate rating of PV module
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performance, precise measurement procedures under STC conditions
have been established. For more convenient handling of the measurement
procedures, the standard cell temperature is defined as 25°C. Other indus-
try standards that define certain conditions for module performance test-
ing are PVUSA test condition (PTC), high-temperature conditions (HTC),
low-temperature conditions (LTC), and nominal operating cell tempera-
ture (NOCT). As there is no system that might set standards on a global
scale, the solar industry has adopted IEC norms as de facto standards.
Through Committee 82, which relies on volunteers drawn from academia,
government, and industry, the International Electrotechnical Commission
provides for the constant actualization of these standards. The primary
standard for performance testing is IEC 60904: PVdevices,whichdescribes
the measurement principle and was first released in 1987. It specifies how
measurements are conducted, methods for correcting temperature, and
spectral mismatch. Further, few additional norms on specific topics have
been developed for the treatment of other specific performance issues.
For commercially sold PV modules IEC 61215-2005, IEC 61646-2008, and
IEC 62108-2007, consider the special characteristics of silicon, thin-film,
and CPV modules, respectively, for performance measurements.
3.4.1 Indoor testing

Several PV module test procedures have been developed to achieve
reliable performance measurements. These procedures simulate different
stress conditions PV modules might suffer from in the field. Thereby, the
natural degradation process is imitated and conclusions on real degrada-
tion behavior can be drawn. Statistics laboratories that conduct IEC
certification must be accredited according to IEC/ISO 17025. Box 3.1
shows a brief about the visual inspection method that is generally chosen
for testing PV modules.
3.4.2 Module power measurement

Module power measurement is the most commonly followed testing
method. Here, various parameters that affect the overall performance of
the PV module are monitored and their role in efficiency conversion is
quantified. Recently, sun simulators have been used for this measurement.
In Table 3.4, sun simulators according to IEC standards are given under dif-
ferent classes that are classified based on spectral fit. Box 3.2 briefs the
powermeasurementmethodusing IEC 61215 and 61646 10.2 standards; this
is more of an experimental testing with parameter measurement.

Testing of a PV module considering different conditions is considered.
Briefs on the use, test conditions, procedure, and requirements are
highlighted in Box 3.3, Box 3.4, Box 3.5, and Box 3.6.



BOX 3.1

T o i d e n t i f y t h e d e f e c t s i n t h e PV
m o d u l e b y v i s u a l i n s p e c t i o n

Testing method: Visual inspection.

Use: Identify defects visually.

Check for:

- Cracked, bent, misaligned, torn external surfaces

- Faulty interconnections, joints

- Voids in, visible corrosion of active layers

- Visible corrosion of output connections, interconnections, bus bars

- Failure of adhesive bonds

- Bubbles or delamination from edge to cell

- Tacky surfaces of plastic materials

- Faulty terminations, exposed electrical parts

- Any other conditions that may affect performance

- Number plate not present or readable

TABLE 3.4 Sun simulators according to IEC 60904-9.

Sun Simulator Classes IEC 60904-9 Ed.2

Class Spectral fita Max. inhomogenityb

Temporal instability

LTI STI

A 0.75–1.25 2.0% 0.5% 2.0%

B 0.60–1.40 5.0% 2.0% 5.0%

C 0.40–2.00 10.0% 10.0% 10.0%

a Given in IEC 60904-9 Ed.2.
b Nonhomogeneity of irradiance.
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3.5 Novel PV module concepts

Research in PV modules is ongoing and continuously comes up with a
fewnovel concepts. Some of the novel PVmodules are shown in Fig. 3.8. In
this section, special focus is on exploring such novel PV modules and
some of them are briefly discussed below.



BOX 3.2

T o i d e n t i f y t h e d e f e c t s i n t h e PV
m o d u l e b y p o w e r m e a s u r e m e n t .

Testing method: Power measurement.

Standards: IEC 61215 and 61646 10.2.

Use: Power output at STC:

- Module temperature: 25°C
- Irradiance level: 1000W/m2

- Spectrum air nass 1.5 (PI: calibrated class A+ simulator as IEC 60904-9

Insights:

- Electronic load to measure I-V curve

Reference device (IEC 60904-2)

- Accuracy of repetitive tests, before/after treatments: �0.5%

- Total accuracy (any technology) �2–3%.

BOX 3.3

T o i d e n t i f y t h e d e f e c t s i n t h e PV
m o d u l e b y a n i s o l a t i o n t e s t .

Use: Sufficient insulation between electrical parts and frame (or outside

world).

Procedure:

- Wrap the module entirely with a copper foil (foil has to stick on the

surface)

- Connect the short-circuited terminal-cables of the module with “+” of

DC source

- Connect the foil/frame of the module with the “�” of the DC source

- Increase DC voltage slowly (<500V/s) until 1kV+2 max. System

voltage is reached, then keep for 1min.

- Measure the isolation resistance.

Requirements: (isolation resistance)� (module area)�40MΩm2.

713.5 Novel PV module concepts



BOX 3.4

T o i d e n t i f y t h e d e f e c t s i n t h e PV
m o d u l e b y w e t l e a k a g e .

Use: To evaluate the insulation of the module under wet operating

conditions.

Setup: A water tank/pool to contain the module horizontally covered

with water.

Procedure:

- Connect the short-circuited cables of the module with “+” of DC source

- Connect the fluid or the water with the “�” of the DC source

- Increase DC voltage slowly (<500V/s) until 0.5kV or max. System

voltage is reached, then keep for 1min.

- Measure the isolation resistance:

Requirements: (isolation resistance)� (module area)�40MΩm2.

BOX 3.5

T o i d e n t i f y t h e d e f e c t s i n t h e PV
m o d u l e b y w e a k l i g h t p e r f o r m a n c e .

Use: Determination of module power at an irradiance level of 200W/

m2 at 25°C.

- Very relevant for yield; average irradiance inGermany during daytime:

230W/m2.

- Same spectrum and temperature as STC

- PI uses an A+AA simulator (instead of BBB as required by IEC 60904-9)

PI offers additional irradiance levels: 100, 400, 800W/m2.
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Flexible module: The name itself suggests that these solar PV modules are
flexible, whichmeans they can fit any kind ofmounting surface. Originally,
amono c-Simaterial is used formanufacturing thesemodules. But recently,
the CIGS-type thin-film solar material is used. Modules with c-Si material
are semiflexible in nature and with CIGS are flexible. These modules are
lightweight in nature and mostly thin in size, which makes them suitable



BOX 3.6

T o i d e n t i f y t h e d e f e c t s i n t h e PV
m o d u l e b y t h e r m a l c y c l i n g .

Test method: Thermal cycling.

Damp Heat.

Use: Ability of the module to withstand the long-term penetration of

humidity.

Test conditions:

- Temperature: 85°C (� 2°C)
- Relative Humidity: 85% (�5%)

- Duration of treatment: 1000h

Requirements (tests after 2–4h recovery time):

- No visual defects

- Isolation resistance �40MΩm2

- Power loss less than 5%

FIG. 3.8 Novel photovoltaicmodules: (A) flexible PVmodule; (B) semiflexible PVmodule;
(C) bifacial PV module; (D) double-glass PV module; (E) antireflection coated PV module.

733.5 Novel PV module concepts
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for rolling and bending and more suitable for applications such as car roof-
ing andwindowcurtains. The commercial application of flexiblemodules is
very limited due to their lower power conversion efficiencies [43, 44]. Like
this, there are advantages and disadvantages in using flexible PV modules
and these are briefly given in Table 3.5.

Bifacial PV module: The existing PV modules are classified under
monofacial as they are capable of generating electricity when sunlight
is incident on the surface. The other category of PV module is bifacial,
and the name itself suggests that the PV module can generate electricity
from both sides. The electrical power output mainly depends on the
installation configuration. For example, with monofacial PV modules
under open rack installation configurations, there is a huge amount of
energy loss in terms of incident solar irradiation. Here, the direct and dif-
fused solar irradiation components are only useful, but the reflected
component of solar irradiance is lost. In such an open rack configuration,
the use of a bifacial PV module could help in improving energy as they
are capable of using a reflective component of solar irradiance for
TABLE 3.5 Advantages and disadvantages of flexible PV modules.

List of advantages List of disadvantages

Portable in nature and can be mounted to
any surface.

As they are mounted directly to the
mounting surface, there won’t be any gap
between the module and surface. This does
not allow any air circulation, thereby
chances of overheating are very high. This
ultimately affects the overall power
conversion efficiency.

Compared to the other PV modules, power
loss is a bit lower. Themain reason for this is
the use of thin films for making flexible
modules. Thin films are thermally stable
and the overall efficiency drops due to
temperature is low.

They are not well suitable for positing with
respect to the sun path. These modules are
mostly fixed to a mounting surface. Hence,
efficient angling and tilt angle optimization
specific to the installation site are not
possible.

Performace of thin-film flexible modules is
quite promising as they absorb sunlight
even in the infrared and UV ranges.

Damage due to external activities is very
high with PV flexible modules

Most thin-film flexible modules are
available in semitransparent options. They
can be used for a few applications such as
building facades and windows.

The warranty by the manufacturers is very
limited. At present, the offered warranty is
less than 18months.

Light weight and low cost are other
favorable conditions. As they have less
weight, they can be fixed onto low weight-
bearing structures.

Not suitable for grid integration and other
commercial applications
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electricity generation. The improved power with the use of bifacial mod-
ules is termed bifacial gain [45, 46].

Double-Glass PV Module: In the current PV market, the most-seen PV
modules have a back sheet that is made of polymer. Also, they have a typ-
ical frame that is made of aluminum. But in recent years, the use of PV
modules for various applications has encouraged manufacturers to
develop frameless products. PV modules that do not have a frame are
called double-glass PV modules. In these modules, heat-strengthened
glass is used on either side of the solar cell. This makes the sandwich struc-
ture where the layer of solar cells is laminated between the two glasses.
This eliminates the polymer back sheet. The application of double-glass
PV modules includes daylight maximization in buildings. Due to the
transparent nature of glass, the incident solar irradiation on the PV mod-
ule passes through it to illuminate the indoor areas [47].

Antireflection Coated Glass: In PV modules, solar irradiance and temper-
ature are the most important factors affecting the overall performance.
Coming to solar irradiance, the albedo is one of the components respon-
sible for energy loss, due to which the overall energy production is less.
Antireflection-coated (ARC) glasses are those that reduce the reflected
component of solar irradiance from the solar panels, thereby boosting
the overall efficiency as well as energy generation. Thickness and refrac-
tive index (RI) are the two major factors in ARC glasses [48].

The thickness of the ARC glass is calculated using the formula:

OptimalARC thickness¼ Wavelength

4�RIofARC

The refractive index of the ARCmaterial is given as the geometric mean

of the RI of the surrounding material and the RI of the semiconductor:

ARCRI¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RI of surroundingmaterial�RI of semiconductor
� �q
3.6 Conclusion

Photovoltaic technologies are the vital components in solar power gen-
eration. The role of PV technologies in sustainable power generation is real-
ized. In this chapter, a study has been carried out on photovoltaics. The
efficiency of the PV module using the performance characteristics, espe-
cially based on I-V andP-V curves, is also presented. Photovoltaicmodules
and their types are presented. On the other side, recent trends in PV tech-
nologies are explored. The advantages of using thin-film PVmodules over
the crystalline module are also presented. The service life and reliability of
PV modules with a focus on faults and their identification methods are



76 3. Solar PV module technologies
briefly explained. The testing of PV modules considering different exper-
imental scenarios is presented along with the procedure. Overall, we
believe the chapter presents the overview of PV module technologies that
would serve as useful material for academicians and researchers.
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4.1 Introduction

From the early solar PV cells to the very recent designs, the operating
temperature is considered to be one of the critical parameters in photovol-
taic (PV)modules. Exceeding from the optimum value causes a significant
decrease in the semiconductor bandgap, which consequently affects the
open-circuit voltage negatively. In order to diminish the temperature
effect in the PV cells, scientists have proposed cooling methods to main-
tain the cells at low temperatures and hurdle any temperature growth.
Showing promising results, this technique has become more common,
which alternatively increases the lifespan of the PV modules by preserv-
ing their optimum condition.

The dissemination of energy recovery has triggered developers to take
advantage of this removed thermal power for other applications and has
formed the concept of the photovoltaic and thermal (PVT) energy harvesting
technique [1]. Most of the PV cells convert a small fragment of the received
solar radiation into electricity and the rest of the energy is wasted as heat.
Therefore, the PVT is a new configuration of a solar system that has been
formed based on the combination of a PVmodule with a thermal collector.
This is capable of exploiting solar radiation for the simultaneous genera-
tion of electricity and heat. In a PVT collector, the PV module is fixed to a
heat exchanger that contains either air or water as a cooling medium,
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which converts more solar energy per area than the corresponding coop-
eration of a separate PV module and a solar thermal collector. Therefore,
this causes a reduction in manufacturing and installation costs [2].

In recent years, serious steps have been taken toward the implementa-
tion of PVT modules to meet domestic needs, especially in places with
space limitations for both PV and thermal collector installation. One of
the merits of this technology is the aesthetic advantage compared to con-
ventional thermal collectors with robust designs. The other enticing fea-
ture is the interesting niche market that can be formed from either the
utility or autonomous systems [3]. However, there is still low industrial
involvement in PVT mass production and the overall general knowledge
needs to be improved through recent developments.

4.1.1 Working principle of PVT modules

As has been shown in Fig. 4.1, the thermal collector in a PVT module
captures the excess generated heat by means of a fluid to either recover
heat or cool the PV module [2]. In this process, solar radiation reaches
the module at G intensity where a fraction is lost to the ambient as Qloss

and the remaining portion empowers the PV module (Qe) with a given
electric efficiency (ηe). The accumulation of solar energy increases the tem-
perature of the PVmodule and generates the thermal power ofQth, which
is transferred to the thermal module through a heat transfer mechanism
depending on the fluid medium and module design with a thermal
efficiency of ηth. Finally, thermal insulation makes the entire system more
efficient by reducing and eliminating the sides and back heat losses.

The general energy equation in a simple PVT module can be defined as
the following [2]:

ηe ¼
Qe

GA
(1)

ηth ¼
Qth

GA
(2)

ηo ¼ ηe + ηth (3)

where G (W/m2) is the solar radiation, A (m2) is the aperture area of the

module, and ηo is the overall efficiency.
FIG. 4.1 The fundamental energy flow in a
typical PVT module [2].
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4.1.2 Historical development of PVT modules

The very first experimental investigations on the viability of PVT tech-
nology were initiated in the mid-1970s whenWolf [4] analyzed the annual
performance of a PVT system for a single-family residence and concluded
that the proposed system has the capability towork in a hybridmode. Two
years later, Kern et al. [5] developed a program to evaluate a PVT collector
for different designs with heating and cooling applications. After a decade
of intense research, scientists published design features of a PVT module
that included single-crystal silicon cells and an air collector, where the
optimum combination was introduced for the studied configuration [6].
The 21st century started with a focus on collector designs and novel con-
figurations for higher thermal absorption. In this regard, Sopian et al. [7]
studied a double-pass solar PVTmodule and demonstrated that air-based
PVTmodules enjoy a high potential to be integrated into a dryer. Another
studywas also conducted over the arrangement of the air passages, where
four different designs were compared and the results revealed promising
information for air-based PVTs [8].

The performance of the air-based PVTmodules connected in series was
also studied by researchers, and the results indicated a high potential for
this technology to be integrated with buildings [9]. In another attempt, a
PVT module including air channels modified with single-row oblique
plates to assist in flow direction was studied for a comprehensive under-
standing of the system’s thermal behavior [10]. A major enhancement in
module design was achieved as fins were introduced to the PVT config-
uration. In an experiment, the researchers investigated the effects of the
vertical fins inside a double-pass air-based PVT module and found that
the presence of fins considerably decreased the cell temperature, which
also improved the exchange of heat to the thermal module [11].
A multioperational ventilated PVT module was implemented for integra-
tion with a commercial building as a roof-mounted module. It was eval-
uated under a 6-month operation to find the optimum performance in
relation to the net required energy for certain buildings [12]. Agriculture
drying is a salient area for PVT integration as numerous researchers have
addressed the findings obtained in this field [13].

In the literature, different types of solar cells have been used in PVT
modules. The crystalline solar cells were tested in an air-based PVT sys-
tem connected to a typical residential building as a stand-alone system
[14]. Othman et al. [15] introduced a double-pass air-based PVT module
using transparent solar cells. In this research, they utilized two parallel
transparent PV modules for electricity generation. Thin-film PV cell tech-
nology was also employed for PVT development in the way that scientists
were able to develop an ultralight and ultrathin unglazed PVT system [16].
In another study conducted by Nualboonrueng et al. [17], polycrystalline
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and amorphous silicon solar cells were compared to find the best option
for a PVT module working in a tropical climate. The PVT modules can be
classified based on different criteria such as heat extraction mechanism,
application, solar collection design, and heat exchange medium. Fig. 4.2
represents the detailed classification of PVT modules.
4.1.3 Flat-plate PVT modules

A flat-plate PVT (FP-PVT) module usually consists of a flat absorber
sheet beneath the PV module, which can include a cover glass to form a
glazed type while unglazed types are in use for specific designs [19]. In
this type, the main layouts are glass cover, air ducts, water channels,
the PV module, the adhesive layer, the flat-plate or tubular absorber,
and the insulation. A white Tedlar, a transparent layer of ethylene-vinyl
acetate (EVA) resin, is usually used to enhance the PV radiation absorp-
tion efficiency and reduce the PV reflection [20]. The selection of the work-
ingmedium is very crucial because it has a remarkable effect on the overall
performance where higher operating temperatures lead to lower electric-
ity efficiency. Thus, aworking fluid (usually air orwater) is used in contact
with the PV module in the form of a heat exchanger to carry away the
excess heat from the module, resulting in higher electricity and thermal
efficiency.

4.1.3.1 Water-based FP-PVT modules

Compared to air, the liquid form of working fluids in a PVT collector is
able to carry more heat from the PV module, which results in higher elec-
tric efficiency owing to the higher density and greater heat capacity. How-
ever, the manufacturing costs of the heat exchanger are also added to the
PVT module [21, 22]. Several liquids have been studied by scientists to
develop different PVT modules; among them, water has been the most
commonly used working fluid. In an attempt by Chow et al. [23], a flat-
box PVT module consisting of a water storage tank, a polycrystalline sil-
icon PV module with 14.5% electric efficiency, and an aluminum alloy
thermal absorber attached to the box-structure modules with two trans-
verse headers was developed to perform under the thermosyphon effect.
The illustration of the main components and a photograph of the pro-
posed PVT module are depicted in Fig. 4.3. From the experimental tests,
it was concluded that the average thermal efficiency ranges from 37.6% to
48.6%with higher obtained values in summer and the average electric effi-
ciency between 10.3% to 12.3% with the higher recorded values in winter.

Nanofluids are the other type of working fluid recently utilized in
liquid-based FP-PVT modules. They have attained a significant fraction
of progress in PVT technology. The introduction of nanofluids was aimed
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FIG. 4.3 A thermosyphon flat-box PVT module; (A) The main layout of the module,
(B) photograph of the constructed model [23].
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to enhance the thermal conductivity of conventional fluids, making them a
high-potential option for utilization in PVT modules.

Sardarabadi et al. [24] studied the use of silica/water nanofluid in an
FP-PVT module and reported that the addition of the nanofluid increased
the overall efficiency up to 7.9% where the total energy reached 24.31%.
Therefore, nano-based liquid fluids not only can work as the coolant
medium, but also can have an effect as an optical filter, which depends
on the base fluid, particle size, and other factors [22]. In addition to the
fluid type, absorber design and flow passage configurations can also be
distinctive factors for categorizing different liquid-based PVTs.

Generally, the water-based PVT modules are categorized based on the
flow configuration and their components, as shown in Fig. 4.4. The first
pattern is the sheet and tube design (Fig. 4.4A), in which a flat absorber
is usually employed with tubes arranged in series or parallel connections
where a PV module is mounted or laminated above the absorber. The
alternative designs based on this flow pattern can be attained by changing
the number of glass covers where researchers have not suggested using
more than two covers [27]. The second flow pattern is the channel type



FIG. 4.4 Water-based FP-PVT designs based on the flow configuration: (A) sheet and tube
type, (B) channel type, (C) free-flow type, (D) dual-flow type [25], and jet impingement [26].
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(Fig. 4.4B) in which the fluid flows inside a channel above the PV module
where glass covers are employed to transmit the sunlight. In this type, the
selection of the fluid is very critical because the absorption spectrum of PV
cells should not be covered by the fluid to yield the maximum electric effi-
ciency [27]. The design indicated in Fig. 4.4C is known as the free-flow pat-
tern inwhichwatermoves freely above the PVmodulewith only one glass
cover compared to the previous design. In this type, water evaporation
can be a problemwhen the PVTmodule works at high temperatures while
the condensation of the liquid on the cover can also affect the absorption
efficiency. The next design (Fig. 4.4D) is devoted to the dual-channel types
in whichwater flows above a semitransparent module and gets heat in the
way considered by the design presented in Fig.4.4B. Placing an air gap
below the PV module and using a blackened metallic absorber, the
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secondary channel is formed as the running water absorbs incoming sun-
light through the channel walls [25]. The last design employs a jet array
impingement, which was proposed by Hasan et al. [26]. In this design,
jet impingement is applied to the back of the PV module via a series of
nozzles. The cooling fluid is pumped through the lines and after heat
extraction, it is collected by the collection line placed at the bottom of
the frame enclosure.

In an experimental study [28], scientists compared the performance of
the two proposed designs, including sheet and tube and rectangular chan-
nel (fully wetted) absorbers, for an unglazed FP-PVT module. They con-
cluded that the fully wetted design results in higher thermal performance
because in this concept, the heat transfer area is improved more so than in
the sheet and tube design. It was also found that the electric efficiency of
the collector with a fully wetted absorber is nearly 2% more than an
individual PV module.

A passive FP-PVT collector integrated with reflectors and a finned
absorber was also developed by Ziapour et al. [29]. They studied the effect
of an efficient way in covering the outer glazing during night time for ther-
mal storage purposes and collecting reflected sunlight during the day time
operation. Results indicated that this novel design could decrease night
heat losses and increase daily solar absorption. The spiral flow direction
was also tested for a hybrid flat-plate solar collector using Al2O3/water
nanofluid [30]. Results demonstrated that the use of nanofluid with the
spiral flow direction can increase the electrical, thermal, and overall
efficiencies by 13%, 45%, and 58%, respectively.

4.1.3.2 Air-based FP-PVT modules

In an air-based FP-PVT module, the air is used as the medium for cool-
ing the PVmodule through circulation to extract heat from the PVmodule.
There are a number of different arrangements such as with/without glaz-
ing, natural/forced flow of air, fined channels, etc. In order to classify dif-
ferent PVTmodules, several criteria can be employed ranging from design
factors to the material shape of the module [31–35]. As a typical air-based
FP-PVT collector, the PVmodule is laminated on the black plate absorber,
which can be covered by a glass cover. Although there are many different
designs, especially based on absorber designs, the most common models
based on the flow patterns are proposed by Hegazy [8] and are presented
in Fig. 4.5.

In the first design, air passes through the space between the absorber
plate and the glazing (Fig. 4.5A). However, if the air flows under the
absorber plate, the second design is formed (Fig. 4.5B). In the third design,
air passes through two parallel channels, one over and one under the
absorber, causing a dual-channel configuration (Fig. 4.5C). In the last
design, air first gets preheated by passing over the absorber and then



FIG. 4.5 Air-based FP-PVT designs based on the flow configuration: (A) single-pass over
the absorber, (B) single-pass under the absorber, (C) single-pass dual channel, and (D) dual
pass [8].
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absorbs the remaining heat from the channel underneath the flat plate
(Fig. 4.5D). Comparing the performance of different designs indicates that
the highest daily thermal efficiency refers to the second design, which is
followed by the third and fourth designs. The first design has a distinctive
lower value, especially in higher mass flow rates. In the case of electricity
generation, all the designs have a close performance where the highest
efficiency is devoted to the second design.Moreover, based on the amount
of electric power consumed by the fan in each design, it is concluded that
the first two designs demand the most energy, followed by the fourth and
third designs [8].

A typical solar air-based FP-PVT that provides hot air as well as
electricity can be employed in different applications such as drying,
distillation, and space heating. Farshchimonfared et al. [36] developed
an air-based FP-PVT module to deliver thermal power to a building asso-
ciated with the air distribution system. In their study, an unglazed solar
collector covered with a crystalline PVmodule was installed on a building
roof. They found that the optimum depth for a constant temperature rise
of 10°C varies between 0.09 to 0.026m. In another study carried out by
Slimani et al. [37], a double-pass air-based FP-PVT module, including a
monocrystalline PV module, was integrated into a drying chamber. As
shown in Fig. 4.6, the PVT collector received solar radiation that reached
the aluminum sheet and increased its temperature. Cool air enters the
module from the air channel and absorbs heat from the environmentwhile
cooling down the PV. As a double-pass configuration, the flow is directed
to the upper channel between the PV module and glazing, and leaves the



FIG. 4.6 Adouble-pass flat-plate air-based PVTmodule integrated into a drying chamber:
(A) cross-sectional view of the PVT collector, and (B) three-dimensional modeling of the
entire system [37].
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PVT module to the drying enclosure through an air duct. Numerical
results indicated that the proposed system can be a promising design
for indirect solar drying with the desired air temperature. Moreover,
the energy analysis revealed that the electric, thermal, and overall efficien-
cies were 10.5%, 70%, and 90%, respectively.

A building-integrated PVT (BIPVT) module is one of the interesting
types of air-based FP-PVT modules that has gained attention.
A prototype of an open-loop hybrid unglazed transpired collector
(UTC) (Fig. 4.7) was designed for integration with a building façade by
Athienitis et al. [38]. In their study, a full-scale model was constructed
with 70% PV covering and mounted on an office building in Montreal,
Canada. In their design, it was aimed to provide heat ventilation for cold
months by the combination between the PV array installation and the UTC
designs. Experimental data demonstrated the viability of the proposed
system for preheating the fresh air and generating electricity.
4.1.3.3 Bifluid-based FP-PVT modules

Bifluid-based FP-PVT modules are defined as FP-PVT modules that
incorporate two fluids (usually water and air) to enhance the heat extrac-
tion phenomenon in the thermal module. The main scope in this model is
the cogeneration of hot water and hot air, in addition to electricity. This
configuration is able to pose several advantages compared to two other
designs. One of the promising merits that comes from this hybrid module
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is the high potential of the overall efficiency and better uniformity, which
can meet more thermal needs than single-fluid designs. Another advan-
tage is that a major cost reduction can be achieved when a versatile collec-
tor provides power in one device [15]. In research conducted by Othman
et al. [15], a transparent PV module was placed at the top surface and
water tubes were attached to the above and bottom side of the black-
painted absorber plate, as shown in Fig. 4.8A. The transparent PV module
not only generated electricity but also allowed solar radiation to reach the
absorber plate in away that acted as glazing to trap sunlight for more ther-
mal absorption. Air as the second heat transfer medium also passed
through the collector to remove the fraction of heat that cannot be
absorbed by the water. The results indicated that the proposed PVT



FIG. 4.8 Bifluid-based PVT concepts usingwater and air simultaneously: (A) Double-pass
airflow [39], and (B) Single-pass airflow with fins [15].
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module can be both economically and functionally more favorable than
the other designs. In another study, a bifluid-based FP-PVT collector
was developed based on the concept visualized in Fig. 4.8B. A sheet-
and-tube heat exchanger as the absorber plate was used for water circu-
lation and fins were implemented to enhance the air heat transfer inside
the PVT module. Indoor testing revealed that thermal efficiencies for the
air and water fluids were 58.10% and 62.31%, respectively, while both
efficiencies are related and have direct interactions [39].
4.1.4 Concentrating PVT modules

The simultaneous generation of electric and thermal powers in a PVT
module, using tracking devices and concentrating reflectors, boosts the
overall efficiency of thewhole device. It also bringsmore financial benefits
to electricity conversion than power generation that comes from a standa-
lone PVmodule [40]. At present, the use of the concentrating PVT (CPVT)
modules is only applied to large-scale facilities in which the system con-
stitutes components with considerable size, usually as solar towers, par-
abolic trough concentrators (PTCs), compound parabolic concentrators
(CPCs), parabolic dish concentrators (PDCs), and large Fresnel reflectors
assisted with single- or two-axis tracking systems. In the case of sun track-
ing, single-axis mechanisms have higher viability for building integration.
Moreover, the building-integrated CPVT systems can be mounted on a
roof or located on the building façade [41]. In general, the PTCs commonly
are integrated with flat roofs, which is preferable to be hidden from public
view. In this design, solar tracking is usually achieved through a tracking
system in which the concentrator/receiver structure is rotated on a single
axis. Alternatively, the linear Fresnel lenses are utilized to split the beam
fraction from the diffuse solar radiation and concentrate it on the PVT
module to improve solar illumination per absorbed area. [42]. In the case
of employed solar cells, some common types such as GaInP, GaInP/GaAs,
AlGaP/GaP, GaP, GaN, and SiC can be the choice for integration with
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high-temperature concentrating modules [43]. Multijunction cells have
also been used in CPVT systems; in an experiment, a dual-junction
GaInP/GaAs cell was used to work at 400°C [44].

Kandilli et al. [45] developed and evaluated a CPV module performing
with a novel concept of spectral decomposition (Fig. 4.9). The proposed
FIG. 4.9 Illustration of a CPV system: (A) schematic view of the proposed concept, and
(B) the experimental test setup [45].
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system comprised a hot mirror located in the focal area to pass the fraction
of solar energy with the wavelength beyond the visible region, and ham-
per the infrared (IR) and ultraviolet (UV) radiation. The rejected portion,
including IR andUV rays, was transferred through a proper optical design
to a vacuum tube in which it was collected as the thermal power. The
experimental data indicated that the amount of electric power generated
per solar cells was 4.6W while the thermal power of 141.21W can be
obtained from the vacuum tubes and through a cogeneration process. Fur-
thermore, the energy efficiencies derived from the concentrator, vacuum
tube, and overall system were 15.35%, 49.86%, and 7.3%, respectively.

Calise et al. [46] also proposed a novel concentrating solar power sys-
tem including a CPVT system equipped with a PDC. The premise was to
utilize the high-temperature collector for providing hot diathermic oil
while electricity was also generated by the PV module. Additionally,
the heated oil was supposed to produce extra electric power via an organic
Rankine cycle (ORC). A prototype was constructed and tested using a
double-axis tracking system in which triple-junction silicon cells were
placed inside a planar receiver. Comparing two functional modes such
as only-CPVT and CPVT+ORC revealed that the first system (only CPVT)
exhibited more economic profits where the net present value (NPV) was
20 years and 15% higher than the second system. However, the CPVT
+ORC mode was able to provide 6% more electric power.

4.1.4.1 CPVT modules integrated with PTCs

Xu et al. [47] investigated the viability of an innovative low concentrat-
ing PVT module incorporated into a heat pump system. The PVT module
was installed with fixed truncated parabolic concentrators (employed as
the heat pump’s evaporator) and reflected the incoming radiation toward
the surface of the PV cells without absorption. The test results showed that
the electrical output increases as 1.36 folds of the conventional system. In a
similar work, scientists developed a hybrid PTC equipped with 32 lami-
nated solar cells connected in series and mounted on two sides of a
V-shape absorber (Fig. 4.10). The water was used to transfer heat from
the PV cells and the system was designed to provide hot water. A one-
axial tracking system was implemented to track the sun around the
east-west axis. Analysis indicated that the electric production efficiency
reached only 6.4% while the optical efficiency was 0.45%, which are poor
values compared to the conventional FP-PVT modules [41].

4.1.4.2 CPVT modules integrated with Fresnel lenses

The integration of Fresnel lenses with PV modules is another tech-
nique deemed by CPVT developers to be a promising solution for higher
production efficiency. Xu et al. [48] presented a highly concentrating
PVT system (HCPVT) with a 30kW power production capacity. As



FIG. 4.10 (A) Profile of the absorber and reflector, (B) Diagram of the experimental setup
used for a parabolic trough PVT system [41].
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shown in Fig. 4.11, the system was composed of 32 point-focus Fresnel
lens modules installed on two-axial tracking devices. The entire connec-
tion was made of two strings, each composed of 16 series-connected
modules. Running water through the receivers collected the



FIG. 4.11 A 30kW HCPVT system integrated with Fresnel lens: (A) schematic of the
HCPVTmodule, and (B) photograph of the 32modules installed on dual-axial tracking struc-
tures [48].
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concentrated solar energy, and it was conveyed toward the storage tank.
A typical module presented in this work consisted of 15 Fresnel lenses
connected side by side on an aluminum frame. The heat transfer equip-
ment was composed of high-temperature solar cells such as InGaP/
GaAs/Ge laminated on a frame in the way that water tubes were in per-
fect contact to cool them down. Moreover, an optical prism was pasted
on top of the solar cells to have uniform radiation distribution on the PV
surface. These 15 solar cells were also connected in series and tubes were
connected relatively by pipes. Experimental results showed that under
outdoor conditions, the electricity and thermal efficiencies were
30 and 30%, respectively, indicating that the total solar energy conver-
sion efficiency reached 60%.
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4.1.4.3 CPVT modules integrated with CPCs

The CPC collectors emerged as the low-temperature collectors with a
low concentration ratio. The CPC design originates from the combination
of two parabolas that results in multireflection absorption and reduces the
need for tracking the sun’s hourly angle. The integration of the CPCs with
PVT collectors has been studied by many scientists.

Tripathi et al. [49] designed a PVT-CPC collector to generate both elec-
tricity and hot water, as shown in Fig. 4.12. In this work, they utilized
semitransparent PV cells and tested the module with manual tracking
at 3h intervals. Data analysis demonstrated that this configuration can
make 19.60kWh of electric power and 150.40kWh of thermal power.
Moreover, the comparison between tracking and nontracking operations
showed that the annual net thermal power would be 1.25 higher in the
tracking mode.

From the literature review, conventional PVT designs, including the
flat-plate and concentrating types, have reached a reasonable maturity
in technology and can be applied experimentally in several applications.
General conclusions from the studied models reveal that air-based PVT
modules are simpler in design compared to thewater-basedmoduleswith
lower construction costs while the thermal and electrical efficiencies of
water-based types are quite higher. Although bifluid-based modules
are able to yield higher electric efficiency through an enhanced cooling
mechanism, the final temperature of the fluids (water and air) is not com-
parable to the water- or air-based modules, which results in their integra-
tion with fewer applications [22]. Additionally, CPVT modules have
significant potential for high thermal and electric efficiencies, but their
working temperature requires more advanced solar cells, which may lead
to higher construction costs. Table 4.1 presents some experimental inves-
tigations with the most focus on FP-PVT and CPVT designs.
4.1.5 Innovative PVT modules

4.1.5.1 Heat pipe-based PVT modules (HP-PVT)

Heat pipes are appraised as efficient heat transfer mechanisms that are
based on both thermal conductivity and phase transition. A conventional
heat pipe is composed of three main units of evaporation, adiabatic, and
condensing, which are shown in Fig. 4.13. The heat pipe-based PVT (HP-
PVT) module provides a plausible way for heat removal and transmission
while there would also be a possibility to use a PV cell layer in conjunction
with a flat-plate heat pipe, which includes a series of microchannel arrays
working as the evaporation section of the heat pipes. The flat-plate struc-
ture offering better thermal conduction is introduced as themore practical



FIG. 4.12 Awater-based PVT collector integrated with a CPC: (A) cross-sectional view of
the PVT-CPC, and (B) photograph of experimental setup [49].
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design because the heat transferred between the PV cell layer and the com-
ponent for heat extraction is improved [64, 65].

Nowee et al. [66] conducted an experimental study on the performance
of a heat pipe integrated with a novel PVTmodule. The performance com-
parison between the spring and summer seasons revealed that the average



TABLE 4.1 Summary of some experimental works studying different FP-PVT and
CPVT modules.

PVT

module

Working

fluid Location Main findings Ref.

FP-PVT Water Algeria • The hybrid thermal
efficiency was improved
in comparison with the
conventional thermal
collectors;

• Providing 37oC hot water
with thermal efficiency
varying from 50% to 80%.

Touafek et al.
[50]

FP-PVT Air Iran • Fans inducing forced
convection were powered
by electricity generated by
the PVT module;

• Setting a glass cover
above the PV module
increased the thermal
efficiency and decreased
electric efficiency.

Ameri et al.
[51]

FP-PVT Water Malaysia • The PVT module was
mounted on a dual-axis
tracking system;

• The overall efficiency was
significantly improved,
varying from 70.53% to
81.5%.

Rahou et al.
[52]

FP-PVT Water and air India • The primary energy-
saving efficiency of
35.32% was obtained
while electric efficiency
was 20.87%;

• PVT collector with
glazing resulted in more
thermal efficiency than
without glazing, where
the average value reached
16.72%;

• Glazing reduced the
electric efficiency, where
7.72% was achieved by an
unglazed PVT collector.

Michael et al.
[53]

FP-PVT Water Italy • PVT collector was able to
produce 40oC water for
domestic heat
applications in summer
days;

Buonomano
et al. [54]

Continued

974.1 Introduction



TABLE 4.1 Summary of some experimental works studying different FP-PVT and
CPVT modules—cont’d

PVT

module

Working

fluid Location Main findings Ref.

• The experimental electric
and thermal efficiencies
were 15% and 13%,
respectively;

• The payback period was
determined as 4 years.

FP-PVT Nanofluids
(SiO2, TiO2,
and SiC)

Malaysia • When SiC was employed,
the overall efficiency
reached the maximum
value of 81.73% where the
electric efficiency was
13.52%;

• The best performance was
followed by TiO2 and SiO2

nanofluids, respectively.

Al-Shamani
et al. [55]

FP-PVT Air Korea • The heat exchanger was
modified using bending
round-shaped heat-
absorbing plates;

• Thermal efficiency was
obtained at about 26–45%,
depending on the test
conditions while the
average electric efficiency
was measured as 15.7%.

Kim et al. [56]

FP-PVT Nanofluids
(CuO/water
and Al2O3/
water)

Korea • CuO/water increased
both thermal and electric
efficiencies by 21.30% and
0.07% than water-
based PVT.

• Al2O3/water enhanced
thermal efficiency by
15.14% than water-based
PVT; however, electric
efficiency remained
constant.

Lee et al. [57]

PVT-
PTC

Water Tunisia • The maximum electric
efficiency was obtained as
10.02%;

• More electric efficiency
was achieved in higher
water mass flow rates;

• Overall efficiency was
26% where thermal
efficiency was about 16%.

Chaabane
et al. [58]
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TABLE 4.1 Summary of some experimental works studying different FP-PVT and
CPVT modules—cont’d

PVT

module

Working

fluid Location Main findings Ref.

PVT-V-
Trough

Water New
Zealand

• The overall efficiency
reached 32% at solar noon
where the electric
efficiency was about 15%.

• The fraction of heat loss
was high and improved
efficiency can be achieved
by reducing convective
and radiative heat losses.

K€unnemeyer
et al. [59]

PVT-
LFR

Water Australia • The overall efficiency can
reach 70% while the
average thermal and
electric efficiencies were
50% and 8%, respectively.

Vivar et al.
[60]

PVT-
CPC

Water China • The final water
temperature varied
seasonally from 43.6°C to
56.9°C.

• The maximum thermal
and electric efficiencies
were achieved as 37.2%
and 10.6% respectively.

Li et al. [61]

PVT-
Linear
Fresnel
Lens

Water China • The performance of the
Fresnel lens was only
limited to direct radiation.

• The average total
efficiency of the PVT
module was measured as
53%.

• The electric efficiency was
improved by 9.3%,
reaching 16.2% when
cooling was applied to the
PV module.

Karimi et al.
[62]
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improvements for the electrical and thermal efficiencies were 5.67% and
16.35% during spring and 7.7% and 45.14% during summer, respectively,
while the temperature of the module surface can be declined by 15°C.
Gang et al. [67] developed another HP-PVT module with water as the
working fluid and conducted different experimental tests to evaluate
the system’s performance. The experimental results demonstrated that
heat gain, electric gain, and total PVT efficiencies were improved when



FIG. 4.13 Schematic diagram of a heat pipe [63].
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the water flow rate increased. It was also concluded that the effect of the
water flow rate ismore significant on heat gain than on electric gain.More-
over, when tube spacing of the heat pipes decreases, the heat and electrical
gain as well as PVT efficiencies are increased.

In another attempt, Gang at al. [68] developed an HP-PVT module and
tested it under outdoor conditions. As shown in Fig. 4.14, an aluminum
plate was used as themainframe sheet embodying nine water-copper heat
pipes. Each pipewas designed to have a 1000mm evaporator section and a
120mm condenser section. Heat pipeswere attached to the back of the alu-
minum sheet through the evaporator part whereas the condenser sections
were immersed in a water box. The monocrystalline silicon solar cells
were laminated on the front side of the aluminum sheet where a layer
of black Tedlar-Polyester-Tedlar (TPT) was used between them to act as
the electrical insulation and to increase solar absorption. In the operation
procedure, solar radiation was collected by the PV arrays and the black
TPT layer. The heat was transferred from the PV to the aluminum sheet
and consequently to the evaporator section of the heat pipes. Then, water
conveyed the thermal energy to the running water inside the flow channel
and via the condenser section. Experimental data revealed that the system
has the potential to generate both electricity and heat with efficiencies of
9.4% and 41.9%, respectively.
4.1.5.2 Refrigerant-based PVT modules (RB-PVT)

The use of refrigerants as the workingmedium in solar collectors opens
the opportunity to utilize a lower-temperature phase transition, improv-
ing the energy conversion efficiency of the PVTmodules. As shown in Fig.
4.15, Tsai [69] developed a system comprised of (I) PVTmodules (working
as the evaporator), (II) a compressor, (III) a condenser that is immersed
inside a water tank, and, (IV) an electronic expansion valve. PVTmodules
were configured in such a way that they were thermally connected in par-
allel and electrically in series modes. Low-pressure R134a liquid, coming



FIG. 4.14 A HP-PVT system: (A) the schematic view of the collector’s main components,
and (B) photograph of the experimental setup [68].
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from stage 4 to 1, collects the sensible heat and becomes vaporwhile its tem-
perature increased. Then the vaporized refrigerant went from stage 1 to
stage 2 and becomes compressed and warmer through the compressor.
Directed toward the condenser (from stage 2 to 3), the refrigerant leaves
the useful heat in the water tank for further heating purposes. After its con-
densation, the high-pressured refrigerant flows toward the electronic
expansion valve experiencing a throttling process and becomes a low-
pressure liquid, ending the refrigeration cycle (stage 3 to 4). The results
proved that the compressor electricity consumption is lower than the gen-
erated electric power by the PVTmodule. In this study, itwas premised that



FIG. 4.15 The schematic view of a refrigerant-based PVT system [69].
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the electric power generated by the PV module was utilized to drive the
compressor and electronic devices.

Fu et al. [70] derived results from different experiments. The achieve-
ments showed that the system is able to yield daily average energy
efficiency varying from 61.1% to 82.1% when it is performed in a solar-
assisted heat-pump mode. Also, they claimed that an average coefficient
of performance of 4.01 can be obtained if the high solar radiation is pre-
sent. Ji et al. [71] evaluated the performance of a PV-based solar-assisted
heat pump system using R22 as a refrigerant at four different operating
modes. Results revealed that the average PV is improved and efficiency
ranges from 5.4% to 13.4%, based on the condenser inlet temperature.
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4.1.5.3 Thermoelectric-based PVT modules (TE-PVT)

There are many efforts to enhance the electric power generated from
solar energy and one of the very promising solutions is to use thermoelec-
tric (TE) modules. In the case of PVT, TE modules can be placed in the
space between the PV modules and the thermal collector in the way that
the heat that comes from the back of the solar cells passes through the TE
modules, which produces electric power and then reaches the heat extrac-
tor medium for heating purposes. The basic arrangement of both FP-PVT
and CPVT collectors integrated with TE modules is depicted in Fig. 4.16.

Chávez-Urbiola et al. [72] developed a FP-PVT module incorporated
with TE generators (Fig. 4.16A). In their proposed design, a high thermally
conductive back electrode was used to enhance the contact between the
PV module and the TE generators. When solar energy first reaches the
PV arrays, the electric power is generated and excess energy results in
temperature growth in solar cells. As the heat is delivered to the TE mod-
ules, more electric power is generated from these modules, which
improves the total generated electric power. Consequently, the heat
reaches the thermal collector and is extracted with water. On its way
toward a tank for thermal storage, water passes through a plane flat-plate
thermal collector that has been designed only to enhance the thermal
power gained from the entire PVT module. As Fig. 4.16B illustrates, the
same principle is applied to the CPVT modules in which the PV panel
must be free of any surface roughness for good thermal contact with other
components [73].
4.1.5.4 PCM-based PVT modules (PCM-PVT)

One of the emerging solutions that improves the thermal efficiency of a
heat extraction process is the integration of phase-changematerials (PCM)
with PVTmodules. Having a thermal storage effect, PCMs are able to store
the extra heat and release it when it is necessary, especially for nighttime
operations. The use of PCMs in PVT modules has been proved as an
efficiency enhancement technique because both thermal and electrical effi-
ciencies are boosted after its integration [74]. Fig. 4.17 illustrates the main
layouts of the two different configurations of the PCM-PVT modules. As
Fig. 4.17A depicts, when solar radiation is delivered on the surface of a
typical PCM-PVT module, the visible and ultraviolet fractions are
converted to electric power by the PV module placed as the first layer.

Silicon oil may be used to ensure that there is no air gap between the PV
module and the PCM tank [75]. Then the excess heat is transferred to the
PCM through the upper sheet and is absorbed as sensible heat, which
increases the PCM temperature until it reaches the melting point. When
the PCM is completely melted, the incoming heat will be stored as sensible
heat. In this process, a fraction of heat is transferred fromPCM to the copper



FIG. 4.16 A scheme and basic arrangement of a TE-PVT system: (A) flat-plate collector, and (B) concentrating collector [72].



FIG. 4.17 The main layout of a PCM-PVT module: (A) the absorber enclosure is filled by
the PCM [75], and (B) the tubular filling of the PCM [76].
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pipes through conduction and the working fluid absorbs the heat via con-
vection. The heated fluid will be used for different heating applications.
Therefore, the state of the PCM and the system heat removal efficiency will
be functions of a variety of operating factors. Afterward, when the solar
incident declines, the upper sheet becomes cool and the PCM releases
the heat to the copper tubes, which maintains the fluid temperature con-
stant while it starts solidification. As a result, the PCM heat supply can
be a boon to the PVTmodules thatwork in locationswith intermittent avail-
ability of sunlight. In addition, during the operation, PCM absorbs more
energy from the PVmodule and reduces its temperaturemore than the con-
ventional PVT modules. This fact also proves that PCM integration will
increase electric efficiency [74].

Diallo et al. [76] proposed a novel PVTmodule integratedwithheat pipes
and the PCM. In their design, it was assumed that as the heat pipe fluid
absorbs heat, the refrigerant in the evaporation section will be evaporated.
As Fig. 4.17B shows, the heat is transferred from the central tube (contains
refrigerant) to the water while the excess heat reaches the PCM in the outer
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tube and is stored as the PCM starts melting/fusion. Consequently, when
heat flux from the heat pipe decreases, the PCM releases the heat to the
water and maintains the hot water temperature constant. Results reported
the thermal and electric efficiencies as 55.6% and 12.2%, respectively.
4.1.5.5 Beam split PVT system (BSPVT)

Most common solar cells are not able to exploit the full incoming terres-
trial solar spectrum and their performance is limited to the fraction of pho-
tons that have equal energy with their bandgap. Therefore, solar radiation
can be split into two parts, desirable and undesirable, for electricity gen-
eration. The undesirable part is usually visualized as losses in the PVmod-
ules. However, if a beam filter is implemented to the system and placed
before the PVmodule, it can only transmit the desirable portion of incom-
ing radiation, which will significantly maintain the operating tempera-
tures of the solar cells at the desired level and improve the electric
efficiency [77]. The idea of the beam split PVT (BSPVT) module has been
developed for this purpose.

The BSPVT module also utilizes the unwanted fraction of solar radia-
tion by using it for heating purposes. In research conducted by Joshi
et al. [1], the liquid-based beam filters were extensively studied and at
the end, selective fluids displaying viable applications were introduced
for utilization in BSPVT systems. Prior to this research, there were numer-
ous studies that concerned the spectral beam-splitting techniques begin-
ning in 1955 and continuing through recent years that can be found in
the literature [78]. Experimentally testing a liquid spectrum filter for a
BSPVT system is not very abundant and is at the early stages. According
to the study conducted by Joshi et. al. [79], the fundamental principle of a
BSPVT module is depicted in Fig. 4.18.
FIG. 4.18 Energy flow takes place in a BSPVT system [79].
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In this process, as the solar radiation passes through the spectrum filter,
UV and IR fractions are absorbed and used for thermal applications,
where the rest of the energy (VIS and NIR) is delivered to the PV module.
As a typical design, the filter is usually composed of two glasses and liq-
uid, thus the attenuation of the solar beam is the product of all refraction,
reflection, absorption, and transmissionmechanisms taking place through
these components [79]. A novel linear concentrating BSPVT module was
proposed by Stanley et al. [80]. In their design, two independent heat
extractors were used to provide high-grade thermal power in addition
to electricity generated by the PV modules. A glass optical filter was used
that only allows light with a wavelength between 700 to 1100 nm to reach
the silicon solar cells and collects the reaming light as heat. A PTC with a
42� concentration ratio was also integrated with the system to achieve the
high intensity of solar energy. Two fluid channels such as a high-
temperature stream and a mid-temperature stream were designed to
enhance the heat absorption mechanism and increase the total thermal
power.

Fig. 4.19 shows the schematic view of a BSPVT module acting as the
receiver of the PTC. In this design, a semiconductor doped glass (SDG) fil-
ter was mounted in an axial direction inside the thermal receiver tube to
filter out the undesirable wavelengths and transmit the desirable portion
toward the PV. Reaching high temperatures, propylene glycol extracts the
heat stored on the SDG and conveys it to the thermal storage facilities. In
the space between the receiver channel and the PV module, sunlight
passes through a transparent silicon layer, which is placed to reduce
reflective losses. A thin side reflector is also mounted to the internal side
of the aluminum casing to improve the concentration of transmitted light.
As the cells receive desirable photons, electricity is generated. The integra-
tion of the coolingmechanism as the second heat extractor helps to harvest
the dissipated heat from PV cells while keeping them at desirable operat-
ing temperature. After experimental data collection, researchers found out
that the system is able to produce 120°C hot water with 31% thermal effi-
ciency and a total system efficiency of 50%.

From the literature review, novel designs of PVT modules are increas-
ing with a wider range of applications and integrations. Recent studies
show promising results where BSPVT modules in cooperation with nano-
fluids as the optical filter have resulted in an exclusive performance [81].
A heat pipe integrated with a PVT module is also an interesting design
that accelerates the heat transfer; however, there are some restrictions
in designs such that the flat-plate and oscillating heat pipes are more
favorable in this regard [22]. The utilization of PCM with PVT modules
brings several advantages and can be introduced as a low-cost and prac-
tical technique for performance augmentation [82]. Table 4.2 summarizes
some of the studies carried out on innovative PVT modules with the most
focus on the novelty and main findings.
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FIG. 4.19 A BSPVTmodule: (A) cross-section view of the receiver unit, and (B) the exper-
imental setup [80].

TABLE 4.2 Summary of some experimental works studying different innovative PVT
modules.

PVT

module

Working

fluid Location Main findings Ref.

HP-
PVT

Water/
Glycol

UK • The value of the solar thermal
energy conversion efficiency
of the PVT module was
obtained as 50%;

• The electric efficiency was
improved by 15% compared
to the uncooled PV.

Jouhara
et al. [83]
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TABLE 4.2 Summary of some experimental works studying different innovative PVT
modules—cont’d

PVT

module

Working

fluid Location Main findings Ref.

BSPV Water,
silicone oil,
coconut oil

India • Filter thickness was selected
to be 1 cm;

• The average electric and
thermal efficiencies were
determined as 12.53 and 47%;

• All selected fluids are suitable
for implementation with C-Si
solar cells.

Joshi et al.
[84]

BSPV Nanofluid
(Ag-SiO2/
Water)

Australia • 4.5L nanofluid was used as
the selective absorbing fluid;

• 12% more weighted energy
output was obtained
compared with standalone
PV;

Crisostomo
et al. [85]

TE-PVT Air China • The system was implemented
as a ventilator to provide fresh
air for a room;

• The average thermal and
electric efficiencies were
26.7% and 10% for a sunny
day in winter.

Liu et al.
[86]

RB-
PVT

Refrigerant China • The average value of the
thermal-based overall
efficiency of the unit was
obtained as 150%;

• The average electric efficiency
of 11.8% was achieved.

Zhou et al.
[87]

PCM-
HP-
PVT

R-134 China • The overall efficiency was
improved by 17.20% and
33.31% compared to the
existing PVT and BIPVT,
respectively;

• The highest thermal efficiency
was calculated as 71.67%.

Yu et al. [88]

HP-
PVT

Water China • The electric and thermal
efficiency increases with
growth in the number of heat
pipes and water mass flow
rate;

• The optimum length of the
heat pipe condenser section
was reported as 12 mm;

• Water and R-134a were
suggested as the working
fluid for the mild and cold
climate regions, respectively.

Zhang et al.
[89]

Continued
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TABLE 4.2 Summary of some experimental works studying different innovative PVT
modules—cont’d

PVT

module

Working

fluid Location Main findings Ref.

PCM-
PVT

Water Malaysia • The maximum cell
temperature reduction was
8.1°C for the conventional
PVT system and 12°C for the
PCM-PVT system;

• The electric efficiencies of
13.56%, 13.74%, and 13.87%
were measured for PV, PVT,
and PCM-PVT, respectively.

Fayaz et al.
[90]

PCM-
PVT

Water Egypt • Nano-Al2O3 was used as the
PCM mixture;

• Testing different occupation
ratios for water and PCM
revealed that although 100%
PCM does not yield the
maximum efficiency, it can be
a plausible solution for PV
cooling when water usage is a
problem;

• 100% of water occupation
resulted in the highest electric
and thermal efficiencies

Salem et al.
[91]

PCM-
PVT

Nanofluid
(SiC)

Malaysia • Nano-SiC-paraffin was used
as the PCM;

• The electrical and thermal
efficiencies were measured as
13.7 and 72% respectively;

• Themaximum temperature of
the nanofluid reached 36.5°C

Al-Waeli
et al. [92]
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4.2 Conclusion

From the study presented in this chapter, the most commonly investi-
gated PVT modules are FP-PVT and CPVT types, which have reached a
reasonable maturity of technology and applications. Domestic water heat-
ing, agricultural drying, and space heating are among the most applied
areas for the implementation of PVTs. The advent of novel designs has
broadened the horizon of this technology by introducing innovative inte-
grations with nanofluids, PCMs, spectra splitting filters, heat pipes, refrig-
erants, and TE generators. Recent developments in solar cell technology
have also been influential on the major progress in CPVT designs, where
new multijunction solar cells can endure high-temperature working
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conditions and last for long periods. After three decades of research and
development on PVT modules, their share in the market is still small and
beyond expectations. The PVT module costs are not explored well and
more studies are necessary to reduce the uncertainties around this tech-
nology. Moreover, the PVT modules should be able to provide higher
average temperatures, getting closer to the heat demand in the market,
in order to play a more significant role in people’s lives. Thus, future
studies around the advanced modules with higher efficiencies, longer
durability, and improved compatibility are required.
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5.1 PV system components

A solar PV system is a combination of numerous subcomponents with
specific functionality. However, the overall function of the PV system is to
generate electricity from incoming solar radiation. Depending upon the
installation type, a few additional components might be required; how-
ever, the basic components required for electricity generation would be
more or less similar for all types of PV installations. The required compo-
nents are grouped into four categories: PV cells/modules/strings, power
electronic components, energy storage devices, and electrical and
mechanical components [1–3].

5.1.1 PV modules

A PV cell is one of the specialized semiconductor diodes. It works on
the principle of the photovoltaic effect. PV cells convert light energy into
electricity. Most of the PV cells help in electricity generation by
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absorbing light from the visible range of the solar spectrum. A few solar
cells are used for the same functionality by light absorption from infrared
and ultraviolet radiation. The output generated by the PV cells is very
low, so such cells are grouped together to increase the electricity output.
The grouping of these solar cells is done based on the voltage and current
requirements. Series and parallel combinations are preferred, where the
series combination of two or more PV cells adds up the voltages to a
desired value. Similarly, the parallel combination of such series
connected PV cells adds up the current levels to a desired level. In order
to get favorable voltage levels, several PV cells are connected, making a
PV module. These PV modules are further grouped based on the voltage
requirements. In most solar power plant installations, a wide range of
system voltage is chosen (typically ranging from 48 to 600V). For increas-
ing voltage levels, the modules are grouped in series connection forming
a string. Fig. 5.1 shows the string connection of PV modules [4].
5.1.2 Power electronic components

Power electronic components are widely used in PV systems. The
most common types of power electronic devices are power condition-
ing units, for example, the inverter. The PV array generally produces
direct current (DC) electricity, which has to be further converted
to alternative current (AC). Inverters are used for converting DC
electricity to AC. In a PV system, the inverter selection is more crucial,
and this generally decides the DC system operating voltage. There are
wide ranges of inverters on the market, and the selection can be made
based on the system voltage and required peak power rating. The selec-
tion of inverter should be very effective as it may have an effect on the
overall performance of the PV system [4]. There is a wide range of
inverter sizes and types for grid-connected PV systems. Most of the
FIG. 5.1 (A) PV cells; (B) PV module; (C) PV array; and (D) PV system.



FIG. 5.2 (A) Microinverter; (B) string inverter; and (C) central inverter. (A) Source: Hoy-

miles, (B) Source: EAST Group, (C) Source: Schneider electric.
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grid-connected PV systems use one of the following types of inverters,
shown in Fig. 5.2.

• Microinverters.
• String inverters.
• Central inverters.

This classification is based on the size and output power ratings of the
inverters. Among these three types, the microinverters have a low output
power rating and appear to be in smaller sizes. The other two types (string
and central) have higher output power ratings and are available in a wide
range of sizes. In terms of connection, the microinverters are connected to
a single PV module, where they convert the DC output of that particular
module to AC output. The string and central inverter are connected to the
PV strings based on the current and voltage ratings [5].
5.1.3 Energy storage

In a PV system, energy storage devices are used. Depending on the type
of PV plant, energy storage can be planned. In a standalone PV system, an
energy storage option is commonly used whereas in the grid, a connected
energy storage system may or may not be used. There exist numerous
energy storage options for PV systems; however, the most widely used
are batteries and pumped energy storage. A brief description of these
energy storage options is given below and the basic comparison is given
in Table 5.1.

Battery energy storage: These are the most commonly used energy
storage options for PV systems. Batteries store the energy generated by
the PV array in the form of chemical energy. There are a wide range of
batteries on the market and depending upon the PV plant capacity, batte-
ries can be selected. Also, based on load condition and the required days of
autonomy, the battery size can be decided.



TABLE 5.1 Most appropriate energy storage options for solar PV plants.

Energy

storage Efficiency Drawback

Feasibility

Stand-

alone

PV

Grid-

connected

PV

Hybrid

PV

Battery Very high Energy loss due to
system operating
and weather
conditions

Feasible Feasible Feasible

Pumped
energy

Very high Loss of stored water
due to evaporation

Not
feasible

Feasible Feasible

120 5. Solar PV systems design and monitoring
Pumped energy storage: This is also one of the energy storage option
used in many of the solar PV plants in coordinated operation with hydro-
power plants. In this storage, the excess energy from the solar PV plant is
stored in the form of the gravitational potential energy of water. Here, the
water from low elevated heights is pumped to an overhead storage tank
that is at a higher elevation. Whenever there is a need for energy use, the
water from the overhead tank is allowed to generate power using a water
turbine.
5.1.4 Electrical and mechanical components

In PV systems, there are a few electrical and mechanical components.
The electrical components include the cables, junction boxes, etc., and
themechanical components include the support structures used for instal-
lation. When it comes to tracking PV systems, the components are slightly
more in number when compared to fixed mode installation. Here, mostly
electrical motors are used for tilt angle adjustment [5].
5.2 Types of PV systems

Broadly, PV systems are classified into three types: grid-connected PV
systems, stand-alone PV systems, and hybrid PV systems.
5.2.1 Grid-connected PV systems

PV systems whose power is directly fed into the utility or electric grid
are generally known as grid-connected PV systems. These are also called
on-grid or grid-tied PV systems. These PV systems are capable of only
feeding energy into the grid. A typical grid-connected PV system consists
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of components of PV modules, an inverter, a transformer, and a utility
meter. The schematic view of a grid-connected PV system is shown in
Fig. 5.3 [5].
5.2.2 Stand-alone PV systems

PV systems that generate electricity to be used locally at the generation
center without being injected into a utility grid are called stand-alone PV
systems. Here, mostly the energy generated is consumed and any avail-
able excess will be stored in batteries. A few examples of such systems
are solar streetlights, solar water pumping, and rooftop home solar PV
systems. Fig. 5.4 shows the schematic view of a stand-alone PV system.
5.2.3 Hybrid PV systems

In PV systems,we have already shown twodifferent classifications in the
above sections. The hybrid solar PV systems typically represent the
combination of both grid-tied and stand-alone. In the hybrid configuration,
FIG. 5.3 Schematic view of a 1MWp solar PV system connected to a utility grid [5].

FIG. 5.4 Schematic view of a stand-alone PV system [6].
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FIG. 5.5 Schematic view of a hybrid PV system [7].
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the PV system is capable of generating electrical power, which is locally
consumed or stored in batteries, and the excess is injected into the grid
by means of net metering. Compared to the other two classifications, the
stability in hybrid PV systems is quite high. The main reason is having a
sufficient energy backup in the form of batteries. Fig. 5.5 depicts the sche-
matic view of a hybrid PV system.
5.3 Design of PV systems

Designing and sizing PV systems is the most crucial stage in PV imple-
mentation. This involves a systematic approach where the collective
efforts of multidisciplinary teams should be needed. A five-step proce-
dure for designing a solar PV system includes [5, 8]:

Step 1 Planning and site survey.
Step 2 Assessment of energy requirements.
Step 3 Assessment of solar resource availability.
Step 4 Sizing of the main components of the PV system.
Step 5 Selection of the main components of the PV system.

In the three PV system types, the above-mentioned five-step procedure
is adapted to design the system. Almost all the steps are followed in a
similar way in each classification; however, Step 4 is different for the
grid-connected and stand-alone PV systems.
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5.3.1 Grid-connected PV systems

While sizing the grid-connected PV system, Step 1 and Step 3 are chosen
initially to understand the location suitability for PV plant installation and
to assess the solar resource potential. After the clearance of these two steps,
the sizing of the PV system and its components is considered. In grid-
connected PV systems, the array capacity is generally a chosen value
dependingupon the area availability.Once the PVarray capacity is chosen,
the nextmajor step is sizing the inverter. In grid-connected PV systems, the
inverter power sizing is a very delicate problem, where many installers
would recommend having an inverter with a PV array power ratio of
1.0–1.1. However, the inverter sizing should be made by considering the
overload condition where the energy loss is high during the operation
phase of the PV plant. Hence, while sizing the grid-connected PV system’s
inverter, two main conditions are considered [9]:

Overload behavior: In PV systems, overload behavior is commonly seen
and it is the issue of improper system component sizing. At present, with
all existing modern inverters, this behavior can be avoided by ensuring
that the Pmpp of the array overcomes its Pnom DC limit. This condition
allow the inverter to operate as expected at its nominal power condition.
This condition ensures that there won’t be any overheating of the system
component.

Loss evaluation: It is a method that gives clear understanding on inverter
sizing for a grid-connected PV. In this condition, power distribution
diagrams are plotted considering the operating conditions, which are then
used for energy loss evaluation. The difference of the point where maxi-
mum power potential is obtained to the nominal DC power results in
energy loss. While sizing an inverter, low power or energy losses are
ensured in the PV system [9].
5.3.2 Stand-alone PV systems

A stand-alone PV system design follows the five-step procedure men-
tioned in the previous section. In the first step, planning and site survey
are performed. Step 2 is followed by conducting a questionnaire that is
related to energy consumption. Step 3 is to check the climatic conditions
and to confirm whether sufficient solar resources are available. Once the
solar resource potential is identified, the panel generation factor is evalu-
ated. It generally determines the peak watt rating of the PV plant. It also
gives information on the numbers of PV panels required and the actual
peak sunshine available at the installation site [4].

Panel generation factor¼ IPOA, t�Sunshine

Io
(5.1)
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Once the panel generation factor is estimated, the energy required from
the PV modules can be estimated by using the data from the load assess-
ment step. Based on the energy requirement value, the total peak rating of
the PV is estimated by using the following relation [10]:

TotalWatts rating¼ Energy required

Panel generation factor
(5.2)

Based on the obtained total watt rating, the number of PV modules

required to meet the load is estimated as follows [10]:

No: of PV modules¼ TotalWatts rating

Panel peak capacity
(5.3)

Once the number of PV modules is estimated, the inverter sizing is

done. In most cases, the inverter size is considered as 25–30% higher peak
rating of the PV array. Say, for example, a 100kW solar PV system is
required and 130kW of inverter. A simple relation for identifying the
inverter size is given as follows [10]:

Inverter size¼TotalWatt rating�1:3 (5.4)

The next component to be chosen is the battery, and battery sizing is

done as follows [10]:

Battery rating¼TotalWatt�Hours of operation�Days of atomony

Efficency�Depth of discharge�SystemVoltage

(5.5)

5.3.3 Hybrid PV systems

As discussed in the previous section, the hybrid PV system consists of
both stand-alone operations aswell as grid-connectedmodes. The selected
sizing procedure in the hybrid design is almost the same as the procedure
given above. However, in hybrid PV systems, load is considered as the
first preference, followed by battery storage and grid connection.
5.4 Failures and faults of PV systems

Among the most common failures that affect PV systems are junction
box failures, bypass diode failures, and broken glasses, which most likely
happen and cause a high loss of energy production, in addition to high
electrical shock and fire hazard risks. Problems with soiling or shading
are also very common and cause a significant loss of efficiency.
They can also cause mismatch faults that interfere in the maximum power
point (MPP) tracking system, reducing power production and producing
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hot spots. Mismatch faults can also be generated by encapsulant degrada-
tion, antireflection coating deterioration, and manufacturing defects [9,
11]. Most of the other possible failures are rare and less hazardous to
energy production and safety [12].

However, there are other components of the PV system that are sources
of failure . The inverters, for instance, are considered the leading cause of
PV system failure. The inverters are likely to fail because they are also the
most complex and active component of the PV systems [3]. However, their
faults are also easy to detect because their malfunction causes high energy
production loss [13]. Inverter problems can be classified into three catego-
ries [14, 15]:

• Manufacturing and design problems: not designed to certain
environmental conditions, poor component or cooling mechanism
sizing.

• Control problems: interaction of inverter with the grid and with the PV
panels.

• Electrical component failures: mostly due to thermal and electrical
stress, with electrolytic capacitors, the IGBT, and cooling and circulating
fans cited as common sources of failures in inverters.

Other faults can occur in other components of PV systems such as fuses,
switches, DC contactors, surge arrestors, cables and other protections, and
the so-called BoS. The failures of BOS components can suppress the pro-
duction of several PVmodules at once, as one component failure can affect
the entire string or even an entire string box [15]. They also affect the safety
of the PV system, as undersizing or failures of components and cables can
cause fire hazards. Also, poor connections and wiring as well as connec-
tion insulation rupture and protective device failure can also be related to
severe problems such as electric arcs and short circuits, as listed below
[16]:

• Ground faults: an electrical short circuit that creates a low
impedance path between an active cable and the ground. Ground
fault detection and interruption devices are installed to mitigate
ground fault effects.

• Line-to-line faults: electrical short circuit between two active points in
a PV system, occurring between two points on the same string or
between two adjacent strings. Depending on the current flow in the
short circuit, current protective devices can detect those faults.

• Arc faults: current path in the air caused by any discontinuity in the
conductors or insulation breakdowns in adjacent current-carrying
conductors. Arcs can cause fire hazards and can be caused by solder
disjoints, cell damage, corrosion of connectors, abrasion from different
sources, etc. Most of the arcs can be extinguished by disconnecting the
PV system.
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PV energy generation can also be reduced by problems in the tracker
system, mainly because of failures in the engine or the gearbox [12].
The choice for central trackers or decentralized trackers directly affects
the effect of this kind of failure on a PV plant.

In off-grid systems or hybrid systems where the installation of a battery
is required, faults in this equipment can also be observed, such as unusual
degradation of the batteries, connection faults, high self-consumption,
increase of series resistance, and degradation due to high-temperature
operation or charge controller failures.
5.5 PV monitoring system

A PV monitoring system is very essential to assure the expected and
permanent performance of a PV system. The monitoring system collects
the required data in a PV system and transmits it to the control center that
lets users evaluate and control the system to decrease maintenance costs,
monitor the performance indicators of power generation, and keep track
of fault events. In recent years, different PVmonitoring systems have been
presented. In this part, we present an overview of different PVmonitoring
systems. This consists of a detailed review of different technologies and
techniques in PV monitoring systems [2, 9, 17–27].
5.5.1 Overview of PV monitoring systems

Fig. 5.6 illustrates the general scheme of a PV monitoring system. The
basic components used in PV monitoring systems are sensors that mea-
sure the parameters in a PV system in actual conditions. The signal pro-
cessing unit is another significant unit. This unit amplifies and clears
signals for subsequent processing. Also, this unit includes a processor that
sends the signal processing unit outputs to a PC through a dedicated
FIG. 5.6 General scheme of a PV monitoring system [28].
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protocol in real time. The PC is applied for analyzing, saving, and showing
data. According to data analysis and user commands, information is trans-
mitted to the control unit for subsequent operation [28, 29].
5.5.2 Sensors and measured parameters

The power output of solar energy is intermittent and unpredictable.
The PV output power may change drastically due to dependence on
environmental conditions. Also, high PV penetration levels lead to fluctu-
ations in the utility grid. These aforementioned problems can cause insta-
bility in the utility grid. Hence, monitoring the PV system parameters is
essential to ensure safe operation and integration of the utility grid with
high PV penetration. A significant duty in the PV monitoring system is
measuring the parameter selection. The guidelines for this parameter
selection are presented in accordance with standard IEC 61724 [30].
Table 5.2 shows a list of measured parameters.

Sensor selection depends on themonitoring objectives and location. The
main sensors used in the PV monitoring system to evaluate the aforemen-
tioned parameters are current sensors, voltage sensors, solar irradiance
TABLE 5.2 Parameters to be measured [29].

Parameters Specific parameters Symbol

Meteorology Irradiance
Air speed
Ambient temperature

G

Sw
Tam

PV array Module temperature
Output power
Output current
Output voltage

Tm

Pa

Ia
Va

Storage system Current from storage
Current to storage
Operating voltage
Power from storage
Power to storage

Ifs
Irs
Vs

Pfs

Prs

Load Load power
Load current
Load voltage

PL

IL
VL

Electrical grid Power from the utility grid
Power to the utility grid
Current from the utility grid
Current to the utility grid
Utility voltage

Pfu

Pru

Ifu
Iru
Vu
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sensors, temperature sensors, anemometer wind speed sensors, hygro-
meter sensors, and barometer pressure sensors.
5.5.3 Data acquisition system (DAS)

The data acquisition system (DAS) plays an important role in any
monitoring system and is used to collect data from different sensors of
a PV system. Then, this data is digitalized for storage and the DAS sends
data to the control center for processing and presentation [31]. The basic
scheme of DAS is illustrated in Fig. 5.7.

The controller is one of the most important components in the DAS. It
manages data from the sensors to the control center. Hence, the proper
choice of controller is of great importance. The microcontroller, DAS,
data-logger, and module are used as the controller. Compared to the
DAS and modules, microcontrollers and data-loggers are cheaper and
can be easily programmed [32].
5.5.4 Data transmission methods

Data transmission is the transfer of data from point to point. The com-
ponents of any communication system include a transmitter that prepares
the taken data from sensors, a communication channel that carries the data
to its destination, and a receiver that records, presents, and controls the
data. The communication channels used to send data are listed below:

5.5.4.1 Wired communication

Wired communication consists of two subcategories. Coaxial cables
have good bandwidth, a low error rate, and low resistance. The main
advantage of coaxial cable is the low leakage of magnetic and electric
fields. However, the covered distance is its major limitation [33].

Second, optical fiber cable allows data transmission over long distances
with high bandwidth in comparison to electrical cables. Also, optical fiber
presents a high speed of data transfer from 100 to 200Mbps. But it is
fragile, and expensive [34].

5.5.4.2 Wireless communication

Wireless communication technologies have been introduced widely in
the literature. Drews et al. [35] demonstrated that using satellite produces
a slow and expensive method for data transmission. In ref. [36], a global
FIG. 5.7 Basic scheme of a DAS [29].
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system mobile (GSM) mechanism using short message service (SMS) and
general packet radio service (GPRS) were proposed to transmit data with
high reliability and precision. This mechanism transmits data at a high
speed and large volume. GPRS devices allow high-speed data transfer.
Due to the payment for these services, this mechanism has a high operat-
ing expense.

Another option for wireless communication is the radio frequency. It is
an excellent choice in regions without phone lines. This mechanism is low
cost in sending and receiving data. However, this mechanism requires
transfer frequency permission and also costs a lot. Therefore, it is hard
to implement [14].

Wireless local area networking (WLAN) is another choice for data
transfer. This mechanism covers a vast area [37]. WLAN has flexibility
in data transfer and also can communicate without limitations in the
future. Nevertheless, this mechanism has a few drawbacks such as less
bandwidth and poorer service quality because of interference [38].

Hua et al. [39] presented a simple network called Bluetooth. The
main disadvantage of this method is that it does not communicate over
long distances. Also, wi-fi has good speed in data transfer, but it is
costly in comparison with other mechanisms such as Bluetooth and
ZigBee [40].

The ZigBee module is a low-cost and low-power wireless control and
monitoring application. It is intended to be simpler and less expensive
than other wireless mechanisms. It is typically integrated with microcon-
trollers andwireless mechanisms (nodes), which leads to supporting a big
network capacity. Last, TCP/IP is commonly known as internet protocol.
It is intended as themost appropriate mechanism for real-timemonitoring
applications [41].

5.5.4.3 Power line communication (PLC)

The only wired communication technology at a comparable cost to
wireless communication technologies is the power line communication
(PLC). This mechanism works at a high frequency with data transfer
speeds around 200Mbps [42].
5.5.5 Data storage methods

Data storage is required for performing any analysis. The full set
of collected data can be accumulated in an SD (secure digital) card. The
SD card is a dedicated nonvolatile memory card format, which keeps
the data stable even though the electricity is turned off. SD cards
allow lower electromagnetic interference and prepare an easy solution
for data storage and tracking. Moreover, they have more storage capacity
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than other storage techniques. SD cards have a few disadvantages such
as fragility, inappropriate placement, and being easily influenced with
viruses [29].

A digital signal oscilloscope (DSO) is employed that can display and
store electrical signals in ref. [43]. A database system called My Sequel
is also used for storing data. Due to storage in the HTML format, this
method yields better performance and data storage. Also, users can easily
access the data through any web browser [44].
5.5.6 Data analysis methods

Data analysis is very crucial for conclusions about system performance.
Various techniques have been introduced for data analysis in order to
assess the performance of different PV systems. It is not easy to evaluate
the output performance of a PV system because many variables affect it.
The major problems are the dependence of the system output on environ-
mental and climate factors [45].

Nowadays, standard guidelines are used to evaluate the perfor-
mance of a PV system. These guidelines explain energy generation,
system losses, and solar sources [30]. There are two main disadvan-
tages in these guidelines: (1) they do not present accurate information
about the system performance, and (2) they do not allow the evaluation
of the performance of devices individually in a PV system. A two-step
approach has been proposed to enhance the specifications of existing
software [46]. This approach has used MATLAB software with
statistical analysis for implementation. The first step describes the per-
formance criteria with using the collected offline data of the PV mon-
itoring system. The second step examines system performance by using
real-time data. These two approaches provide a suitable solution for
diagnosing and locating malfunctions that was not possible through
standard guidelines.

Another approach for assessing the performance of the PV system is the
LABVIEW interface. LABVIEW is a graphical user interface built by a vir-
tual instrument (VI). LABVIEW supports the automatic control of system
parameters and data acquisition. It is also able to communicate with
MATLAB. Therefore, the system designer is given the ability to optimally
control and monitor the PV systems. Also, LABVIEW uses a high pass fil-
ter to eliminate noise existing in the collected signals [47]. The LABVIEW
interface was developed to monitor a solar PV plant in Bogota [48]. Micro-
soft Excel is used to store solar radiation data and analyze data using var-
ious statistical methods. Then, LABVIEW calculates the efficiency of the
PV system and power conditioning unit (PCU). In addition, LABVIEW
uses Fourier analysis for harmonic AC signal which produced through
the PCU.
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Artificial intelligence approaches are used to analyze collected data
from PV plants. An artificial neural network (ANN) and fuzzy logic are
also the most important AI approaches [49]. ANN is a suitable approach
for time-series forecasting. Neural networks may create various results by
parameter tuning, but they can be designed using environmental and elec-
trical parameters in order to identify unpleasant conditionswith appropri-
ate accuracy. This method can locate faults by system performance
deviation from the expected [50].

Fig. 5.8 shows a fuzzy inference system diagram. It uses multiple-input
and multiple-output (MIMO) methods for data analysis. This method
decreases the effect of the outliers on an appropriate function [51].

5.5.6.1 Predictive monitoring

Predictive models for the energy generation of PV systems are used as
another approach for PV monitoring systems. Various studies have used
this approach.

Spataru et al. [52] presented a monitoring system that accurately pre-
dicts the energy generation of the PV system. This approach monitors
PV array conditions applying the Sandia Implemented Model. Normal
operation is introduced using the predicted output energy of the PV array
by the implemented model. The proposed monitoring system detects
energy losses over 5% in the PV module through a comparison between
the predicted and measured energies.

Moreover, in ref. [53], the specifications of a PVmodule were simulated
under variousweather conditions to track the performance degradation of
the PV module. Then, the actual generated energy was compared with
simulated energy in the MATLAB/Simulink program. Any deviation
between these two values is known as a malfunction in the PV system.

ThemeasuredAC energy generationwas comparedwith the predictive
model to detect online malfunctions. A considerable difference between
these two parameters is presented as a malfunction. In order to achieve
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a better and more accurate model of a PV system, environmental param-
eters such as solar radiation and temperature are considered in the model
implementation [54].
5.5.7 Perspectives and issues in PV monitoring systems

In recent years, significant progress has been made in PV monitoring
systems. The main reasons for this progress are the availability of the
required data and the development of appropriate novel algorithms.
However, the operation of PV monitoring systems is accompanied by
challenges. A summary of these challenges is discussed below:

1. Environmental conditions, typical wired communication in PV
monitoring system to transmit data with its associated restrictions.
They are constantly exposed to sunlight, which reduces their lifespan or
these restrictions are caused by reduction in the reliability of the
sensors. This reduction is due to radio frequency interference, a high
moisture rate, dust, corrosive environments, and vibrations. Such
situations lead to damaged cables or weakness in sensor
performance [55].

2. Yield degradation, the lifetime of a complete PV system equipment is
nearly equivalent. Also, there is no experimental protocol to confirm
the PV monitoring system’s lifespan. Moreover, the degradation
prediction of different pieces of equipment in PV systems is difficult
under various environmental pressures. Wohlgemuth et al. [56]
presented a degradation rate in PV panels of about 80% per year. This
degradation is affected by some factors such as corrosion of joints,
series resistance increase, and changes in the color of bus bars. These
factors have progressive effects and certainly affect power loss
estimation.

3. Resource limitation, implementation of a PV monitoring system has
three main restrictions that include data processing, storage system,
and energy yield. Due to limited battery power in sensors and storage
systems, communication systems should be set up to offer high energy
yield [57].

4. Device calibration, one of the main characteristics of the PVmonitoring
system is the existence of various integrated commercial products.
These products must be calibrated in laboratories, but this is difficult
because these products are integrated. In addition, the performance of
these products may change after calibration because of ignoring the
effects of software. A typical calibration method can solve these
problems. However, calibration expenses increase with this solution
because this requires specialist technicians in the workplace [58].
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To understand the challenges of the PV monitoring system, it is essen-
tial to detect the expected features of PVmonitoring systems in the future.
These features include online reporting, precision measurements, suitable
storage services, safe access, unmanned action capability, triggers/alerts,
and process prediction. These features can be achieved through fulfilling
the goals below:

• Ensuring the accuracy of meters.
• Efficient data acquisition system, storage methods, and transfer

methods.
• Applying automation.
• Quick fault detection and elimination.
• Online presentation of parameters.
• Estimation of system performance.
5.6 Environmental impacts on PV systems

Climatic conditions have always been of great interest for discussion as
they have a considerable influence on the electricity coming out of the vast
majority of PV systems. Different weather statuses in different countries
have to be taken into account for the selection of the solar module type
to be installed in that area depending on the standard test condition
(STC) value that it gives, as various kinds of solar cells can give different
values of power under the same atmospheric conditions. Hence, the solar
module type chosen for a certain area can provide a higher output power
than the one selected for another geographical location. The atmospheric
behaviors that can degrade the solar module performance include temper-
ature, irradiation level, and other metrological reasons.

This section will emphasize the previously mentioned weather terms
affecting thin-film solar cell performance. The known paths for solving
these issues will also be stated correspondingly.
5.6.1 Effect of temperature

PV thin-film modules are influenced by different atmospheric condi-
tions such as temperature, dust, light intensity, and wind.

One of the main advantages of thin-film modules is the high-efficiency
values at high temperatures. All solar module parameters are influenced
by different temperatures; the higher the temperature, the worse the mod-
ule performance. As a consequence, this can lead to fast degradation in cell
power and efficiency [59]. The main reason behind this degradation at
high temperatures is that the open-circuit voltage (Voc) decreases linearly
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with increasing the temperature due to the reduction in the bandgap.
There is a direct relation between the Voc and the bandgap. Therefore,
Voc will be reduced in addition to the fill factor (FF) and the maximum
power point. On the other hand, the short-circuit current (Jsc) will slightly
increase, but the increase in the current will not compensate for the
decrease in the other parameters.

The term temperature coefficient (Tk) is used to define how the module
is sensitive to the temperature: the less sensitive the module is, the higher
the output power and hence the better the module performance. Each
module type has a different temperature coefficient. For thin-film mod-
ules, the temperature coefficient has a value around �0.0984%, which
means that thin-film modules are less sensitive to temperature compared
to the mono- and polycrystalline PV modules [60].

There are a few methods to deal with the high-temperature impact on
themodules such as active cooling, passive cooling, and the windmethod.

Active cooling is done by supplying themodulewith equipment to con-
trol the temperature; nevertheless, the cost has to be taken into
consideration. Fig. 5.9 shows the efficiency of the PV panel with and
without cooling; the cooling keeps the efficiency of the panel above
14%, whereas the PV panel exhibits lower efficiency without cooling.
Therefore, a solar-driven cooling system reduces the operating tempera-
ture of the module [61].

Passive cooling can be done by double-face façades, floating PVs,
and submerged PV installations. Although the system complexity is an
issue, it has several advantages, including cost-effectiveness, low noise,
FIG. 5.9 Comparison of the efficiencies between the PV modules with and without
cooling [61].
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and long-term stability. For more detail about cooling methods, readers
are encouraged to check out the following reference: [62].

The wind cooling method is based on normal wind. This method can
play an effective role not only in cooling the solar modules, but also in
helping to remove dust particles on the modules [59].
5.6.2 Irradiation levels

As in the case of the temperature effect, the irradiation strength has a
direct impact on the solar parameters: the higher the radiation intensity,
the more the potential for providing more power by the module [59].

Similar to the temperature coefficient at the STC, the low light behavior
has to be addressed in the datasheet for researchers and designers. This is
important as it helps them to specifically decide about the best module for
a particular geographical site [63]. Therefore, the need for a solar concen-
trator is sometimes of great benefit to strengthen the incident light on the
modules and hence improve the performance of the modules.
5.6.3 Spectral effect

The change in total intensity and spectral distribution has a consider-
able effect on the short-circuit current and the efficiency of the PVmodule.
The performance variation depends strongly on the module type. This is
related to the material bandgap, which determines the upper wavelength
limit of the spectral response. The outdoor performance of the PVmodule
can be increased between the seasons up to 15% [64], even under the same
condition of irradiation level and operating temperature.

The change of solar irradiance will affect the spectral response because
it is the ratio of the current generated through the PV module to the inci-
dent solar energy on its surface. Also, it is directly proportional to the
performance.

For clear-sky days for low bandgapmaterials such as crystalline Si solar
cells, the spectrum has little effect (from 4% to 5% change in efficiency
between the seasons). On the other hand, large bandgap materials such
as a-Si are severely affected by the spectral change (�10% to +15% change
in efficiency can be observed between the seasons) [64].

Finally, one can sum up that all types of solar modules are significantly
influenced by the atmospheric fluctuation behavior locally as well as the
weather nature differences globally. These environmental factors are tem-
perature, irradiation, and spectral irradiance.

Depending on the STC, the power obtained by each panel will be dif-
ferent and could be statistically chosen where the maximum yield can be
the optimum for every sort of solar module.
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5.7 Performance assessment

In general, the performance of solar PV systems will vary according to
their configurations. Mostly, the performance is dependent on site loca-
tion, the PV-specific technology of the PV modules, and the specific type
of PV system installation. For example, the performance of ground-mount
PVs may not be the same as the performance of building-integrated PVs.
Themethod of performance evaluation is more or less similar, irrespective
of the chosen PV installation configuration, PV technology, and system
components. As per the International Energy Agency (IEA) under the
Photovoltaic Power Systems Program (PVPS) project, a detailed perfor-
mance approach alongwith numerous indicators are given. The indicators
include array yield, final yield, reference yield, capture loss, performance
ratio, and system component efficiencies. Here, the system component
efficiencies include the PV array efficiency, inverter efficiency, battery
efficiency, and overall plant efficiency. With these indicators, one can
readily evaluate and understand the performance of the PV system and
its influencing factors. Based on these indicators, a decision toward PV
plant operation and maintenance can be performed [9]. The detailed per-
formance evaluation method along with various indicators are explained
below.
5.7.1 Array, final, reference, and corrected reference yield

The three indicators (array and final and reference yield) are generally
evaluated specific to the nominal power rating of the installed capacity.
These three indicators are defined for the specific time period (maybe a
day, month, and year), and in some situations where the need for under-
standing the PV system performance based on season can be considered
[65–68].

Array yield (YA): It is the indicator used to evaluate the energy output
from a PV array at its nominal peak power rating. The energy
generated at this stage is DC energy. It is shortly defined as the ratio of
DC energy output (Edc,t) of the PV array to the peak rating of the installed
PV capacity (P):

YA ¼Edc, t

P
(5.6)

Units: kWh/kWp/day, kWh/kWp/month, kWh/kWp/year, kWh/

kWp/season.

Final yield (YF): It is the indicator used to evaluate the energy output
from a PV system at its nominal peak power rating. The energy generated
at this stage is AC energy. It is shortly defined as the ratio of AC energy
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output (Eac,t) of the PV system to the peak rating of the installed PV
capacity (P) (5.5)–(5.8).

YF ¼Eac, t

P
(5.7)

Units: kWh/kWp/day, kWh/kWp/month, kWh/kWp/year, kWh/

kWp/season.

Reference yield (YR): It is the indicator used to measure the number of
peak sun hours at the reference irradiance. It is shortly defined as the ratio
of irradiance on the plane of the PV array (Ipoa,t) to the reference irradiance
at the standard testing conditions (Io¼1 kW/m2) [65–68].

YR ¼
Ipoa, t

Io
(5.8)

Units: kWh/kWp/day, kWh/kWp/month, kWh/kWp/year, kWh/

kWp/season.

Corrected reference yield (YCR): This indicator can be used in the PV sys-
tem performance evaluation when the influence of module temperature is
considered. Themodule temperature is varied for different configurations
of PV plant installation [65–68]. The corrected reference yield is defined as:

YCR ¼YR 1�α TM�TSTCð Þð Þ (5.9)

For evaluating the corrected reference yields, data related to tempera-

ture coefficient (α, whose units %/°C), module temperature (TM, whose
units °C), and ambient temperature (TSTC, whose units °C) are needed.
Here, the temperature coefficient values will be varied as per the chosen
PV technology, and the module temperature must be measured using the
temperature measuring instruments. Otherwise, the module temperature
can be estimated using the nominal operating cell temperature (NOCT)
method, where the PV module is said to be operated at that temperature
(Tnoct) [69, 70].

TM ¼TSTC
Tnoct�20

800

� �
� Ipoa, t (5.10)

Most researchers use the aforementioned equations, however, there are

some limitations that are related to wind condition, ground clearance, and
installation configuration. The above NOCT method may give the best
results for low wind conditions. Considering the installation types and
wind conditions, a simple and generalized method is given here to esti-
mate the module temperature for different installation types of PV plants.
The relation shown in Eq. (5.6) uses themounting coefficient (Mc), which is
different for different PV installation types. The mounting coefficient
values are given as 1, 1.2, 1.8, and 2.4 for freestanding, flat roof, sloped
roof, and façade integrated installation types, respectively [65–69].
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TM ¼TSTC +Mc
0:32

8:91 + 2Ws

� �
� Ipoa, t (5.11)
5.7.2 Efficiency indicators

The efficiency indicators reveal information about the performance
quality and whether the PV system components individually or the PV
system overall is performing as per rated. Indicators such as PV module
efficiency, inverter efficiency, system efficiency, capacity factors, and
performance ratio come under this category.

Module efficiency (ηpv): This is an indicator that readily informs the oper-
ating condition of PV module where it is defined as the ratio of the DC
energy generated at the output terminals of the PV module or array to
the energy available at the plane of the array due to incident solar
irradiance [65–69].

ηpv ¼
Edc, t

Ipoa, t�PV array area

� �
�100 (5.12)

Inverter efficiency (ηinv): This is an indicator that readily informs the

operating condition of the inverter where it is defined as the ratio of the
AC energy generated at the output terminals of the inverter to the DC
energy at the input terminals of the inverter [65–69].

ηinv ¼
Eac, t

Edc, t

� �
�100 (5.13)

System efficiency (ηsystem): This is an indicator that readily informs the

overall PV system efficiency where it is defined as the ratio of the AC
energy injected to the grid or load to the energy available at the plane
of the array due to incident solar irradiance [65–69].

ηpv ¼
Egrid or load, t

Ipoa, t�PV array area

� �
�100 (5.14)

Capacity factor (CF): This is an indicator proposed for power generating

units with respect to specific operating time. In a PV system, this indicator
is used to evaluate the overall performance and is given as the ratio of the
amount of generated energy by the PV plant to the operating time, which
is generally considered as 24h per day or 8760h per year at its nominal
peak installed capacity [65–69].

CF¼ Egrid or load, t

8760�P

� �
�100 (5.15)

Although the capacity factor is most commonly used, it may not be an

effective indicator to assess the performance of the PV plant. The main
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reason for this is the limited operating time of the PVplant,which is approx-
imately 12h. Hence, a new indicator called performance ratio is used.

Performance ratio (PR): This represents the overall performance quality
of the PV system considering all the effects that are involved in various
stages of energy conversion in PV systems [65–69].

PR¼ YF

YR

� �
�100 (5.16)

5.7.3 Indicators for energy loss

The energy conversion process in the PV system involves various
losses. These losses occur at various system components used in PV sys-
tems. Four indicator or loss categories are considered: array capture loss,
thermal capture loss, miscellaneous capture loss, and system losses. The
energy losses are location- and component-specific as they might operate
in harsh weather conditions. So, evaluating them individually will inform
decisions toward the maintenance of PV plants [65–69].

Array capture loss (LAC): This is an indicator that readily informs the
variation in observed energies between the actual and theoretical. It is gen-
erally estimated by taking the difference in energy levels between the
reference and array yields [65–69].

LAC ¼YR�YA (5.17)

Thermal capture loss (LTC): This is an indicator that readily informs the

variation in observed energies due to the effect of temperature. The energy
loss at the module level due to observed temperature deviation from STC
value is considered. The difference of reference yield with the corrected
reference yields is considered as thermal capture loss [65–69].

LTC ¼YR�YCR (5.18)

Miscellaneous capture loss (LMC): This is an indicator that is used to

measure the energy loss associated with the DC side of the PV systems.
This occurs due to various conditions such as low irradiance, shading
condition, soiling effects, mismatch, snow, etc. It is evaluated as the differ-
ence between the corrected reference yield to the array yield [65–69].

LMC ¼YCR�YA (5.19)

System loss (LS):This is an indicator that is used tomeasure the energy loss

associated with the electrical and electronic components of the PV system.
Generally, it is associated with the AC side of the system and includes com-
ponents such as the inverter, cables, transformers, etc. It is evaluated as the
difference between the array yield and the final yield [65–69].

LS ¼YA�YF (5.20)
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5.7.4 Degradation and risk assessment

Degradation and risk due to various faults are the two other indicators
that affect the performance of the PV system. The lifetime of the PV system
is excepted to be 25 years, hence during its lifetime, several challenges
could result in fault conditions and finally lead to energy degradation [71].

Degradation: This is an indicator that readily informs the system perfor-
mance in terms of energy outputs. Over a period of time, a gradual
reduction in the generated output is observed, and to measure that, an
indicator called the degradation rate is used. It is generally evaluated
by means of statistical methods that show the relation between the perfor-
mance ratio of the PV plant over the period of time [72].

DR¼ 100� 12�m

l

� �
(5.21)

y¼mx+ l (5.22)

whereDR is the degradation rate (%/year), l is the y-intercept of the trend

line,and m is the slope of the line. The degradation rate will vary with
respect to PV technology and location weather conditions.

Risk: This is an indicator that is considered for understanding the risk
associated with various failure modes and fault conditions of the PV sys-
tem. Failure mode and effect analysis (FMEA) based on the occurrence,
severity, and detectability specify the effect of each failure state and its rea-
sons on the system. Risk priority number (RPN) is used for understanding
the FEMA, and it is as follows [73]:

RPN¼ S�O�D (5.23)

where “S” represents severity, which has no dimensions. Severity spec-

ifies a single failure state, which strongly affects the performance of the
system. “O” defines the occurrence, this dependence on the probability
of the system failing over exposure time. “D” specifies the detection,
which technology (tool) is capable of detecting failures in a system during
its exposure time [74].
5.8 Conclusion

PV systems consist of modules, inverter, converters, energy storage,
and electrical and mechanical equipment to generate AC and DC power.
Generally, PV systems are classified into three types: grid-connected PV
systems, stand-alone PV systems, and hybrid PV systems. Designing
and sizing PV systems is the most crucial stage in a PV project. Among
the most common failures that affect PV system performance are junction
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box failures, bypass diode failures, and broken glasses. Inverter problems
can be classified into three categories: manufacturing and design prob-
lems, control problems, and electrical component failures. However, fail-
ures due to poor connections, wiring, connection insulation rupture, and
protective devices can cause severe problems in PV systems such as elec-
tric arcs, short circuits, etc. PV systems should be monitored through a set
of comprehensive techniques in accordance with IEC standards. PV sys-
tem monitoring is very essential to ensure the expected and stable perfor-
mance of the PV systems. The monitoring system collects the required
data in the PV system and transmits it to the control center, which lets user
evaluate and control this system to decrease maintenance costs, monitor
the performance indicators of power generation, and keep track of fault
events. Moreover, the predictive models for the energy generation of
PV systems are used as another approach for PV monitoring systems.
The climatic conditions have a considerable influence on the reliability
and durability of PV systems. This chapter has outlined the main compo-
nents of a PV system. In addition, designing different types of PV systems
was discussed. However, themain scope of this chapterwas to summarize
the typical defects and failures in PV systems and also to present an over-
view of existing PV monitoring systems reported in the literature. In this
chapter, the most important instruments and systems required for PV
monitoring have been discussed. Moreover, various aspects of environ-
ment conditions on PV system performance were presented. The main
indicators such as the array, final, and reference yield as well as the per-
formance ratio for the assessment and comparison of PV systems have
been addressed according to the IEC.
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6.1 Introduction

The agricultural sector is certainly the only provider of human food.
With a projected global population increase of 25% in the next 20 years,
the demand for food and energy is expected to be significantly raised as
a consequence. Most agricultural activities are directly or indirectly pow-
ered by fossil fuels that cause greenhouse gas (GHG) emissions, leading
to climate change as a consequence of global warming. In this regard, sus-
tainable alternative energy resources are required to reduce growing con-
cerns about the environmental impacts of nonrenewable fuels [1].
Photovoltaic (PV) systems offer a promising solution to run agricultural
activities in a sustainable manner. It has been reported that PV technology
is among the fastest-growing energy technologies [2, 3]. Solar PV systems
can be employed to either supply electricity or both heat and electricity
(through the use of PVT systemsa) to supply the energy demands of
various agricultural activities. In small-scale farms and the protected
iscussed in Chapter 4.
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148 6. On-farm applications of solar PV systems
cultivation environments of greenhouses, PV systems are preferable to be
installed as distributed power generation systems. However, in farms with
large available areas, there would definitely be a need for large centralized
PV power plants [4–6]. PV systems can be installed either in grid-connected
(grid-tied) or stand-alone configurations.b The main benefit of grid-
connected PV systems is that they do not need any energy storage units
(ESU), causing a significant reduction in total costs. In contrast, stand-alone
PV systems aremore ideal for distant farms and regionswhere access to the
power grid is sophisticated or impossible.

In terms of capacity, grid-connected PV systems are generally classified
into small-scale (1–5kW), medium-scale (5–250kW), and large-scale PV
systems (more than 10kW) [7]. One of the necessities for installing PV sys-
tems is the need for large areas, so agricultural farms can fulfill this
requirement with the additional advantage of financial gain through
electricity generation [8, 9]. Farm PV systems contribute toward the reduc-
tion of energy supplied from the grid, reducing peak load demand and
mitigating transmission losses as generation is done onsite [10, 11]. The
cost-effectiveness of PV systems depends on the availability of solar radi-
ation in a specific region as well as electricity prices. Legal regulations can
also prominently affect the profitability of PV installations, even in regions
with the same solar energy potential [8, 12]. This chapter provides a holis-
tic overview of the most commonly used applications of PV systems in
agriculture.
6.1.1 Agrophotovoltaic (APV)

The idea of agrophotovoltaic (APV) was first proposed by Goetzberger
and Zastrow [13] in 1982. It revolves around the coproduction of solar
PV energy and agricultural products on the same field. Nowadays, this
technique is also known as an agrivoltaic system. The proposed idea
included the installation of PV panels 2m above the ground to enlarge
the space between them, avoiding excessive crop shading. Scientists
claimed that if PV panels are mounted sufficiently high above the ground,
about two-thirds of the received solar radiation reaches the surface
beneath. After three decades of intense research and development, this
concept became commercialized and implemented in different projects
and pilot plants worldwide [14, 15].

According to the results from a case study by Amaducci et al. [16], the
yield production comparison revealed that all agrivoltaic systems work-
ing in combined mode are more advantageous than either ground-
mounted PV systems installed on farm lands or solely crop production
bDesign principles of PV systems are presented in Chapter 5.
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FIG. 6.1 (A) APV system installed in Italy [14], and (B) APV facility installed above the
potato farm (RESOLA project), Heggelbach, Germany [15].
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as a regular farming practice. Results from the various studies confirmed
that using AVP systems increases land-use efficiency by raising farm
revenues more than 30%, but only if yield losses due to shading effects
are kept down by a selection of proper crops [15]. Additionally, the agri-
voltaic systems decreasewater evaporation rates, ensuring that crops have
more accessible water than crops cultivated in regular lands fully exposed
to sun, which results in stable crop yields [17, 18]. Fig. 6.1 shows two
installed APV systems in Italy and Germany. The PV panels may need
to be placed farther apart, enabling farm equipment to navigate the rows.

Some APV projects already employ tracking PV modules, allowing for
maximizing the electric efficiency and light availability improvements for
crops at the same time. Mobile PV panel installation can also result in bet-
ter rainfall distribution below the APV systems [15]. Fig. 6.2 shows an
established APV system using mobile PV panels employing a dual-axis
sun-tracking system.

APV systems are also expected to have the most promising potential in
regions with arid and semiarid climates due to their capability in
FIG. 6.2 View of an Agrovoltaico plant equipped with a dual-axis sun-tracking
system [16].
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improving water productivity by decreasing evapotranspiration and the
adverse impacts of the excessive reception of solar radiation [15, 19].
Although APV systems offer several benefits with their implementations
in farm fields, their installation has been limited by several governments
and local councils due to their landscape impacts, soil occupation, and
competition with food production systems. Additionally, the successful
penetration of agrivoltaic systems depends on farmer acceptance, which
is definitely affected by the benefits coming from these systems [20, 21].
6.1.2 Aquavoltaics

Bodies of water offer vital elements for natural ecosystems in addition to
life and most human activities. According to the Food and Agriculture
Organization (FAO), aquaculture, also known as aquafarming, is the farming
of aquatic organisms consisting of fish, molluscs, crustaceans, and aquatic
plants under a controlled environment. Currently, more than 40% of sea-
food is produced from aquaculture farms [22]. Floatovoltaics (FV) is a PV
system floating on any sizedwater body that mitigates water losses by cov-
ering the water and preventing evaporation by up to 70–85%. The combi-
nation of FV with aquaculture forms the concept of aquavoltaics,
bringing the benefit of efficient water use for both food and energy gener-
ation while simultaneously assisting in land-use change. In this regard, FV
systems offer benefits to farmers by enabling them to implement a solar
power generation system and preserving the use of water bodies, including
ponds, canals, reservoirs, and dams more efficiently. The systems can be
implemented in both industrial-sized farms aswell as small remote villages
[23, 24]. Fig. 6.3 shows some FV installations around the world.

FV installation on the surface of an aquaculture system forms a cooling
mechanism for PV modules, enhancing the power conversion efficiency
(PCE) between 5% and 22% depending on the deployment method. FVs
can also perform as fish aggregation techniques which suggest a
controlling framework for the behavior of fishes by protecting them,
and presumably improve the yield [28]. Kim et al. [29] proposed the con-
cept of a floating PV system for harvesting salt and electricity at the same
salt farm for the first time. In this case, a fiber-reinforced plastic (FRP) sea-
water vessel was prepared where the PV modules were installed. The test
rig of the proposed system is shown in Fig. 6.4A. The results from the
experimental tests indicated that the water temperature and depth do
not have a strong correlation and each can independently affect the per-
formance of the PVmodules while the impact of water salinity on the per-
formance of the PV module is insignificant in a short time. They claimed
that the electric performance of the floating PV systemwas higher than the
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FIG. 6.3 (A) The FV system installed on an irrigation pond, Niente winery, California’s
Napa Valley region [25], (B) The FV system installed on a sandpit lake in Zwolle, the
Netherlands [26], and (C) The FV system installed at Tengeh Reservoir in Tuas, Singapore [27].

(A) (B)

FIG. 6.4 (A) The developed aquavoltaic system for simultaneous salt and electricity
harvest [29], and (B) Representation of the developedmodel simulating the fish pond ecosys-
tem covered with floating PV panels [30].
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land-mounted PV modules, mainly due to the cooling effect of the seawa-
ter. Château et al. [30] developed a dynamic model to study the principal
biochemical processes in a milkfish (Chanos chanos) pond covered by the
floating PV (FPV) panels. Also, some experiments were conducted and
data were recorded from ponds with and without FPV cover within
two production seasons of summer and winter. Results indicated that
the FV systemmay display somemild negative consequences for fish pro-
duction due to the reduction of dissolved oxygen (DO) levels. Also, it was
concluded that the energy gained from this integration (with the capacity
of about 1.13MW/ha) is significant, which could compensate for the
losses in fish production. The ecological model developed in this study
is shown in Fig. 6.4B.

In aquavoltaic systems, the mountingmethod of the PV panels is impor-
tant as they are usually installed on floating cages, and therefore require
specific structures to ensure their endurance under dynamic environments.
Currently, there are four distinguished methods for floating PV systems:
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thin-film FV, submerged FV, surface-mounted FV, and microencapsulated
phase change material (MEPCM). Detailed descriptions of these methods
are presented in Ref. [28]. Salinity is the other threat that requires special
sealing and cabling for PV systems at use in marine areas. In addition,
restrictions in solar tracking systems, power storage facilities, and power
distribution are other challenges in aquavoltaic systems that need to be con-
sidered [28, 31].
6.2 Applications of solar PV systems in agriculture

Numerous researchers have studied various applications of solar PV
systems in agricultural practices broadly categorized as conventional
andmodern activities.c Solar PV energy possesses huge potential to power
agricultural facilities and farm equipment, including PV-powered water
pumping and irrigation systems [32–37], PV-powered desalination sys-
tems [38–40], PV-powered solar dryers [41–45], PV-powered greenhouses
[46–48], PV-powered livestock and dairy farming systems [9, 49–53],
PV-powered crop protection systems [54, 55], etc. Fig. 6.5 shows an over-
view of the most common applications of solar PV systems in agriculture,
which are discussed in the following sections in detail.
6.2.1 PV-powered solar water pumping systems

PV-powered solar water pumping systems are among the most prom-
ising solar-powered farm applications, especially at remote locations with
no reliable access to grid electricity and cost-effective diesel fuel. These
systems are eco-environment with lowmaintenance and without any fuel
costs.

Solar-poweredpumping systems are similar to conventional ones, except
that they consume solar electricity generated by the PV modules instead of
grid electricity or diesel fuel. There are various possible designs to develop
solarwaterpumpingsystems, but ageneral systemconsistsof themaincom-
ponents of a PV array, a DC/AC surface mounted/submersible/floating
motor pump set (depending on the application), a power conditioning unit,
and awater storage tank (Fig. 6.6).Direct integration of thePVarraywith the
water pumping system was first introduced in the late 1970s when there
were some limitations in earlier designs in terms of overall performance
due to the lack of appropriate design [56, 57]. Direct-coupled PV DC water
cApplications of PV systems in precision agriculture (PA) are presented in Chapter 7.
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FIG. 6.5 Overview of the most common PV-powered applications in agriculture.
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pumping systems are straightforward and authentic but lack the ability to
work at the maximum power point of the PV generator due to the high
dependency on daily weather conditions. However, using a maximum
power point tracker (MPPT) may enhance the performance of the system
[56, 58]. In PV-powered pumping systems, the PV array is usually installed
on a reliable framewheremanual or automatic tracking is used. Because the
PVpanels generateDC electricity andmost of the availablewater pumps on
the market need an AC electrical input, an inverter is needed to convert the
DC power to AC power. Additionally, the battery storage units can be
replaced by water storage tanks in a way that water is pumped to the ele-
vated tanks in thepresenceof sunlight and is stored fornocturnal or overcast
applications [59, 60].

The first generation of solar PV-powered pumping systems included
centrifugal pumps powered byDC/ACmotorswith hydraulic efficiencies
ranging from 25% to 35%. The second generation used positive displace-
ment pumps, progressing cavity pumps, or diaphragm pumps generally
attributed by low PV input power demands and hydraulic efficiencies up
to 70% [56].

Crop irrigation is one of themost crucial activities in agriculture, and it is
quite energy-intensive. The PV-powered pumping systems for irrigation
purposes can generally provide the head of between 5 to 200m at a flow
rate of 250m3/day [61]. In order to develop a PV-powered pumping
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FIG. 6.6 Different configurations of PV-powered water pumping systems [56]: (A) The direct-coupled PV DC water pumping system, (B) The PV
AC water pumping system, and (C) The PV-powered water pumping system with battery storage.
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irrigation system, the first step is the assessment of the water resources to
determine the rational amount of water in the ground and surface water
resources. The other important steps are determining the water demand
of the crops, studying the weather and solar radiation data, estimating
and calculating the harvest of solar power, determining the application rate
of irrigation schedules, and choosing the PV modules, motor pump set,
other electronic and hydraulic devices, and auxiliary units [57]. The main
parameters that affect the performance of a PV-powered water pumping
system are [56]:

• Availability of solar radiation and variations of the air temperature at
the location of installation.

• Total dynamic head (TDH) (suction head+discharge head+frictional
losses).

• The water flow rate.
• The total amount of water requirement.
• The amount of potential energy needed to elevate the water to the

discharge level (hydraulic energy).

Also, the efficiency of the PV system has a significant impact on the per-
formance of the PV-powered solar pumping system. The hydraulic energy
Eh (kWh/d) needed to provide a volume V (m3) of water at TDH (m) is
presented by [56]:

Eh ¼ ρ�g�V�TDH (6.1)

where ρ (kg/m3) represents the water density, g (9.81 m/s2) is the

acceleration of gravity, and TDH (m) is the total dynamic head. The power
required by the PV array, Ppv (W), is given by:

Ppv ¼Ew= IT�ηmp�F
� �

(6.2)

where IT (kWh/m2day)denotes theaveragedaily solar irradiation incidenton

the surface of the PV array, F is the arraymismatch factor, and ηmp is the daily
subsystem efficiency. The volume of water pumped V (m3) is evaluated as:

V¼ Ppv� IT�ηmp�F
� �

(6.3)

The efficiency of the motor-pump system ηmp can be obtained as follows:
Efficiency¼hydraulic energy output=energy input (6.4)

The efficiency of the PV array (%) is expressed as:
ηpv ¼
Ppv Wð Þ

IT
W

m2

� �
�Ac m2ð Þ

�100 (6.5)
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where Ac (m
2) is the surface of the PV array. The overall efficiency of the

system is obtained as:

ηT ¼ ηpv�ηmp

� �
(6.6)

6.2.1.1 Developments and prospects

Al-Smairan [62] conducted a case study analyzing the Tall Hassan
station (Fig. 6.7A) located in Jordan and compared two alternative power
sources, common diesel engines and PV systems. In their study, the
station was primarily employed as the source of drinking water for
domestic use and watering purposes with daily consumption of 45m3/
day. A submersible pump was incorporated to take the water from the
groundwater well and feed two 55m3 storage tanks. In the case of
solar-powered mode, 108PV modules were used with a total peak of
5.94kW, connected to a DC/AC inverter as a stand-alone PV system.
The economic evaluation revealed that the solar-powered mode was the
most profitable system when the fuel price was more than 0.4US$/L.

Dietmar Stuck, Austria [63], developed the NSP solar pump systemwith
a novel design (Fig. 6.7B). TheNSP pumpwas designed in away to retrieve
water fromwells at a depth of 100mandup to 20,000L/d,which alsomakes
it suitable for use as an irrigation tool. The main advantage of the NSP
pump is that it needs no maintenance and is salt-water resistant. In this
water pumping system, the required power is provided by the PV panels
with no battery energy storage system. As is shown in Fig. 6.7B, an electric
motor runs a winder connected to the pumping lever and moves it up and
down, allowing water to be pumped to the surface.
(A) (B)

FIG. 6.7 (A) PV-powered water pumping system in Tall Hassan station, North Badia,
Jordan [62], and (B) The NSP PV-powered solar water pump [63].
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FIG. 6.8 (A) Schematic view of the PV-powered water pumping system, and (B) PV array
and insolation measuring equipment at the University of Science Technology, Oran [64].
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The operation assessment of a directly coupled DC PV-powered water
pumping system was experimentally evaluated by Mokeddem et al. [64].
The system was comprised of a 1.5kWp PV array, a DC motor, and a cen-
trifugal water pump. A schematic view and photo of the experimental
setup are shown in Fig. 6.8. The operation investigation was conducted
over a period of 4 months under various climatic conditions and different
amounts of isolation with a two static head arrangement. The results
indicated that the system is quite compatible with low energy demand
irrigation in isolated areas where there is no access to the power grid. They
asserted that because the systemworks with simple electronic control and
no battery, both the initial and maintenance costs can be minimized. The
efficiency of the system was also reported as less than 30%, which is com-
mon for directly coupled PV pumping systems.

Hassan and Kamran [65] proposed an irrigation water pump with a
novel architecture powered by PV/utility employed maximum power
point tracking with no battery backup. As shown in Fig. 6.9, the single
control input is delivered to the pump controller in order to regulate
the desired water flow rate and magnify the PV resource employment
at the same time. They claimed that in the proposed system, there is the
possibility of adding PV panels incrementally to the grid-powered pump-
ing system. This would allow a reduction in the initial investment costs
needed for entire solar deployment while the investment for partial solar
deployment is paid back in decreased electricity tariffs to the farmer.

Tabaei and Ameri [66] experimentally investigated the performance of
a PV-powered water pumping system employing static booster reflectors,
as shown in Fig. 6.10, under the climate conditions of Kerman, Iran. The
experiments were conducted for two installed stainless steel 304 and alu-
minum foil reflectors. In this design, the PV panels are connected to the
water pump system using one positive displacement surface water pump
coupled to a PM (permanent magnet) DC motor. The results indicated the
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FIG. 6.10 Experimental setup of the PV-power solar pumping system [67]: (A)With stain-
less steel 304 reflector, and (B) with aluminum foil reflector.
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performance enhancement of the PV modules as 14% and 8.5% due to
using the aluminum foil and stainless steel 304 reflectors, respectively.

With technical innovations in PV-powered pumping systems, great
attention has been paid to the deployment of this technology worldwide.
It is obvious from the literature that in recent years, remarkable progress
on PV-powered solar pumping technology has been achieved that has
overcome the embedded technical limitations of the early developed solar
water-pumping systems. With the expected increasing growth in the cost
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of fossil fuels and the fall in the peak watt cost of solar cells, PV power is
going to become more affordable in the future.
6.2.2 PV-powered desalination systems

As a consequence of climate change due to global warming, the number
ofdeserts andunfertile landshas increased in theworld, causingacutewater
shortages. Agriculture accounts for more than two-thirds of global water
use, including more than 80% in developing countries (Fig. 6.11). It is esti-
mated that increasing the global population to more than 9 billion people
by the end of 2050 will need about a 50% rise in agricultural production
and a 15% growth in water withdrawal. The agriculture water comes from
various sources of surface water, groundwater from wells, and rainwater
[69]. Desalination is currently the only viable solution for increasing the
water supply beyondwhat is available from the hydrological cycle. In a typ-
ical desalination process, salt and other impurities are removed from saline
water (either seawater or brackish groundwater), which makes it consum-
able by plants in agricultural applications and by humans as drinkable
water.Desalination is beneficial to the agricultural industry because it offers
an alternative to brackishwater for irrigation, decreasing the adverse effects
of the direct use of salt water on crop growth and yield due to the negative
impacts of salinity on soil properties. Desalination can also remarkably
reduce civil works and labor requirements [70, 71].

Due to the accelerated achievements in solar energy technologies (both
PV and thermal), there is a strong tendency to integrate solar systems with
Domestic

Energy supply

Industry (excl. energy sector)

Agriculture 70%

14%
8%8%

FIG. 6.11 Global use of freshwater in different sections [68].
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desalination plants with the goal of improving energy efficiency. Solar
desalination technologies are mainly classified as direct and indirect tech-
nologies inwhich direct systems (also known as solar stills) produce fresh-
water simply in a solar collector while indirect systems use solar thermal
or electric power to drive desalination processes [72, 73]. Solar PV systems
can be coupled with electricity-driven indirect desalination plants or used
to power electromechanical devices in thermally driven desalination
plants as well as solar distillation systems. A comprehensive study of
PV-powered desalination technologies is presented in Chapter 8.
6.2.3 Solar-powered dryers

The main goal behind the food drying process is to reduce the moisture
content to a secure and desirable level, and thus extend the life of the dried
products. Sun drying is a conventional technique that is broadly
employed to prevent agricultural crops from spoiling, especially in rural
areas. The sun-drying method comes with some disadvantages such as
spoiling due to rain, wind, moisture, and dust, and deterioration of crops
because of decomposition, insect attacks, fungi, etc. In addition, sun dry-
ing is labor-intensive and needs a considerable amount of energy as well
as land area for spreading the product [74]. Solar drying is one of the most
promising technologies among various solar energy applications. Drying
can be defined as a mechanism to remove products’ moisture involving
both heat and mass transfer. Solar drying offers an alternative method
for drying agricultural products in a clean and sanitary environment that
can reduce crop losses, energy consumption, and drying time in addition
to improving the quality of the final products [75]. The basic principle of a
solar dryer is shown in Fig. 6.12.
Insulation

Black surfaceFood to be dried

Cold dry air

Hot wet air

FIG. 6.12 Working principle of a simple solar dryer [76].
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Solar drying methods are mainly classified into the open sun-drying
method and drying with solar dryers. Additionally, solar dryers can
broadly be categorized as passive and active systems. Solar dryer classi-
fication is mainly based on the heat transfer mechanisms they employ
to withdraw the moisture content from the product. In passive solar
dryers, buoyancy forces or wind flow are utilized to circulate the heated
air resulting from solar thermal utilization while in active solar dryers, the
hot air is circulated by means of mechanical devices such as fans or
blowers, which can be driven by the power supplied from PV modules
or grid electricity [76, 77]. The passive and active solar dryers can be fur-
ther grouped as direct, indirect, and mixed solar dryers depending on the
way that solar radiation is collected by the space under the drying process.
A wide classification of solar dryers is shown in Fig. 6.13. In direct solar
drying, heat is produced by the exposure of sunlight on the crop itself
and the internal space of the drying cabinet. The indirect solar dryers, also
known as conventional dryers, do not receive solar radiation directly
because a separate solar-powered unit collects thermal energy, which
can then be transferred to the drying chamber. Finally, the mixed solar
dryingmethod uses both features of the direct and indirect methods when
a faster drying rate is required [75, 77].
6.2.3.1 PV-powered solar dryers

One of the electrical demands of active solar dryers is the need to power
a fan to induce the forced convection flow. In this regard, the PV modules
can be integratedwith an electric circuit to run one or someDC fans, which
are placed at the entrance of the air collector [78], the exit of the air collec-
tor [79], or the exit of the drying chamber [80]. Goud et al. [78] developed
an indirect type of solar dryer using PV modules to maintain the airflow
through the system. In their work, three DC fans were placed at the
entrance of the solar collector and powered by three PV panels (10Wp).
The schematic view of the developed solar dryer is shown in Fig. 6.14.
As can be seen in this figure, a solar air collector is incorporated with
the drying chamber, which includes drying products placed on several
trays to contact the hot air. The absorbed solar energy by the collector is
transferred to the incoming air (running via an electric DC fan), resulting
in the air to be heated at the entrance of the drying chamber. As the hot air
stream reaches the trays, the heat andmass transfer take place on the prod-
ucts’ surface in which water is gradually extracted from the product,
leading to dried material production. Analyzing the experimental data,
average air velocities of 1.0824 and 1.0774m/swere recorded in green chili
and okra drying processes, respectively. Moreover, it was concluded that
the integration of PV modules with the presented fans is appropriate and
can be proposed as a reliable system.
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FIG. 6.14 An indirect PV-powered solar dryer [78]: (A) Schematic view of the dryer, and
(B) photo of the experimental setup.
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Janjai et al. [81] tested a PV-ventilated greenhouse dryer in which three
roof-mounted PV panels were used to facilitate the drying process carried
out on dry peeled longan and banana. The results indicated that the
proposed design is able to reduce drying time and improve product qual-
ity compared to conventional sun-drying designs. In a similar study
conducted by Eltawil et al. [42], a greenhouse-like tunnel dryer coupled
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with a solar thermal collector and a PV panel to power a DC fanwas inves-
tigated for dryingmint. They concluded that the developed system results
in a reduction of peppermint drying time and improves the quality of the
dried product.

Infrared drying is one of the techniques used to enhance the quality of
the product and decrease the drying time [82]. Although the combination
of the solar dryer with an infrared system has not been extensively
studied, those limited works investigating this novel integration suggest
significant potential [83, 84], especially when PV panels are incorporated
to provide the electrical power needed for the infrared source. In this
regard, Ziaforoughi et al. [44] introduced a solar dryer assisted by a
PV-powered infrared system to investigate the drying process of potato
slices. As Fig. 6.15 shows, in this design, an indirect dryer is used in which
heated air is passed through the potato slices laid on the trays inside the
drying cabinet and leaves the system from a chimney located on the cab-
inet topside. An intermittent infrared source, integrated inside the drying
area, is used to boost the drying process with the aid of a temperature con-
troller that controls the lamp current and maintains the product temper-
ature at the desired level. In this work, the infrared source is poweredwith
a PV panel installed beside the dryer. Results revealed that the utilization
of PV technology culminates in a 40–69% reduction in energy consump-
tion while the drying time can also be decreased by 31–52% with infrared
assistance.
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FIG. 6.15 The indirect solar dryer assisted with a PV-powered infrared system [44];
(A) Schematic view of the experimental setup consisting of data loggers (D1 and D2), chim-
ney (7), load cell (8), aluminum absorber (9), infrared lamp (10), and transmitters (T1 & T2);
and (B) photo of the developed system.
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FIG. 6.16 An active solar dryer assisted with a PV-powered solar tracker [85]:
(A) Schematic view of the proposed design including axial fan (1), drying cabinet (2), trays
(3), connecting tube (4), solar collector (5), PV panel (6), air inlet (7), charge controller (8), bat-
tery unit (9), sun-tracking sensor (10), control panel (11), mechanical pivot (12); and (b) photo
of the experimental setup.
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Samimi-Akhijahani et al. [85] proposed an indirect solar dryer assisted
with a PV-powered tracking system to dry tomato slices. As shown in Fig.
6.16, they incorporated a tracking flat-plate solar air collector coupled to a
drying cabinet through the transferring tube, in which a one-axial fan
powered by the PV panel was implemented to transfer the heated air from
the collector to the drying trays in a forced convection mode. Photocell
sensors were also coupled with the sun-tracking unit to control a
PV-powered 12V DCmotor. The results from the performance evaluation
indicated that the proposed arrangement can reduce the drying time by
16.6–36.6% while the quality of the final product was not influenced
negatively by the tracking mode.

6.2.3.2 PVT-powered solar dryers

PVT utilization with a solar dryer not only provides the electricity sup-
ply for the assisted systems, but also delivers heat to the thermal collector
and enhances the total performance consequently. Fig. 6.17 represents a
PVT-powered solar dryer developed by Tiwari et al. [86]. As the figure
shows, in this design, an air-based PVT module was constructed out of
two sections, PV and solar thermal modules. During operation, solar radi-
ation is captured by the entire module, generating electricity and thermal
energy, respectively, from the PV and thermal sections. As the air is fed
into the module, fresh air passing beneath the PV module makes it cooler
while extracting the excess heat. Further, the thermal collector transfers
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FIG. 6.17 An air-based PVT powered solar dryer [86]; (A) Cross-section of the air-based
PVT module, and (B) photo of the proposed system.
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the absorbed heat to the preheated air and provides adequate thermal
power for the drying process where the hot air passes through the prod-
uct, absorbing its moisture content and leaving the system from the
exhaust gate. In the proposed model, scientists used the generated elec-
tricity to power the DC fans for air circulation purposes. They concluded
that the developed system including one solar collector was able to yield
61.56% of thermal efficiency.

In another system introduced by Tiwari et al. [87], a mixed-type green-
house solar dryer assisted with a PVTmodule for three different purposes
was developed. First, the PV module generated electricity to drive DC
fans, inducing forced mode operation. Second, the heat absorbed by the
module was transferred to the drying cabinet, and third, the PVT module
was arranged to block the direct exposure of the drying material to
improve the product quality. Experimental results showed that the quality
and decoloration of the dried product were promoted and mitigated,
respectively. Additionally, the thermal energy and exergy values were
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determined to be 2.03 and 0.535kWh, respectively. In the research con-
ducted by Fterich et al. [41], the performance of a mixed-mode forced con-
vection solar dryer equipped with a roof-mounted PVT module was
investigated. In the given design, the air is pumped into a drying cham-
ber through a pipe by means of a DC fan powered by the PV module.
Getting preheated by the PVT absorber including several aluminum
tubes, the air is able to dry tomato slices in a more efficient way com-
pared to other conventional methods. Performance analysis showed that
mixed solar drying reduces the tomato’s initial moisture content from
91.94% to 22.32% for 44h.

Dorouzi et al. [88] developed an indirect solar dryer assistedwith a PVT
system that was based on a desiccant regeneration circle. Closed-loop air
circulation was formed using a DC fan, an auxiliary heater regulated the
drying temperature, and a desiccant bed absorbed the exhaust air mist. In
this work, calcium chloride solution as the desiccant fluid flowed freely
over the PV panel to attain the excess heat and became regenerated. It
is operated when the air relative humidity (RH) exceeds the set point.
The results indicated that the proposed dryer has the capability to meet
the entire electric power requirement when the drying temperature varies
from 60–65°C and the RH set point for the regeneration circle activation is
28% of drying of the tomato. Fig. 6.18 depicts the schematic view and a
photograph of the developed system.

In an experimental investigation, a solar-powered fluidized bed dryer
assisted with an infrared systemwas introduced byMehran et al. [89] for
drying paddy grains (Fig. 6.19). The proposed system included a solar
water collector, a PV-powered infrared lamp, a gas-powered water
heater, and a desiccant wheel. Two operating conditions of natural gas
drying (NGD) and solar-assisted drying (SAD) were considered during
the experiments. The results indicated the highest total energy consump-
tion of 1.163kWh for the dryer under the NGD test mode and the lowest
value of 0.314kWh under the SADmode. In addition, the specific energy
consumption values under the drying in SAD and NGD modes varied
from 8.30–22.12 to 16.73–32.62kWh/kg of the evaporated water, respec-
tively. Moreover, it was concluded that although using an infrared lamp
results in an increase in the solar energy fraction to 0.741, its use in the
fluidizing chamber has no remarkable impact on the drying speed of
the crop.

The use of PV-powered solar dryers brings great advantages consider-
ing their technical viability and energy-saving potential. Although recent
studies in this field show significant progress, there is still room for
improvements in terms of decreasing costs and increasing performance,
both thermal and electrical, to make the use of these sustainable facilities
widespread.
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FIG. 6.18 An indirect solar dryer assisted with a liquid desiccant-based PVT collector [88]:
(A) Schematic view of the experimental test rig, (B) A photo of the system including a solar col-
lector (1), air entrance to the collector (2), drying chamber (3), liquiddesiccant bed (4), connecting
tube (5), PV panel (6), regeneration system pump (7), and distribution pipe (8).

FIG. 6.19 The experimental installation of the solar-assisted drying system developed in
ref. [89].
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6.2.4 PV-powered livestock farming systems

6.2.4.1 PV applications in livestock farms

Dairy farming is an important endeavor in agriculture to promote
economic benefits and expand food production around the world.
Because most dairy operations are energy-intensive, farms rely heavily
either on utility power network access or renewable energy conversion
systems tomeet their electric demands. The high capacity of the vast avail-
able areas is promising and highlights the integration of PV arrays for
clean, sustainable, and profitable electricity generation.

Nacer et al. [90] reported that on-farm electricity consumption ranges
from 330 to 566kWh/cow/year and the utilization of a grid-connected
PV system can cause a major reduction, such as 80 million tons in annual
GHG emissions. In another work, Bazen et al. [91] evaluated the economic
potential of PV technology applications in the poultry industry. They
stated that solar energy needs more advance incentives from the govern-
ment to be employed by farmers as themain source of electrification. They
also implied that although solar PV technology can ease environmental
concerns pertaining to conventional “coal-fired” technology, new legisla-
tion offering strike constraints based on environmental factors may rein-
force its deployment and make it more financially attractive. In a
comprehensive study by Bey et al. [52], the feasibility of using grid-
connected PV systems in dairy farms was evaluated. It was found that
the use of PV systems not only reduces GHG emissions but also increases
milk production by 8%. In addition, Zhang et al. [53] found that PV inte-
gration into dairy farms can be another source of income for the farmers
when there is a surplus of electricity. In order to electrify a typical dairy
farm with PV systems, it is important to estimate different electric loads
that can be broken down to lighting, ventilation, water pumping, milking,
and milk cooling, as shown in Fig. 6.20.
Lighting load

Artificial lighting has a direct effect on animals kept in livestock build-
ings and can trigger animals’ milk production rate, health, and fertility
[92]. Therefore, standardmeasuresmust be taken to provide a comfortable
environment for livestock, where scientists recommend 200 lx of artificial
lighting [93]. Therefore, the daily electrical energy required by the lighting
system can be determined as the following [9]:

EL ¼PLNLtL (6.7)

where EL (Wh/d) denotes the daily electricity consumed by the lighting

system, PL (W) is the lamp power, NL is the number of lamps required,
and tL (h) is the time duration of lighting per day.
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FIG. 6.20 The layout of a grid-connected PV system that supplies electric power for a typ-
ical dairy farm.
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Ventilation

Ventilation is a key issue in livestock farming, as any failure may cause
significant health problems or discomfort in the animals. Passive ventila-
tion is a natural process inwhich odors andmoisture are removed through
openings and by natural drafts (convection). The effectiveness of this tech-
nique can be satisfactory while there are numerous designs that suggest
the utilization ofmechanical or forced ventilation in a combined operation
mode. In this type, several electric pieces of equipment such as fans,
blowers, etc., are incorporated to blow out the air and take fresh air inside
the housing. As a result, another load is added to the total electrical power
required for a farm, which can be evaluated as the following [9]:

EV ¼PFNFfF (6.8)

where EV (Wh/d) represents the daily electricity consumed by the venti-

lation system, PF (W) is the fan power, NF is the number of fans required,
and fF is the fan usage frequency (8h/d for dairy cows).

Livestock watering

Water pumping is one of the primary electricity demands in the live-
stock farming industry, and it is usually employed for watering systems.
The size of the load varies seasonally and is based on the animal species,
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where the estimated daily water intake for cattle ranges from 3 to 11gal/d
for growing cattle and nursing cows, respectively [94]. In order to obtain
the energy needed for pumping, EP (Wh/d), several factors such as the
pump power, PP (W), the number of animals, NA, the amount of water
needed for each animal per day, q (L/d), and the pump flow rate,
QV (L/nm), must be considered; these are expressed in the following
equation (6.9):

EP ¼PP
NAq

QV
(6.9)

Milk cooling and milking system

The milking machine has a significant importance in dairy farm pro-
duction rate and its daily operation compels operators to pay necessary
attention to the rate of energy consumption. Running for hours each
day takes a considerable share of the total electricity requirements as well
as the power needed for cooling and storing the milk inside the tanks.
Therefore, the amounts of energy consumed by the milking machine,
EM (Wh), and the milk cooling tank, EMC (Wh), can be derived from the
following expressions (6.9):

EM ¼PMNAtM (6.10)

EMC ¼PTtMS (6.11)

where PM and PT (W) are the powers of the milking machine and cooling

tank, respectively, whileNA denotes the number of animals, tM is themilk-
ing time, and tMS is the milk storage time (h).

Maammeur et al. [95] studied a pilot farm in Algeria and developed a
grid-connected PV system supplying electrical energy for a typical animal
farm and irrigation system. In this simulation, the farm’s power consump-
tion was estimated for each month and three different periods of the year
were distinguished with various energy demands, and a 50kW PV power
systemwas modeled using HOMER software. The illustration depicted in
Fig. 6.21 indicates the results obtained from this study, where it shows the
annual electric consumption, monthly grid, solar PV generation, and total
energy required for a farm’s equipment. At the same time, PV systems
have been used in conjunction with other technologies in dairy farm
setups [96]. Blanchet et al. [96] designed and installed a designated
solar/biomass hybrid energy system resulting in a payback of 3.4 years
and an annual greenhouse gas reduction of 275.9 tons of CO2. Zhang
et al. [97] carried out an economic assessment of a PV water pumping sys-
tem integration with dairy farms and found that this created new sources
of revenue with a very lucrative internal rate of return in developed coun-
tries. The electricity generation from PV systems is also used in several
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FIG. 6.21 The simulation results of the grid-connected PV system integrated with a farm
with an average daily energy consumption of 281kWh/day [95].
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add-on activities in dairy farms such as energizing equipment for moni-
toring cow activity [98]. Furthermore, PV systems are also utilized for
postproduction activities such as cooling of milk and associated produce,
integration with anaerobic digesters, and integration with other hybrid
energy systems.

6.2.4.2 Utilization of PVT collectors in livestock

Farms require both electricity and hot water for various activities in an
integrated consumption pattern. Hybrid water-based PVT collectors are
useful for providing both these utilities at the same time. As an example,
a dairy cow uses 350kWh of electricity per year, where 40% of this energy
is used for heating water. In a study by Shortall et al. [99], a summary of
the daily and seasonal trends for electricity used for milking dairy farms
was presented. Upton et al. [100] used a mechanistic model to predict the
distribution of the energy consumption in farms and found that on aver-
age, 28% of the total electricity production is used toward water heating.
Wang et al. [101] performed a thermo-economic evaluation of a spectral
splitting hybrid PVT system on a dairy farm. It was reported that there
was excellent decarbonization potential and such systems are economi-
cally viable. Van Campen et al. [102] presented a comprehensive study
of the hybrid utilization of solar technologies for livestock watering and
aquaculture. Pringle at al. [28] investigated synergies for dual usage of
water production from PV electricity generation in aquaculture. Solar
hybrid PVT systemshave the potential to reduce the operating and environ-
mental impact if they are used in the farm industry; they can also make the
system more flexible and reliable, particularly in cold-climate regions. The
report presented by Park et al. [103] on direct energy use in agricultural
practices signifies that this sector is one of themajor energy consumerswith
the highest potential for the use of low-carbon technologies. It is estimated
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that if the current food system sourced all its energy from renewable ener-
gies, it could still provide 3000 times the quantity it does at the moment.
6.2.5 PV-powered solar greenhouses

Greenhouses are one of the most integral centralized elements of mod-
ern agricultural systems. They are used to protect crops from harsh
weather conditions outside while also offering contamination prevention
and pest protection. Additionally, greenhouses bring the possibility of
growing specified types of crops such as fruits, vegetables, flowers, herbs,
etc., throughout the year [104, 105]. The integration of PV systems with
greenhouses has recently received remarkable attention because they
have great potential to address the main challenges embedded with the
greenhouse sector, including the limitation in arable land availability
and the obligation for mitigating GHG emissions. The electricity demand
of the greenhouses can be supplied either by settling the PV modules on
the greenhouse skin (roofs or walls) or installing them as a separate unit
alongside, as shown in Fig. 6.22. The integrated PV systems can be grid-
connected or stand-alone, where the surplus electricity can easily be fed
into the grid in the latter case, providing an additional source of revenue
for the farmers.

Until now, integrations of a wide range of various PV module technol-
ogies with greenhouses have been studied by researchers, including the
integration of them with PV modules [108–110], PVT modules
[111–113], and concentrating PVT (CPVT) modules [114, 115].
(A) (B)

FIG. 6.22 (A) Solar PV panels mounted as a part of the roofs in commercial greenhouses
implemented at Prides Corner Farms [106], and (B) The PV systems installed close to the
greenhouses in Hongxingqiao Town, Changxing County, in east China’s Zhejiang Province
[107].
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6.2.5.1 PV-integrated solar greenhouses

According to the literature, the most widely used PVmodules in green-
houses are mono- and polycrystalline silicon types. Although the integra-
tion of both opaque and semitransparent PV modules with greenhouses
has been reported in several studies, the light transparency provided by
the second type can mitigate the light-blocking issue inside the green-
house caused by traditional opaque modules.

Yildiz et al. [110] developed a novel grid-connected PV-powered cool-
ing system and integrated the proposed system with a greenhouse. The
main components of the design are: (I) a converter, (II) PV cells, (III) an
inverter, (IV) a fan, (V) an earth-to-air heat exchanger (HAHE), and (VI)
a greenhouse. As Fig. 6.23 shows, the blower is used to circulate the air
through the underground galvanized pipe (HAHE) in a closed-loop circle
to maintain the greenhouse temperature at the desired level. A positive
displacement blower with a 5300m3/h volumetric flow rate and 736W
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FIG. 6.23 A grid-connected PV-powered cooling system integrated with a greenhouse
[110]; (A) Schematic view of the system, and (B) Photo of the experimental setup.
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FIG. 6.24 (A) The unshaded studied greenhouse, and (B) the semitransparent BIPV
panel [116].
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capacity was set to be powered by the grid-connected PV system. Exper-
imental data revealed that the average heat discharge rate was 5.02kW
and 11h/day operation yielded 8.10kWh of electricity consumption, in
which 34.55% came from photovoltaic conversion and 65.45% was sup-
plied from the grid.

Emam Hassanien et al. [116] investigated the result of semitransparent
building-integrated PVs (BIPVs) installed on top of a greenhouse (Fig.
6.24), and studied the growth of tomatoes as well as the behavior of the
indoor environment. Also, they estimated the produced energy and pay-
back period of the system. In this research, three modules covering more
than 20% of the greenhouse roof area and tilting 30 degrees south were
implemented with 0.08m spacing between the plastic cover and the BIPV.
Each employed module exhibited 170Wp peak power with 8.25% effi-
ciency. Analyses indicated that the amount of electric energy produced
by the BIPV was 637kWh per year. A fall in solar radiation was also
observed under the BIPV and measured as 35–40% higher compared to
the mode covered by the polyethylene sheets on typical sunny days. They
also suggested that the shading effects of the BIPV modules decreased the
air temperature by 1–3°C on sunny days with no significant influence on
the relative humidity. Additionally, the payback period of the system was
determined to be 9 years.

6.2.5.2 PVT-integrated solar greenhouses

Reducing the payback period of the PV systems integrated with green-
houses is very important. In this regard, the PVT systems present a good
alternative by providing both thermal and electric power generation,
causing a significant reduction in payback time [117, 118]. According to
the literature, in greenhouse applications, air and water are among the
most widely used working fluids in PVTmodules. However, water-based
PVT modules are more effective to reduce PV cell temperature, particu-
larly under hot climate conditions. On the other hand, in terms of
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FIG. 6.25 The PVT-CHP system for greenhouses proposed in ref. [121].
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simplicity and cost-effectiveness, the air-based PVT modules have added
advantages [119, 120].

Wang et al. [121] conducted a technoeconomic assessment of a solar
combined heat and power (S-CHP) system assisted with hybrid PVT col-
lectors for dispersed cogeneration in a tomato greenhouse located in Bari,
Italy (Fig. 6.25). A water-based PVT S-CHP system was designed and
yearly simulations were conducted to anticipate the transient behavior
of the S-CHP system and to evaluate the system’s energy performance.
The simulation data revealed that an area with 30,000 m2 PV arrays would
enable the PVT S-CHP system to make up 73% of the total annual thermal
energy needed for the greenhouse, whereas providing a net electrical
production of 2.6 was required as the electrical demand per year. They
claimed that if the PVT system was implemented, 3010 tCO2/year can
be mitigated from the current CO2, where the payback time can reach
10.4 years. They concluded that such PVT S-CHP systems have promising
technoeconomic viability in the suggested greenhouse applications and
could be an alternative for existing systems.

6.2.5.3 CPVT-integrated solar greenhouses

Overheating of solar cells is one of the major setbacks in CPV modules
due to their high values of concentration ratios, which can reach higher
than 100. Therefore, a permanent cooling mechanism is required to avoid
damage to the modules. The integration of thermal modules with CPV
units offers significant thermal and electric power as outputs [122–124].
The CPVT modules, using both reflectors or concentrating lenses, bring
two main advantages: (1) they are compact and therefore can be easily
installed on roofs, and (2) they provide acceptable outputs even under
poor weather conditions. A greenhouse with an innovative design and
integrated with linear Fresnel lenses was developed by Sonneveld et al.
[125]. In their proposed system, a CPVT collector, including a tracing
system to position the PVT modules, was mounted on the roof of the
greenhouse (Fig. 6.26). The results reported the generated electricity as
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FIG. 6.26 (A) Linear Fresnel lenses and PVT modules integrated into a greenhouse hood,
and (B) The solar greenhouse integrated with the CPVT module [125].

CPVT module Greenhouse

FIG. 6.27 The experimental setup of the greenhouse integrated with a CPVT module
[126].
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29kWh/m2/year with a thermal yield of 518MJ/m2. They claimed that
the proposed CPVT system can be used as a unit to control the tempera-
ture as well as to provide lighting inside the greenhouse.

The energy potential and economic feasibility of a greenhouse inte-
grated with a CPVT module were investigated by Hussain et al. [126].
In this case, two CPVT collectors, one with and the other without a
glass-reinforced plastic envelope, were considered (Fig. 6.27). The results
indicated that the glass-reinforced CPVT had better efficiency and a lower
heat loss compared with the standard one. The results also indicated that
using a CPVT collector to supply the required heat for the greenhouse led
to a significantly discounted payback period (DPP) and life cycle
saving (LCS).
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6.2.6 Solar-powered crop protection systems

6.2.6.1 Solar-powered fencing

Each year, there are a number of losses in agricultural products due to
animal menace and human interference, which impacts many farmers’
revenue and can cause major rescission in the agriculture sector. One of
the favorable techniques due to its practicality is the use of solar-powered
prohibitive fencing to the farms to protect them from animals and tres-
passers [127]. This low-cost technology is based on nonlethal electric
shocks, in which the object experiences high-voltage low-current shocks
supplied in a pulsating pattern. Solar PV technology is usually implemen-
ted in this protective system to provide the main power, especially in
remote regions where power network access is limited at the farm loca-
tion. As shown in Fig. 6.28, electricity is generated from solar energy
via the PV cells and charges the battery. The battery unit stores electric
power for operations at night or cloudy days. The converter unit (ener-
gizer) is the heart of the system, and produces a different range of voltage
pulses depending on the type of animal, fence length, vegetation load, and
power source [129]. In order to induce an effective shock, an earth system
is necessary to complete the circuit powered by the energizer where the
current passes through the wires reaching the animal and returns back
to the energizer via the ground.

Several models have been developed by scientists with different
solutions for a wide range of animals. In a new design developed by
Gandhimathi et al. [130], GSM (Global System for Mobile Communica-
tions) modems were incorporated with a solar fencing system to provide
manual operation for shock production based on photoelectric sensor
detection.
Solar PV
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High-voltage Low-current 
converter  
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Ground

FIG. 6.28 Schematic view of PV-powered fencing used in farms, adapted from [128].
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6.2.6.2 Solar-powered bird repeller

In situations where birds cause significant crop damage, this species
becomes detrimental to human beings and must be hampered before
any catastrophic crop losses. Different techniques have been tested
throughout history to control birds, especially in farms where old
methods included scarecrows, hawk kites, colored lights, lasers, flashes,
chemicals, etc. [54]. However, recent studies suggest new techniques that
implement sounds to make birds uncomfortable and avoid the environ-
ment. Therefore, solar-powered bird repellent devices are designed to
take advantage of available solar energy to power an electric device that
makes distress calls through a speaker and irritates birds to keep farms
safe [131]. In a typical solar bird repeller, as shown in Fig. 6.29, electricity
is generated through the PV panels and then charges the battery, which
supplies an amplifier, a speaker, and a convertor in which voltage is
downgraded to power an MP3 player. In this process, domestic bird
predator calls are loaded to the MP3 player where the amplifier
increases the signal level for the speaker [54]. Ogochukwu et al. [132]
proposed an ultrasonic bird repeller that worked in the range of
15–25kHz to disturb birds with four piezo transducers (Fig. 6.29A).
They reported that the device was successful in driving birds from
the area while it took 5–6seconds to cover one hectare. In another
attempt conducted by Muminov et al. [133], an effective bird repeller
system was developed using three sonar sensors and a microcontroller.
This configuration has emerged after several experiments reported the
fact that pest birds can get used to the same played sounds and not be
scared. Therefore, in this design, a special sound (like a gunshot sound)
was loaded in addition to bird predator calls. The system was pro-
grammed to play the uncommon sound if the first and repeated sound
didn’t affect the pest bird.
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FIG. 6.29 Solar-powered bird repeller device: (A) Schematic view of an audible model
[54], and (B) photo of an ultrasonic type [132].
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6.2.6.3 Solar-powered light trap

The growing concern over the extreme use of pesticides for many crops
drives public opinion toward other integrated pest-management tech-
niques. The application of solar light traps has become a promising
method with significant outcomes in pest control [134]. In addition to
remarkable portability, this device promotes smooth operation in any
field location and can be used for a vast variety of pests [135]. In a typical
design, UV LED bulbs are used as the illumination source to attract insects
showing sensitivity to the UV wavelength. Solar panels coupled with a
battery unit are mainly incorporated to provide supply power with stor-
age ability for at least 8h. The entire device provides an eco-environment,
energy-saving, and effective solution compared to the alternative
choices [136]. In most designs, a funnel with collecting tubes is placed
below the UV light (Fig. 6.30A) while other models such as the one devel-
oped by Sermsri et al. [138] implement an electric trap to shock pests lured
to the LED, as shown in Fig. 6.30B.
6.3 Conclusions and future prospects

Similar to other sectors, agriculture has been faced with the problem
of growing usage of fossil fuels, along with its rising dependence on
energy-intensive activities that limit this sector to be sustainably
expanded to meet global food demand, which is affected by climate
change and volatility in fuel prices. Considering the high energy
demand with the implications of a higher carbon footprint in agricul-
tural activities, the necessity for the adoption of renewable energy
sources in farm communities seems vital. The main conclusions of the
current chapter on the usage of PV technologies in agriculture are sum-
marized below:

• The application of PV technologies in agricultural farms is quite diverse
and has tremendous potential for mitigating carbon emissions and
bringing further profitability to the business.

• The development of several hybrid technologies brings further
innovation and flexibility in the on-farm use of PV technologies,
especially PVT systems for dairy farms, water heating, drying,
greenhouses, and desalination systems.

• More cost-efficient solutions with cheaper energy storage options are
required to further improve the uptake of PV technologies. This should
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FIG. 6.30 Solar-powered light traps: (A) The model (with funnel) used in the Brinjal field
[137], and (B) the model (with electric wire mesh) implemented in a coconut farm [138].
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be possible with a unified legislative, political, social, and economic will
for a sustainable future.

According to the literature, the main benefits and challenges of inte-
grating PV technologies with agricultural activities are presented in
Table 6.1. It is clear that further research and development, both techno-
logically and socioeconomically, are required to accelerate PV adoption in
the agriculture sector.



TABLE 6.1 Benefits and challenges of PV usage in agriculture.

Benefits Challenges

• Sustainable and environmentally
friendly with a zero-carbon footprint.

• PV cells heat up during energy
conversion and due to solar irradiation.
This reduces their efficiency, requiring
efficient cooling solutions.

• It can easily be used in hybrid with
conventional technologies to minimize
unreliability and maximize advantages.

• Unpredictable source of energy,
requiring thermal and/or electrical
storage options.

• The system is literally noise-free in
comparison with conventional systems
as there are minimal moving parts.

• Compared to conventional fossil-fuel
technologies, the investment cost is
considerably high.

• No logistical mismatches between the
generation and consumption of solar
energy.

• High pay-back times with a low benefit-
to-cost ratio.

• Especially suited for remote isolated
areas typical of agricultural zones with
no access to fossil fuels or local power
grids.

• Maintenance concerns, especially
cleaning PV panels, require water, which
is already scarce in arid zones.

• It can be adapted in many versatile
combinations with hybrid technologies
specifically suited to the application.

• Efficiencies and energy output are low
and are highly dependent on many
external factors, making the system
unreliable.

• With technological advancements and
rampant research in this sector, the unit
costs are lowering with massive
improvements.

• Usually associated with small-scale
applications. Operation control and
optimization are major research areas at
the moment.
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7.1 Precision agriculture (PA)

The origin of precision agriculture (PA) is traced back to the late 1980s
with early applications in industrial manufacturing. Based on the defini-
tion presented by Blackmore [1], PA is a systems approach with the final
goal of decreasing decision uncertainty through better understanding of
the reasons for variabilities and the management of uncontrolled varia-
tions in agricultural fields.

In today’s world, agriculture has faced increasing challenges in several
areas such as water availability, resistance to agrochemicals, and environ-
mental protection. In this regard, PA can definitely address a part of these
challenges through deploying automation and sensing technologies [2].
Meeting production and sustainability challenges in the future of agricul-
ture entails the integration of existing and to-be-developed PA technologies
into crop production systems, including cultural practices, equipment,
weather prediction, farm management, etc. Agricultural productivity has
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been substantially increased over the years through mechanization and
automation. Rapid progress in agricultural science and technology has
become the main driving force for the deployment of robotics and automa-
tion in this sector [3–5].

Research and development in PA over the years has resulted in the adap-
tion of information and communication technologies for farming systems,
which makes this approach the technical core of the information-intensive
farms of the future [6]. The advent of robotics and autonomous systems
(RAS) provides the opportunity to develop a new generation of flexible
agricultural equipment and to decrease inputs in more efficient ways by
using robotic technologies and intelligentmachines [2].Globally, automated
conventional machinery and agricultural robotics are considered key solu-
tions for performing field operations (e.g., planting, spraying, weeding,
harvesting) in the most efficient, precise, and productive way to increase
farmyieldswhileminimizing environmental impacts [7].Moreover, robotic
platformswith the ability to collect sensory data in the field can further pro-
vide information about soils, crops, seeds, livestock, water use, and farm
equipment. Additionally, some advanced analytics and low-cost automa-
tion techniques such as wireless sensor networks (WSNs) and the Internet
of Things (IoT) have already started to assist farmers in analyzing data on
weather, soil, temperature, moisture, etc., and give them better insights
that can help to optimize yield and to improve planning [2].
7.1.1 Robotics and intelligent machines in agriculture

In recent years, automation techniques, smart sensors, and agricultural
robots (ag-robots) have achieved remarkable success in farm applications
and have attracted much interest, which has led to the development of
more rational and adaptable machinery [8]. Research and development
in robotics is still evolving and undergoing changes because of ongoing
developments in sensors, reduction in equipment costs, and development
of novel control algorithms [9].

The concept of precision autonomous farming (PAF) pertains to auto-
matic agricultural machinery operating safely and efficiently without
human interference to properly perform agricultural tasks [10]. For vari-
ous farm operations, two major tasks must be carried out simultaneously
by an autonomous mobile robot (AMR), normally performed by an oper-
ator: (1) steering the vehicle, and (2) operating the equipment. Therefore,
eliminating the continuous adjustments performed by an operator for
steering is the main reason behind the development of autonomous nav-
igation systems (ANSs), which have been employed in agricultural
machinery including tractors, cultivators, planters, harvesters, etc. [4].
The safe operation of autonomous vehicles in the field requires real-time
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risk detection and obstacle avoidance strategies [11, 12]. There are differ-
ent types of technologies that can assist agricultural robots entering the
field; some of them need to be developed while others have already been
employed and need to only be adapted for use in agricultural environ-
ments. Among them, two major techniques are artificial intelligence (AI)
and machine learning [13].
7.1.2 Autonomous navigation systems (ANSs)

The navigation task in agricultural AMRs is defined as the autonomous
and safe guidance of robots in agricultural environments by considering the
position of the robot and the detection of existing obstacles in the surround-
ing area [14]. The autonomous navigation concept revolves around the cal-
culation and implementation of the necessary motions of an autonomous
agricultural vehicle covering all targeted crops in a specific cultivation area
with the help of task-specific actuation or sensing systems [15]. Four main
components of the ANS are navigation sensors, computational methods, path
planning, and control strategies. Fig. 7.1 shows the navigational system based
on the interactive communication between the robot’s perception that hap-
pens in the sensing process and the control process in the actuators.

The most common sensors used in automatic guidance are global nav-
igation satellite systems (GNSS), infrared sensors, machine vision, light
detection and ranging (LiDAR), and ultrasonic sensors. The implementa-
tion of LiDAR andmachine vision can help in positioning the vehicle near
the crop (e.g., in harvesting activities) [17, 18]. The use of GPS navigation
has become nearly widespread in agriculture with the deployment of RTK
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FIG. 7.1 Block diagram of the perception-actuation process in a navigation system [16].
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(real-time kinematic) providing accuracy to centimeters for the automated
positioning of large farm vehicles such as tractors and combine harvesters.
However, in some applications, the accuracy of relative positioning and
navigation is more important than absolute positioning [14, 19]. In the sit-
uation of simultaneous operation of several fully autonomous vehicles in a
shared land, two main challenges in path planning are optimal routing and
obstacle avoidance. In optimal routing, collisions with static and dynamic
objects must be avoided while traveled distance and environmental
impact should be minimized. In one of the obstacle-avoidance methods,
steering control and avoiding obstacles are performed by utilizing local
data related to the vehicle’s environment. In optimal routing, fiberoptic
gyro (FOG) sensors, GNSS, and accelerometers are utilized to compute
position and orientation while establishing the steering angle and moni-
toring the vehicle’s clutch and brake position are performed using rotary
encoders and proximity sensors, respectively [20, 21]. Different control
strategies for steering are based on fuzzy logic (FL), neural networks
(NNs), proportional-integral-derivative (PID), feedforward PID (FPID),
and genetic algorithms (GA) [4, 14].

Automatic guidance and steering control systems for tractors and farm
machinery are quite mature and have been commercialized for about two
decades. John Deere has introduced a guidance and steering control tech-
nology called AutoTrac that employs the NavCom StarFire GNSS guid-
ance system. The StarFire guidance system provides a range of
accuracies for positioning using satellite broadcast correction information
or RTK positioning, enabling �2.5-cm positioning accuracy (Fig. 7.2A).
Additionally, a terrain compensation module (TCM) has been employed
in guidance systems, in which the precise ground positioning is provided
by using sensors that measure the roll, pitch, and yaw of the vehicle. The
RTK differential corrections can be broadcast using a mobile RTKmodem
(Fig. 7.2B) [22].

The Advanced Farming System (AFS) developed by Case IH and Pre-
cision Land Management (PLM) of New Holland utilizes guidance sys-
tems (AccuGuide, AutoPilot, and Intellisteer) that offer diverse GNSS
receiving units and satellite differential correction services available from
Trimble and Omnistar (Centerpoint RTX and Rangepoint RTX) [17].
Recently, Case IH announced a proprietary RTK correction service (AFS
RTK+) in the United States and Canada that implements an RTK base sta-
tion network in which corrections can be broadcast through a mobile
phone network (Fig. 7.3). The AutoPilot apparatus enables direct integra-
tion within the tractor electrohydraulic system to control steering [17].

The hydraulic steering system of the GPS PILOT S3 developed by
CLAAS has the potential to be compatible with various kinds of machines
such as tractors, combine harvesters, and forage harvesters. This steering



FIG. 7.2 (A) Combine harvester equipped with an AutoTrac system using a GreenStar
2630 Display to run the guidance system and a host of other precision farming applications,
developed by JohnDeere and (B)Mobile RTK corrections using 3G/4G communications [17].
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FIG. 7.3 Case IH dealer network RTK correction service [23].
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system also offers the ability for use in an automatic steering wheel called
GPS PILOT FLEX. This technology reflects precise steering performance
and creates good versatility. Being assisted with RTK correction, GPS
PILOT FLEX yields flexible and accurate operation [17]. A number of dif-
ferential GPS correction signal options can be found with CLAAS systems
consisting of satellite broadcast signals (EGNOS, OMNISTAR HP/XP/
G2); BASELINE HD, which exploits a mobile reference station; and
RTK systems utilizing RTKNET, which can provide corrections by means
of a mobile phone network [24]. As shown in Fig. 7.4, (1) signals transmit-
ted by GPS satellites are delivered to the machine and the RTK network,
(2) a correction signal from networked reference stations is calculated by
the central server, (3) the mobile phone network enables the machine to
receive the high-precision RTK correction signals, and (4) both signals
are converted to the steering signals by the GPS PILOT.

Machine operation and path planning include systems that improve
coordinate implement and tractor operations. In this regard, Headland
Management Systems (HMS) have been introduced to reduce operator
fatigue [17]. Steering assistance within the headland is offered by a few
manufacturers with precise alignment in accordance with the next move
such as iTEC developed by John Deere and TURN-IN systems developed
by CLAAS, which demonstrate path planning capability. Onemore prom-
ising technology compatible with autonomous vehicle operation is known
as implement guidance, which properly positions the implement with a
proportional response to the variations in loads on slopes [25]. TrueGuide
FIG. 7.4 Differential GNSS corrections associated with RTK NET, developed by
CLAAS [24].
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and TrueTracker implement guidance systems used in Case IH’s PLM and
New Holland’s AFS developed by Trimble are other products. The True-
Guide provide a passive implement guidance operating in combination
with the tractor guidance system. TrueTracker as an active implement
guidance system employs hydraulic mechanisms installed on the imple-
ment as well as terrain compensation to form independent implement
guidance [17].
7.1.3 Agricultural robots (ag-robots)

The ag-robots move in a challenging, dynamic, and semistructured
agricultural environment to perform different field operations.
Ag-robots can be classified into two broad categories: manipulators and
unmanned ground vehicles (AGVs). There are two major classifications for
ground robots: self-propelledmobile robots and robotic smart implements
that are conveyed by a mobile machine [15]. Self-propelled mobile robots
come in a wide range of sizes and designs. Conventional self-propelled
agricultural machinery, including tractors, combine harvesters, and
sprayers, has been robotized using GNSS and autoguidance systems,
which were described in the previous section (Fig. 7.2A).

Fig. 7.5A shows an autosteered harvester developed by Kinze and a
fully autonomous tractor operating as a grain cart puller for unloading
the harvester. Case IH and John Deere have developed autonomous
(A) (B) (C)

(D) (E) (F)

FIG. 7.5 (A) Autosteered harvester developed by Kinze and a fully autonomous tractor
operating as a grain cart puller for unloading [15], (B) Autonomous cab-less tractor, developed
byCase IH [26], (C) Autonomous cab-less tractor, developed by JohnDeere [26], (D) BoniRob: a
multipurpose weeding robotic platform for farm applications [27], (E) Lettuce-weeding robot,
developed by Blue River [28], and (F) Autonomous seed sower, developed by Small Robot
Company [29].
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cab-less tractor robots that are matchable with common cultivation imple-
ments (Fig. 7.5B). Bear Flag Robotics has also developed a driverless auto-
mation kit for tractors and implements that enables farmers to affordably
retrofit their existing vehicles with this technology [30]. These robots are
primarily designed for energy-intensive farm operations such as plowing,
planting, spraying, and harvesting while other smaller and self-propelled
robots have been developed for operations that demand low power,
including scouting and weeding (Fig. 7.5D). Additionally, robotic smart
implements have been developed for various applications, and some of
them have been already commercialized for farm applications such as
transplanting and mechanical weeding. Blue River Technologies employs
computer vision and robotics technologies to build smart agriculture
equipment introducing see and spray technology. The company has cre-
ated farming machines that can zero in on just the crops that need pesti-
cides, decreasing overall chemical usage (Fig. 7.5E) [28]. Small Robot
Company presents robots with the ability to seed and supervise every
individual plant in crops. These intelligent robots are designed to perform
feeding and spraying based on the state of each plant, applying appropri-
ate levels of nutrients and support with minimum waste (Fig. 7.5F) [29].

Manipulator-type ag-robots are mainly used in food processing, dairy,
horticulture, and the orchard industry [2]. For instance, soft grippers are
used for the selective harvesting of mushrooms, sweet peppers, tomatoes,
raspberries, and strawberries. In open fields as well as greenhouses, there
are complementary tasks in harvesting where manipulators can play an
important role. Currently, researchers are developing robotic arms inte-
grated with cameras to identify the three-dimensional (3D) location of
fruits to assist in automated harvest [7].

Automated grasping and manipulation introduce a number of unique
challenges compared to other sectors due to the significant variations in
natural size and shape between examples of the same product as well
as the heterogeneous positions and fragile nature of the agriculture prod-
ucts (e.g., during harvesting) [2]. An apple vacuum harvesting robot has
been developed by Abundant Robotics that employs LiDAR to steer along
the rows of trees, andmachine vision to detect ripened apples, then gently
suck and pick them off the trees (Fig. 7.6A). This robot can eventually be
adapted to harvest other fruits [31]. Sweeper has developed a sweet pep-
per harvesting robot for use in commercial greenhouses. It has been aimed
to perform in a single stem row cropping system when the crop has non-
clustered fruits and little leaf occlusion (Fig. 7.6B) [32]. Soft Robotics has
designed and built a new generation of robotic grippers that has flexibility,
plug and play, and repeatability, which enables them to be employed in
industrial applications (Fig. 7.6C). The Soft Robotics System includes soft
robotic grippers and a control unit with the ability to adjust variables
including size, shape, and weight, all by one device [33].
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FIG. 7.6 (A) Apple vacuum-harvesting robot, developed by Abundant Robotics [31],
(B) Sweet pepper harvesting robot, developed by Sweeper [32], and (C) Robotic grippers
and the control unit, developed by Soft Robotics [33].
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In addition to ground ag-robots, unmanned aerial vehicles (UAVs),
generally known as drones, with time- and labor-saving features are also
used in farm applications. Agriculture drones are semiautonomous
because they have to fly according to a specified flight path in terms of
waypoints and flight altitude. Therefore, a positioning measurement sys-
tem must be embedded onboard [34, 35]. The UAVs can carry different
sensors required for studying crop-related parameters, including themost
common optical sensors such as RGB, multispectral, and hyperspectral
cameras. In addition to digital data collection, drones can also perform
aerobiological sampling above the farm fields for pest recognition at the
early stages of infestation. UAVs are categorized as fixed-wing airplanes
and rotary-motor helicopters [35, 36]. An agricultural drone called
AgDrone has been developed by HoneyComb. This drone is equipped
with an autopilot system called the AgDrone System, allowing the drone
to fly itself (Fig. 7.7).

Automation and robotics have changed the face of agriculture at a rapid
pace. In this regard, several companies have started transitioning from the
conventional farming industry to a modern, advanced, and automated
agricultural environment. Despite recent progress, most of the developed
agricultural robots have not been commercialized yet due to the specific
technical and economic requirements of agricultural tasks. For this pur-
pose, the development of more versatile and robust robots is required.
FIG. 7.7 The AgDrone developed by HoneyComb [37].
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7.2 Utilization of PV systems in PA

Productivity in agriculture primarily depends on energy, water, and
land resources. In the past, energywas extremely inexpensive and agricul-
tural operations consumed large amounts of energy for their rapid devel-
opment. Continuous increases in fuel and electricity prices as well as
necessities for substantial reductions in greenhouse gas (GHG) emissions
have created the need for improvements in farming energy efficiency. In
this regard, the exploration of alternative energy sources and their use in
agriculture has received remarkable attention.

At present, nearly all agricultural vehicles and equipment run on petro-
leum products. The progress in agricultural automation and mechaniza-
tion has increased the energy demand of modern agricultural activities.
Therefore, employing renewable energy sources can decrease the energy
consumption of this sector without compromising the performance [38].
Solar energy is themost abundant and reliable source of renewable energy
that can be considered as a secure and sustainable alternative for use in
various industrial and domestic applications. The integration of solar
energywith agricultural activities points to the fact that this sector is ready
for technological advancements [39]. Photovoltaic (PV) technology is one
of the fast-growing power generation methods around the world with the
obvious advantages of being sustainable and eco-friendly. Nowadays, PV
electricity generation technology has become a high priority option in
energy policy strategies at both the national and global scales [40, 41]. Pho-
tovoltaic systems are more cost-effective, especially in distributed gener-
ation settings compared with electricity grids or diesel generators, with
the most operational feasibility in remote locations, ranches, orchards,
and other similar agricultural environments [38, 42]. Apart from PV sys-
tems being renewable with no carbon emissions, their main benefits in
agriculture are their low operation and maintenance costs, modular
nature, long life, and reliability.
7.2.1 Solar-powered ag-robots

There are extensive opportunities to implement solar-powered robots
in agricultural fields to perform different farm applications, including
plowing and seeding, spraying and weeding, fruit harvesting, etc. Today,
most ag-robots run on batteries and electricmotors. Therefore, the integra-
tion of solar PV modules with farm robots would be a feasible option. The
use of solar PV energy entails the use of efficient electric motors with the
benefits of simpler structure, higher performance, and lower costs [43, 44].

Several companies around the world have focused on the design and
development of smart weedingmachines using digital cameras to provide
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FIG. 7.8 Solar-powered autonomous weeding robot [45]: (A) Schematic view, and
(B) Photo of the robot.
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large-scale field images and find rows of crops by adopting machine
vision techniques to perform weeding operations. In this case, solar-
powered spraying and weeding robots would be a sustainable and low-
cost solution to fulfill spraying and weeding tasks.

The Swiss company ecoRobotix has developed a solar-powered fully
autonomous spraying robot for weeding of row crops, meadows, and inter-
cropping cultures (Fig. 7.8). The robot positions itself by using a camera
and an RTK GPS receiver. The vision system of the robot helps to follow
the crop rows and detect weeds in and between the rows. Then, the
detected weeds are systemically targeted and a microdose of herbicide
is applied by the arms of the robot. The robot’s speed is adapted by the
concentration of weeds, and therefore, the most performance is achievable
in a low tomoderate concentration at a reasonable speed. Themain advan-
tage of this robot is that it can be fully controlled and configured by using a
smartphone. The maximum surface area that can be covered by the robot
is 3ha/day and 10ha/week. The robot has the best performance in soils
that are not too wet or viscous under a wind speed of less than
60km/h at ground level [45]. The robot’s lab testing and its performance
in a field are shown in Fig. 7.9. ecoRobotix has also developed the solar-
powered ARA Phenomobile scouting robot and the AVO weeding robotic plat-
form, which are expected to enter themarket by the end of 2021. The scout-
ing robot is a lightweight fully autonomous platform for use in scouting
and phenotyping applications. The solar power supply makes the robot
energy-autonomous even on cloudy days. Like the previous weeding
robot, this robot orients and positions itself by RTKGPS navigation equip-
ment (Fig. 7.10). A smartphone application is used to locally control the
robot and to load the appropriate navigation path [48]. Also, the robot
is equipped with an adjustable payload arm to suspend any sensor at
an adjustable height compatible with different crop heights.
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FIG. 7.9 (A) Lab testing of the robot’s vision and weed control system [46], (B) the robot
working in a sugar beet field in Switzerland [47], and (C) The robot arm placing a microdose
at the right spot [45].

Mast payload with 
adjustable height

(A) (B)

Lower payload
max envelope

Solar power

PV panels

Navigation by GPS 
and sensors

Electric drive

FIG. 7.10 Solar-powered ARA phenomobile scouting robot [48]: (A) schematic view,
(B) photo of the robot.
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The solar-powered AVO is a precision weed control platform intro-
duced by ecoRobotix equipped with rechargeable batteries and designed
for use in planned fields and row crops (Fig. 7.11). Depending on available
solar radiation, the battery recharge, and terrain conditions, the robot can
treat up to 10ha/day with more than 90% less herbicide used due to its
capability of centimeter-precise detection and spraying. Combining
RTKGPS positioning and visual navigation provides a high degree of pre-
cision, minimizing crop roll over. The platform is equipped with a four-
wheel drive system that enables the robot to operate on slopes commonly
encountered in cultivated crops. The platform can be used for both full
surface and spot spraying. The spraying tool consists of 52 equidistant
nozzles on a height-adjustable spraying ramp. The AVO robot can be con-
trolled and monitored through the ecoRobotix mobile app while its mis-
sions are defined via the desktop web app [49].

AgBotII is an autonomous solar-powered ag-robot designed by the
Queensland University of Technology (QUT). The AgBotII can detect,
classify, and destroy weedswith an accuracy ofmore than 90% usingmul-
tiple sensors, software, and electronic devices. It can be controlled by a
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computer, tablet, or smartphone app. The robot can also be used to execute
fertilization and seeding. The farmer can interact with the robot by a vir-
tual globe software interface and a radiofrequency remote for both auton-
omous and manual controls according to the need. The key feature of this
robot is its capability of weeding with either mechanical or herbicide tools
(Fig. 7.12). Its main drive unit contains a 5kW, 48VDC electric motor with
an efficiency of 75–85%, which is coupledwith a two-stage planetary gear-
box to induce motion at the favorable speed between 5 and 10km/h. Two
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battery packs in parallel arrangement provide a 10.5kWh electric storage
unit that can supply 7–11h of autonomy for the robot [51]. The batteries
can be charged when the robot is docking with the solar charge station,
as shown in Fig. 7.12B.

AgBotII employs two quad-core Intel i7 computers, one for navigation
and the other for perception purposes. The robot’s software has been
developed based on the robot operating system (ROS) instruction, which
Implement unit
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FIG. 7.12 Solar-powered AgBotII weeding robot [50]: (A) Robot’s major assemblies, and
(B) The robot docking with the solar charge station.



RGB camera

IMU rates

GPS position

Mechanical 
implements

Spray 
implements

Weed 
detection

Weed 
classification

Implement  
trigger

FIG. 7.13 The simplified block diagram of the AgBotII weeding system software. Adapted
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is divided over two computers. During weeding, the weed is sensed using
the RGB camera and an image-processing computer. The weed classifica-
tion determines the species from the image of the weed, and then the sys-
tem chooses and operates the appropriate weeding implement at the right
time [51]. The main stages of weed treatment performed by the AgBotII
are shown in Fig. 7.13.

Inspired by the ladybird beetle, researchers at the Australian Centre for
Field Robotics (ACFR) at the University of Sydney proposed Ladybird as a
versatile and modular robot for use in the vegetable industry. Being an
omnidirectional robot, Ladybird has the power requirements provided
by an embedded bank of batteries and solar energy (Fig. 7.14A). The
rechargeable batteries can perform for 7–9h a day while solar panels
can operate persistently on clear days. The platform has amultimodal sen-
sor suite consisting of hyperspectral, thermal, infrared, panoramic vision,
stereovision with strobe, LiDAR, and GPS, allowing for autonomous nav-
igation and crop perception [53] A spherical camera along with forward-
and rear-facing LiDAR enables the robot to avoid obstacles and detect
(A) (B)

FIG. 7.14 (A) Ladybird on a beetroot crop inCowra,NSW, and (B) RIPPAon a lettuce crop
in Lindenow, VIC [52].

https://doi.org/10.1109/ICCAIS.2017.8217588
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crop rows, whereas an RTK GPS/INS assists in map-based farm traversal.
The hyperspectral line-scanning, stereo vision, and thermal infrared cam-
eras provide crop sensing, where a Nuvo-3005EI7QC computer employ-
ing an Intel Core i7-3610QE CPU and 16GB RAM is used for computing
and processing [54].

RIPPA (Robot for Intelligent Perception and Precision Application) is
another solar-powered autonomous weeding robot developed in ACFR
at SydneyUniversity, Australia, for use in the vegetable production indus-
try. In comparison with the Ladybird, the RIPPA’s platform arrangement
has been revised to provide a lighter design while it is also more robust
and convenient to operate [53]. Solar energy is collected by PV panels
mounted on top of the machine and a 7h battery life ensures the RIPPA’s
24h autonomous operation 7 days a week (Fig. 7.14B). VIIPA (Variable
Injection Intelligent Precision Applicator) has been mounted on RIPPA
to be applied as a weed control technique by autonomous spot spraying
with a high operating rate and direct application of fluid at the microdose
level [55]. Mechanical weeding is performed using RGB camera imagery
and deep learning detection algorithms for identifying weeds and apply-
ing a force using a steel tine to disrupt weeds [52].

Vitirover, a small solar-powered autonomous mower robot, is the out-
put of the Vineyard Vigilant & INNovative Ecological Rover (VVINNER)
project cofunded by the European Commission within the framework of
the Competitive and Innovation Program. The robot has been designed for
permanent performance in vineyards not only to mow but also to monitor
the vineyard by recording appropriate data, which can then assist in risk
management and decisionmaking (Fig. 7.15A). The Vitirover operates at a
speed of less than 500m/h and very close to the vine stocks (distances less
than 2cm) with no risk of damaging the plants on slopes up to 30% [59].
All the Vitirover robots are equipped with GPS and sensors to manage a
predefined landscape. The robot can operate in all large grassy plots such
as PV farms, orchards, parks, and large gardens. It can be controlled by the
user through a smartphone app or a computer interface. Due to integra-
tion with a PV panel with optimized power management, it can work
(A) (B) (C)

FIG. 7.15 (A) Vitirover in New Zealand [56], (B) VineScout trialed at Quinta do Ataı́de
[57], and (C) Tertill: the solar-powered weeding robot for home gardens [58].
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in the vines during all the growing seasons with no requirement for a
recharging base [60]. VineScout is a solar-powered robot developed to
monitor key vineyard parameters. By using theGPS andmounted sensors,
it can find its track among the rows of vines with no need for a human
operator [57]. The VineScout is empowered by electric batteries while
the onboard sensors and other software are supported by the electricity
supplied from the PV panels integrated into the vehicle (Fig. 7.15B).
The robot’s autonomous improved navigation system enablesmoving fas-
ter withmore safety through the rows. The robot can also generatemaps at
night, thus broadening its work capacity. Solar electricity is able to ener-
gize the batteries designed for propelling the robot while on the move,
enabling VineScout to navigate a significant range in the field [61].

Tertill is another small solar-powered autonomous weatherproof robot
developed for home gardens. It searches for small weeds and attacks them
in two ways; (1) as it moves and turns in the garden, the robot’s wheels
scrub the soil, damaging weed sprouts and preventing them from emerg-
ing, and (2) weeds that do emerge are cut down by a spinning string trim-
mer. Tertill spends its time permanently in the garden for either weeding
or collecting energy from the sun (Fig. 7.15C). Charging the battery is pos-
sible by using the USB charging port on the robot’s underside. The robot
uses this power to drive around the garden and avoid rocks, plants, and
obstacles taller than 2.5 cm. The robot is equipped with a four-wheel drive
system to help navigate relatively smooth terrains such as soft soil, sand,
andmulch. Tertill’s smartphone app lets the user check its status remotely
and provides a way to update the software on the robot. Bluetooth tech-
nology provides a wireless connection between Tertill and the app run-
ning on the smartphone [58].

FarmBot is a 100% open-source CNC (computer numerical control)
autonomous precision farming tool used to take care of a garden plot.
FarmBot can simultaneously cultivate a variety of crops in the same area.
All FarmBots are driven by fourNEMA 17 steppermotors, amicrocontrol-
ler called Farmduino, and a Raspberry Pi 3 computer. The three-axis robot
employs linear guides in three X, Y, and Z directions, allowing seed injec-
tors, watering nozzles, sensors, and weed removal equipment to be posi-
tioned precisely (Fig. 7.16A) [62]. The robot can be controlled from a
computer, tablet, or smartphone through a web app, giving the capability
for remote management of the garden. By using the drag-and-drop web-
based interface, 33 different common crops can be chosen to be grown and
therefore, gardens can easily be designed and customized. An advantage
of FarmBot is that it can alternatively be derived using solar power
(Fig. 7.16B). The FarmBot comes in two different models, Genesis and
Express. The FarmBot Genesis is designed to be used for experimentation,
prototyping, and hacking while FarmBot Express is designed for those
who want to get a setup with customization options [63].
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FIG. 7.16 FarmBot precision farming tool [62]: (A) the physical structure, and (B) FarmBot
powering with PV modules.
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7.2.1.1 Solar-powered robotics in agrophotovoltaics (APV)

Agrivoltaics or agrophotovoltaics (APV)a refer to the simultaneous use
of agricultural lands for food production and PV power generation
(Fig. 7.17). Enabling a large increase in land-use efficiency, APV opens
the door for substantially expanding PV capacity while preserving fertile
a Details of the APV concept are presented in Chapter 6.



FIG. 7.17 APV system of Fraunhofer ISE at Lake Constance, Germany [64].
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arable land for agriculture [65–67]. In recent years, APV technology has
experienced dynamic development, spreading to almost all regions of
the world. The installed APV capacity increased from almost 5MWp in
2012 to at least 2.1GWp in 2019, with government subsidy programs in
Japan, China, France, the United States, and South Korea [65, 66].

In 2019, the Fraunhofer Institute for Solar Energy Systems (ISE) pro-
posed a concept to integrate methods of artificial intelligence and robotics
for automatic field analysis and processing into an APV system (APV-
BOT). The concept is based on FarmBot, with the difference being that
the FarmBot approach focuses on small-scale applications for domestic
use without simultaneous PV power generation [68], but the APV-BOT
takes advantage of the mounting structure of an APV system that allows
for scaling up the FarmBot approach by facilitating the installation of a
rail-fixed CNC system (Fig. 7.18A). According to the proposed concept,
a gantry robot enables the cultivation of various types of crops, allowing
for a maximum level of intercropping (Fig. 7.18B). Through an integrated
analysis of plant growth and environmental parameters, the concept also
includes dynamic tracking of the PV modules to adjust to the light
demands of cultivated crops. An algorithm allows for optimizing the ori-
entation of the PV modules regarding agricultural and electrical yields.

Unlike the above-mentioned solar-powered robotic approaches, the
APV-BOT concept represents a fixed and typically on-grid installation
that does not rely on any autonomous navigation. In contrast, all planting,
cultivating, spraying, harvesting, andweeding activities are steered by the
automated control of the CNC system. Further, the APV-BOT produces
much more electricity than those needed for the CNC steering system.



FIG. 7.18 (A) Concept of CNC-controlled field cultivation, and (B) plant classification
from a bird’s-eye view [69].
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From the perspective of APV technology, the APV-BOT represents an
appealing option to reduce the cost of the mounting structure because
apart from the gantry robot, nomachinery employment is required, which
allows for lowering the vertical clearance of the APV system.
7.3 Solar-powered electric tractors

7.3.1 Electrification of farm tractors

Currently, most agricultural vehicles are powered by internal combus-
tion engines (ICEs), which heavily depend on fossil fuels. Electric engines,
as alternatives, can be employed in farm vehicles in which the electricity
demand can be supplied from various renewable energy sources such as
wind, solar, and hydro [70]. ICEs are among the most economical ones in
the world but have lower efficiency and more complex maintenance in
comparison with electric motors, so that the efficiency of ICEs can reach
amaximum of 45%while an electric motor can achieve an efficiency about
95% at the same operating condition. The use of electric powertrains
allows for higher fuel efficiencies and flexible torque-speed control over
the mechanical and hydraulic ones, with more adaptability to PA activi-
ties. The ISOBUS, a communication protocol for high-voltage power elec-
tronics controlling networks on agricultural machinery, also enables
advanced torque and speed controls in these machines [71, 72].

According to the Society of Automotive Engineers (SAE), the hybrid
electric vehicle (HEV) is a vehicle in which the propulsive power is pro-
vided by both fossil fuels and rechargeable electricity storage systems
[72]. Depending on the hybridization range, there are varieties of electric
propulsion systems such as micro, mild, full, or plug-in hybrid electric
vehicles, and according to the architecture of the drivetrain, they are
classified into serial, parallel, and combined (power-split) hybrid
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configurations [73]. In other designs, in order to save energy, there is no
need for ICEs and the EV uses electric power as the only source to move.
Both battery electric vehicles (BEVs) and fuel cell vehicles (FCVs) lie in this
category. In FCVs, hydrogen can be the primary energy stored in a specific
tank and the fuel cell system operates as an energy conversion unit induc-
ing the electric motor. Fig. 7.19 shows a range of electric propulsion
systems.

A full hybrid EV demands electric power around 30–50kW with a bat-
tery capacity ranging from 1 to 2kWh. In addition, plug-in hybrid electric
vehicles (PHEVs) usually employ an electric motor demanding higher
power, which lies between 30 and 80kW,where the battery capacity varies
between 3 and 10kWh [73]. Detailed descriptions for all the above-
mentioned configurations are presented in Refs. [72–75]. Because there
are large varieties of propulsion systems, the most appropriate ones must
be selected according to the requirements for specified applications. Three
main infrastructures for widespread use of EVs are the source of electricity,
batteries, and charge stations. Solar electricity generation from PV systems
can provide security against interruptions of limited supply and instabil-
ities of power grids.

Despite the advantages of EVs, their utilization is still beyond expecta-
tions. One reason is the energy storage because the specific power of gas-
oline is around 10,000Wh/kg, which is not comparable with the 150Wh/
kg reported in the best Li-ion battery. The high values of specific power
lead to desirable acceleration, efficient regenerative braking, and fast
charging. The charging time for batteries is the most important factor; it
must be short enough in EVs to make them compatible with conventional
ICE vehicles. Another important reason is battery cost, where one-third of
the EV’s cost is devoted to the battery [75, 76]. At present, the most widely
used energy storage systems are electrochemical batteries with the most
FIG. 7.19 Various electric propulsion systems in comparisonwith a conventional one [73].
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dominant and reliable technologies of Pb-acid, Ni-MH, and Li-ion. The
Li-ion batteries are more preferable because they are more energy-
efficient, powerful, and lighter. The other types of Na-NiCl (ZEBRA)
and Zn-O2 can also be utilized in which the Zn-O2 employs mechanical
charging as an alternative to common electric charging. However, the
three main drawbacks of batteries are: (1) limited energy capacity, (2)
lengthy charging time, and (3) finite charging cycles [77]. Other alternative
energy storage systems aremechanical energy storage that uses flywheels,
electrostatic storage that is possible by using ultracapacitors, and hydro-
gen tanks, but none of them can be cost-competitive with batteries [72, 75].
Table 7.1 presents a comparison of the above-mentioned energy storage
systems.
7.3.2 History of emerging electric drives in farm tractors

In 1954, International Harvester Company introduced the Electrall fea-
ture as an offer on Farmall 400 tractors to electrify operating farm equip-
ment and accessories. The Electrall implemented a device to electrocute
insects in the field at night [78]. The first fuel cell tractor in the world
was built in 1959 by Allis Chalmers. The tractor was equipped with
1008 alkaline fuel cells, connected in 112 units containing nine cells each
arranged in four banks, which could supply the required power to run a
20 horsepower direct current (DC) motor [79]. In the late 1990s, Schmetz, a
Dutch farm equipment dealer, proposed a tractor equipped with an
TABLE 7.1 Comparison between various energy storage systems used in EVsa.

Energy

source

Specific energy

(Wh/kg)

Specific power

(W/kg) Cycle life

Cost

(US$/kWh)

Lead-acid 35 150 700 150

Ni-MH 70 220 1500 1500

Li-ion 130 350 1000 2000

ZEBRA 110 150 1500 700

Zn-O2 200 100 1 (electric
fuel)

5000b

Flywheels 40 3000 5000 20,000

Ultracap 5 2000 500,000 25,000

a The fuel cells are excluded because they depend on hydrogen tank characteristics.
b It needs an expensive system to recover Zn anodes.

Adapted from Dixon J. Energy storage for electric vehicles. Proc. IEEE Int. Conf. Ind. Technol.; 2010. p. 20–25.
https://doi.org/10.1109/ICIT.2010.5472647.
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electric generator-motor located between the diesel engine and the trans-
mission. The tractor exhibited the ability of infinitely variable speed trans-
mission using electrical drives that employed no hydraulic mechanism. In
early 2000, the universities and institutions in Germany, in association
with Fendt (AGCO), also called MELA (Mobile Elektrische Leistungs-
und Antriebstechnik), presented electric driven auxiliaries as a response
to tractor electrification challenges [78]. In 2002, the Agricultural Industry
Electronics Foundation (AEF) established the ISO11783 (ISObus) standard
to boost the adjustable interaction between tractor and implements of any
producer [80]. The NH2, a hydrogen-powered tractor, was released by
New Holland in 2010. The fuel cell of the NH2 generates about 106HP
and its electric motor is powered to run on a hydrogen tank [79]. Fendt,
the Germanmanufacturer of agricultural equipment, showed its first elec-
tric tractor, model e100 Vario, at the Agritechnica fair in Hanover in 2018
[81]. A chronology of hybrid electric farm tractors is depicted in Fig. 7.20.
In recent years, a number of farm machinery manufacturers have devel-
oped several hybrid and fully electric tractors. Recently, advancements
in electrification and digitalization have emerged in farm tractors and
some companies such as AVL, John Deere, Case IH, Fendt, Autonomous
Tractor Corporation (ATC), Ztractor, Electric Tractor Inc. (ETi), etc., have
proposed some technical solutions in the development of fully automated
electric tractors. Over the next few years, if new technologies are lever-
aged, the basic layout of conventional farm tractors is expected to be
significantly changed.

https://doi.org/10.1016/j.egypro.2019.04.002
https://doi.org/10.1016/j.egypro.2019.04.002
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FIG. 7.21 (A) A solar-powered tractor with onboard PV integration [82], (B) The electric
tractor (Solectrac) charged from an installed 10kW solar array (offboard PV integration) [83].
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7.3.3 PV-integrated charging methods

Chargers can be classified into two main groups, inductive and conduc-
tive. The inductive charger has no contacting surface and a magnet is used
to transfer the power. Although this coupling brings convenience to
drivers, it has not achieved a highly efficient level yet. The conductive
charger is a conventional device that induces power through contacting.
The two most widely used methods to supply power for electric vehicles
are onboard and offboard integrations [75]. In the PV-integrated offboard
charging method, the PV panels are mounted at fixed locations on speci-
fied charging stations or roofs of buildings while in the PV-integrated
onboard charging method, PV modules are mounted on the vehicle either
to assist in propulsion or to run a specific EV application. Fig. 7.21A shows
a solar-powered tractor with onboard PV integration. Some constraints to
the onboard PV charging systems are related to size, space, weight, and
cost while off-board PV charging stations are less complex in design with
fewer weight constraints andmore available installation spaces and tilting
options (Fig. 7.21B) [84, 85].

The PV-integrated offboard charging systems can be grid-connected or
stand-alone. In grid-connected charging stations, the system shifts to the
utility power network if PVpower is not available. In these systems, a bidi-
rectional inverter is employed that works as an inverter if the power
flow is from the PV array to the grid, and acts as a rectifier if the power
flow is from the grid to the battery embedded in the EV [86]. In the
stand-alone configuration, the electricity generated by the PV array is uti-
lized as the power source of the batteries because no utility power is
used. A battery bank or energy storage unit (ESU) is used to eliminate
the intermittent availability of solar energy. In this way, the excess power
generated by the PV array is stored in the batteries, and can then be
utilized to charge the batteries embedded in the EVs under low-insolation
conditions [85]. Typical setups for stand-alone and grid-connected
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PV-integrated charging systems are shown in Fig. 7.22. It should be men-
tioned that batteries can also be employed in grid-connected PV systems
in the way that the charging system empowers the battery and transfers
the surplus power from the PV array to the grid simultaneously within
peak sunshine periods while the battery can be charged from the grid
when solar radiation is not sufficient or available [85].
7.3.4 Development of solar-powered farm vehicles

A solar-assisted plug-in hybrid electric tractor (SAPHT) was developed
by Mousazadeh et al. [87] for the farm’s low power demand applications.
In their project, nearly 18% of the daily power utilized by the SAPHT was
provided by an onboard PV array while the remaining portion was sup-
plied by the power grid. The six standard farm implements, including the
moldboard plow, the row crop planter, the trailer, the boom-type sprayer,
the grain spreader, and the cutter-bar mower, were mounted to the
SAPHT to determine the operating range of each implement (Fig. 7.23).
The results of the field tests indicated that a single-bottom moldboard
plow and a two-row planter can work consistently for 4h/day using a
16.5kWh valve-regulated lead-acid (VRLA) battery pack while a standard
mower, sprayer, and fertilizer can perform for 3.2h/day, 3.6h/day, and
3.4h/day, respectively. They also reported that with using this battery
pack, the SAPHT can pull a two-ton weighted trailer with a speed of
25km/h for 2h on asphalt, at a speed of 18km/h for 2.5h on a sand road,
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FIG. 7.23 Field operations of the SAPHT [87]: (A) spaying, (B) grain spreading,
(C) pulling, and (D) plowing soil.
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and at a speed of 9km/h for 3h in a farm field. It was concluded that the
operating hours can be extended with the implementation of batteries
with higher capacity and energy density with the same weight.

In the RAMseS (Renewable Energy Agricultural Multipurpose System
for Farmers) project, the potential of using a prototype battery-powered
electric vehicle (BPEV) charged by a solar PV array (10kWp) in the South-
ernMediterranean regionwas investigated (Fig. 7.24) [88]. In this project, a
10kWp solar PV array was installed in a 50-ha agricultural area located at
Achkout, Lebanon. The PV array was composed of 72PV panels where the
maximum power point, maximum power voltage, and maximum power
current were 138Wp, 18.2VDC, and 7.59A, respectively. The battery stor-
age unit, with a total capacity of 112.8kWh, constituted 24 lead-acid bat-
teries with a capacity of 2350Ah and a cell voltage of 2V. The BPEV had a
mass of 1750kg, a load capacity of 1000kg, a main motor power of 12kW,
an auxiliary motor power of 12kW, and a maximum torque of 200Nm,
and could easily be switched between two-wheel drive and four-wheel
drive. The results from the technical test undertaken by IBMER
(Institute for Building, Mechanization, and Electrification of Agriculture)
in Poznan, Poland, indicated that the PV-powered BPEV can only be used
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FIG. 7.24 (A) Solar BPEV operates spraying, and (B) Installed PV array with an average
daily power rate of 4.5kWh [88].
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for light-duty agricultural tasks, making full replacement of the fossil fuel-
powered tractors with PV-BPEVs impossible. They concluded that electric
energy storage systems with faster charging and extensive lifespans must
be offered to assist in the development of PV-powered EVs.

Solectrac has developed 100% battery-powered electric tractors, pro-
viding an opportunity for farmers to supply the required power from
solar, wind, and other sources of renewable energy. The Solectrac tractors
can accept all Category 1–540rpm PTO (power take-off ) implements,
incorporating a 26-kWh onboard battery pack that provides 3–6h of run
time depending on the load [89]. The integrated battery management
system (BMS) automatically protects the batteries during charging and
discharging. Two types of electric tractors, eUtility and eFarmer, are
presented by this company. The eUtility tractors are ideal for use in vine-
yards, livestock operations, commercial greenhouses, hobby farms, etc.
In this type, inefficient hydraulic actuators have been replaced by linear
ones tolerating 1000 lbs. of dynamic load and 3000 lbs. of static loads
(Fig. 7.25A). The eFarmer tractors employ a simple joystick to control
steering and speed, allowing for easy navigation between row crops
(Fig. 7.2B) [89].
7.4 Solar-powered wireless sensor networks

7.4.1 Wireless communication technologies

The PA encompasses an interdisciplinary concept of agriculture inte-
gration with information technology, assisting in crop yield and quality
increase. Crop yield monitoring with a share of 61.4% is the most widely
used PA technique among the others. In this regard, different technologies
such as information and communications technology (ICT), sensor and
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FIG. 7.25 Solar-powered electric tractors (Solectracs) [89]; (A) eUtility model, and
(B) eFarmer model.
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information processing technology, and geographic information systems
(GIS) have been employed in agricultural activities to increase profitability
and decrease the labor force [90]. The adoption of sensors in agriculture
can assist in real-time data collection by measuring several important
parameters, including ambient temperature, soil moisture, soil nutrition,
atmospheric humidity, luminance, water level, etc. The collected data can
then be transferred through a wireless sensor network (WSN) and ana-
lyzed. Farmers can also remotely monitor their crops and equipment by
using their computers or smartphones and take immediate action [91].
In this regard, WSN, as the second largest network after the Internet,
can help to improve overall efficiency. The use of Internet technology
and WSN will create a basis for usage of the Internet of Things (IoT) [92].
7.4.2 Wireless sensor network (WSN)

A wireless sensor network (WSN) consists of a wireless ad-hocb net-
work including several sensor nodes (motes) that are used to sense, mea-
sure, and collect information from the surroundings, where they can be
deployed to control actuators. A sensor node is comprised of four major
components: the power unit, the sensing unit, the computing unit, and the
communication unit [91, 93]. The nodes sense the ecological phenomena
in real,time, which are then converted to digital signals and processed
and stored in the computing unit. The processed and stored information
is shared with other nodes or the end user through the communication
unit [94]. The sensor nodes have the ability to communicate to the
server/base station or together as centralized and decentralized architec-
tures regarding different topologies such as mesh, star, etc. The schematic
diagram of a typical WSN and its components is shown in Fig. 7.26. As
b In ad-hoc networks, there are no fixed routers and the nodes can be positioned arbitrarily.
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shown in the figure, a WSN usually consists of multiple sensor nodes and
a gateway node.

The features of theWSNs are their convenient application, scalability to
large sizes, node mobility, and resilience. These networks are more recep-
tive to information from a physical phenomenon than from a single sen-
sor. Therefore, the failure of a node will not be influential on the whole
network [95]. In agricultural applications, WSNs are generally classified
into two main types, terrestrial and underground. In terrestrial WSNs
(TWSNs), sensor nodes are deployed above the land surface to help in
evaluating land conditions. In underground WSNs (UWSNs), sensor
nodes are deployed inside the soil in an agriculture field for real-time sens-
ing and monitoring of soil conditions [91]. According to the application,
power consumption, band frequency, distance, and data rate, there are
different technologies in WSNs for efficient data communication, includ-
ing ZigBee, Bluetooth, Wibree, Wifi, GPRS, and WiMAX (Table 7.2).
7.4.3 Internet of things (IoT)

The IoT refers to a low-power and low-cost network of physical objects
instrumented with embedded electronics, sensors, software, and network
connectivity, enabling data transmission between the objects. In these net-
works, the processed information is transferred to a cloud computing unit
though a gateway to be processed and stored, and can then be utilized for
decision making (Fig. 7.27) [96, 97]. The main goals of using IoT networks
in agriculture are improving efficiency as well as increasing accuracy and



TABLE 7.2 Different available communication technologies for WSNs [91].

Specifications

Technologies

Zigbee Bluetooth Wi-Fi

GPRS 2G/

3G/4G WiMax

Standard IEEE
802.15.4

IEEE
802.15.1

IEEE
802.11a,
b,g,n

– IEEE 802.16.
a,e

Frequency
band

2.4GHz 2.4GHz 2.4GHz 2.4GHz 2.4GHz

Range 10–100m 100m 32m Coverage
area of GSM

30miles

Data rate 20Kbit/s
to
250Kbit/s

1Mbps 11–54mbps 5–100kbps/
200kbps/
0.1–1GB

50–100Mbps

Power
consumption

Low Medium High Medium Medium

Cost Low Low High Medium High

Modulation/
protocol

DSSS,
CSMA/
CA

FHSS,
GFSK

DSSS/
CCK,
OFDM

SNDCP, LLC OFDM

Security 128bits 64 or
128bits

128bits 128bits 160bits
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profitability. The most common agricultural applications of IoT systems
are livestock monitoring, automated irrigation, soil sensing, and weather
monitoring [98].

As an example, IoT sensors can be installed to collect the ambient and
soil moisture data to be applied in an automated irrigation system to pre-
vent over- and underwatering of crops. Another example is the use of an
IoT-based livestock monitoring system to ensure that animals are being
appropriately fed and cared for [99]. The main communication technolo-
gies in IoT alongwith the frequencies and distances that they can cover are
presented in Table 7.3. More details about these communication technol-
ogies can be found in Ref. [100].
7.4.4 Energy harvesting techniques for WSNs

Amain constraint of WSNs is the limited battery capacity of the sensor
nodes. Until now, several techniques have been developed to address
this problem, which is mainly based on two strategies of using energy-
efficient schemes and energy-harvesting methods. In this regard, various
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techniques for harvesting energy have been introduced that allow sensor
nodes to capture a number of energy sources such as solar energy,
mechanical vibration energy, wind energy, etc. (Fig. 7.28). These types
of energies are directly converted to electricity to provide the required
power for the sensor nodes [94]. The harvested energy can be stored in bat-
teries for later use. For example, the batteries of the sensor nodes can be
charged by solar energy during the day when adequate sunlight is avail-
able and then the stored energy can be utilized during the night. To
increase energy efficiency, the sensor nodes can enter restricted sleep
periods to decrease power consumption when the batteries have low
residual energy [94, 101].
7.4.5 Applications of solar-powered WSNs in agriculture

Solar energy through PV power generation technology can be har-
nessed in agricultural practices using WSNs. In this method, solar cells
are utilized to provide extended, clean, and sustainable energy for sensor
nodes [94]. Although solar energy is intrinsically time- and season-
dependent, it remains one of themost feasible sources of energy for imple-
mentation in WSNs through a power management mechanism [101]. The
most common devices in WSNs for storing solar energy are disposable
lithium batteries, which limit the widespread use of these sensors. At
the moment, the novel power supply techniques in autonomous wireless
sensors are supercapacitors and rechargeable batteries. The three main
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Technology Standard

Downlink/

uplink Range (m)

Operating

frequency

(MHz)

Year of

discovery

RFIDa Wireless 100kbps 2 0.125–5876 1973

IEEE
802.15.4

6loWPAN 250kbps 30 826 and 915 2003

Z-Waveb Wireless 100kbit/s 30 868.42 and
908.42

2013

LTEc 3GPP, LTE,
and 4G

100Mbps 35 400–1900 1991

LoRad Wireless 0.3 37.5
(kb/s)

3000–5000 169, 433,
and 868
(Europe)
and 915
(North
America)

2012

NFCe ISO 18092 106, 212, or
424Kbits

> 0.2 13.56 2004

UBWf IEEE 802.15.3 11–55Mbps 10–30 2400 2002

M2Mg Open to All
Communication
Protocols

50–150Mbps 5–20 1–20 1973

6loWPANh Wireless 250Kbps 30 915 2006

a Radio-frequency identification.
b Zensys wave.
c Long-term evolution.
d Longrange.
e Near field communication.
f Ultrawide band.
g Machine to machine.
h IPv6 low-power wireless personal area network.
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FIG. 7.28 Energy-efficient schemes in agriculture for WSNs [94].
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components of a solar PV system to powerWSNs are solar cells/modules,
control circuits, and batteries [102, 103].

A solar-power automated irrigation system was proposed by Pooja
et al. [101] for use in remote areas. The system consists of two main parts,
a solar pumping system and an automatic irrigation unit. Solar panels
were utilized to charge a battery as a power supply for a motor, which
was controlled by a sensing circuit (Fig. 7.29). In this study, a network
of sensor nodes was used to collect soil humidity and temperature data,
which were transmitted to a remote station. The authors concluded that
PV power for irrigation is more affordable in comparison with traditional
energy sources for small and remote field applications.

Zhang et al. [104] developed a wireless monitoring node using solar PV
panels equipped with an automated tracker to be applied to a paddy field
environment. In their work, some parameters including moisture, tempera-
ture, pH,water level, and light intensitywere captured by the nodes from the
field environment.Whenprocessingwasdone, the collected informationwas
uploaded to remote monitoring software via a GPRS module (Fig. 7.30). The
use of an automatic tracker for solar PV panels made it possible to achieve
high efficiency. The solar panel and battery were coupled to a controller
where the battery was charged by the PV panel during the day. The authors
claimed that the proposed node could accomplish precise data transmission
while the solar power supply met the power demand of the system.

In another study carried out by Vasisht et al. [106], a low-cost IoT plat-
form called FarmBeats was developed. The system could perform data
collection from various types of sensors including cameras, drones, and
soil sensors. The system was comprised of a solar-powered IoT base sta-
tion and an intelligent gateway to confirm the availability of services in the
cloud (Fig. 7.31). The authors claimed that the developed platform
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supported high bandwidth sensors using TV white space (TVWS) as a
low-cost and long-range technology. They deployed the system in two
farms and reported that it was already used by farmers for precision agri-
culture, including animal and storage monitoring.
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A novel intelligent solar energy-harvesting (ISEH) system was pro-
posed by Li and Shi [103] for WSNs. The system was composed of three
main components, a solar PV panel, a lithium battery, and a control circuit
(Fig. 7.32). The system employed a maximum power point tracking
(MPPT) circuit to achieve the highest efficiency for the PV panels. The har-
vested solar energy could be stored in a battery to operate the IoT nodes
when sunlight was not available. They claimed that the proposed system
was a low-power device that could be implemented using low-power
equipment, which made it suitable for outdoor-based wireless sensor
nodes in the IoT.

Chieochan et al. [107] developed a small IoT-based off-grid solar cell
system as an auxiliary power unit in a smart-scale Lingzhi mushroom
farm. For this purpose, an IoT system with voltage and current sensors
was employed to measure and monitor the solar cell charging voltage,
the charging current of the battery from the solar cells, and the battery cur-
rent loading transferred to the fog and sprinkler pumps, as shown in Fig.
7.33. All solar cell information was collected in a Blynk cloud service. The
Blynk app assisted in real-time monitoring of the current and voltage var-
iations by creating a time-series graph. The results revealed that employ-
ing a solar system is economically viable only in remote areas with no
access to grid electricity. In addition, the authors claimed that the integra-
tion of the IoT with voltage and current sensors promoted the perfor-
mance of the solar cell system as an alternative power resource for
smart farming applications.

Table 7.4 summarizes some recent studies carried out onWSN applica-
tions in agriculture using PV technology as the energy-harvestingmethod.
The literature shows that solar-powered WSNs have been used in diverse
agricultural activities, including automated irrigation, soil sensing,
weather monitoring, etc. Farmers prefer to integrate PV systems with
WSNs due to their simple installation and efficient performance when
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FIG. 7.33 Concept layout of the IoT for a solar cell systemwith Blynk. Adapted from Chieochan O, Saokaew A, Boonchieng E. Internet of things (IOT) for

smart solar energy: a case study of the smart farm at Maejo University. 2017 Int. Conf. Control. Autom. Inf. Sci., vol. 2017- Janua, IEEE; 2017. p. 262–7. https://doi.
org/10.1109/ICCAIS.2017.8217588.

https://doi.org/10.1109/ICCAIS.2017.8217588
https://doi.org/10.1109/ICCAIS.2017.8217588


TABLE 7.4 PV-powered WSNs utilized in agricultural activities.

Wireless

“device Sensors/actuators Application Main findings Reference

GPRS/3G Wind speed and direction, temperature, humidity,
rain gauge, water, and pH levels

Weather
monitoring

• The battery support for sensor node
operation was limited to 7 days.

Nguyen
et al. [108]

nRF24L01
IEEE
802.11b/
g/n (Wi-Fi)
and
cloud
computing

Air temperature, wind speed and direction, leaf
wetness, soil moisture, air humidity, rain volume/
fertilizers or spraying chemicals
and watering system

Precision
agriculture
applications

• The proposed system has an
acceptable efficiency;

• The system’s structure is a little
complex;

• The architecture is suitable for use
in a wide range of PA activities.

Khattab
et al. [109]

GSM
module/
LoRa

Soil temperature andmoisture, air temperature and
humidity, and light intensity/alert messages

Automation in
greenhouse

• The system has been optimized for
large-scale applications;

• To measure environmental
parameters, the module empowers
the module;

• Multiple parameters can be shown
on a mobile application.

Ilie-
Ablachim
et al. [110]

Wi-Fi/
GSM
modem

Soil moisture, humidity, and temperature Automated
irrigation

• PV power is more affordable for
microirrigation systems;

• PV power is cost-competitive for
small, remote irrigation
applications;

• Precise utilization timingmakes the
systemmore efficient and low-cost.

Pooja et al.
[101]

Continued



TABLE 7.4 PV-powered WSNs utilized in agricultural activities—cont’d

Wireless

“device Sensors/actuators Application Main findings Reference

Wi-Fi/
GPRS
module

Temperature, soil moisture, pH, illumination, and
water levels

Monitoring in a
paddy field
environment

• The proposed node can perform
accurate data transmission;

• The PV power supply can meet
power requirements.

Zhang
et al. [104]

Wi-Fi and
cloud
computing

Soil humidity, pH, and water levels Automation
system for soil
sensing

• The developed system is affordable
and easy to install in the field;

• The system can deliver accurate
results with good prediction
capability.

Navulur
et al. [111]

Wi-Fi/4G
modem

Soil moisture and temperature, light intensity,
relative humidity, ambient temperature, carbon
dioxide, solar radiation

Automation of
agricultural
activities

• The network exhibited an average
83% enhanced lifetime with
reduced costs;

• The system benefited from
optimized sleep time, consuming
less power for sensor nodes;

• Solar-powered sensor nodes can
provide a longer lifetime for the
network.

Heble
et al. [96]

Wi-Fi/
GPRS
module

Soil moisture and temperature Automated
irrigation and
remote farm
monitoring

• The developed Agribot has a better
performance compared to fixed
automation devices;

• The Agribot requires less hardware
for farm monitoring and irrigation
compared to a fixed system.

Rahul
et al. [112]
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the availability of solar radiation is sufficient. In addition, solar PV sys-
tems provide a long-term source of power for sensor nodes, which makes
the whole network self-sustained.
7.5 Conclusion

PV power technologies facilitate energy access, especially in rural areas
and remote communities. In recent years, the implementation of PV sys-
tems in agriculture has shown rapid progress, but still more theoretical
studies and practical explorations considering both technical and econom-
ical aspects are required to make this integration a success. Although PV
systems are confirmed to be employed as an alternative for supplying
power requirements in smart and precision farming activities, the high
investment costs remain a barrier to the widespread deployment of PV
technology in this sector. This situation becomes worse when an off-grid
PV system is employed because utilizing electric energy storage systems is
mandatory in this configuration. Particularly, in some applications,
depending on the types and configurations of the PV systems, using
hybrid power generation units containing both PVmodules andwind tur-
bines or other available renewable-based subsystems can assist in making
the whole integration more feasible and affordable.
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8.1 Introduction

Water is themost vital substance on this planet, and it plays a vital role in
nearly all aspects of human life and the ecosystem [1].Allwater onEarth can
be found in the oceans, seas, rivers, undergroundwaters, etc.Water exists in
three states, liquid, solid, and vapor, which are commonly found in the soil
and top layersof theEarth’s crust [2, 3]. Current estimates are that theEarth’s
hydrosphere contains 1386million cubic kilometers.However, about 96.54%
of this amount is salinewater, and only 2.53% is freshwater [2, 4]. More than
two-thirds, equal to 68.7%, of the freshwater is frozen in polar ice caps and
glaciers in the form of ice and permanent snow cover while 30.1% exists in
the formof fresh groundwater. Therefore, only 0.3%of freshwater is directly
available to humans in lakes, reservoirs, and river systems. Intensive use of
thesewater resources disturbs the natural equilibrium established over cen-
turies and will need tens or hundreds of years to be restored [3–5].

Water scarcity is defined as the lack of sufficient quantity and quality of
availablewater resourceswithina region.Water scarcity is aglobal issueand
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is considered the primary concern to human societies as well as a barrier to
sustainable development [6, 7]. The well-known measure for evaluation of
national water scarcity in a region is the renewable water per capita per year.
As a threshold, a region is considered to be under regularwater stresswhen
the water supply is less than 1700m3 per capita per year. Currently, more
than 4 billion people are living in water scarcity regions in the world while
almost 1 billion people lack access to safe potablewater in developing coun-
tries [8, 9]. Moreover, it is estimated that about half the world’s population
will live in water-scarce regions by 2025 [7, 10].
8.2 Desalination and water security

Water security is defined as possessing a sufficient supply of water to
meet current and future demands. There are several measures to mitigate
water scarcity and therefore achievewater security, such aswater conserva-
tion,mending infrastructure, and improving thedistribution and catchment
systems [11, 12]. Although these criteria are suggested as requirements, they
can only improve the usage of existent water resources. Therefore, the only
applicable way for increasing existing water resources is desalination and
water reuse [12, 13]. Desalination is consideredwater insurance that provides
new levels of security that reduceboth the economic and social risksofwater
scarcity by reducing demands on aquifers and surface waters [11, 14].

Desalination has primarily become the most important source of water
in the Middle East, the Gulf Cooperation Council States, and North Africa
(MENA), with more than 50% of the global capacity, and some parts of the
Caribbean islands, where water is particularly scarce [15–17].

During desalination, all the salts andminerals are removed from saltwa-
ter (seawaterorbrackishwater)and freshwater isproduced[11,18]. Inrecent
years, theglobal capacityofdesalinationhasgrownrapidly,with thehighest
amount in arid nations [11]. According to the International Desalination
Association (IDA), currentlymore than18,000desalinationplantswithamax-
imum capacity of around 90mcma of the produced water per day are
operating around the world [4, 19]. In these, seawater desalination is pre-
dominant (58.9%) while the rest is allocated to the desalination of brackish
groundwater (21.2%) and other saline surface waters (19.9%) [20, 21].
8.3 Benefits and challenges of desalination

Although desalination is known as an important alternative and a
promising option in water-scarce countries, there are still several issues
facing this technology that are independent of the approach or type of
aMillion cubic meters.
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process. The main concerns about desalination technology are related to
energy demand as well as environmental and socioeconomic impacts
[22, 23]. Being energy-intensive and relying mostly on fossil fuels result
in an increase in greenhouse gas (GHG) emissions, which is the primary
constraint to the sustainable development of desalination plants [4, 15, 24].
In the case of environmental concerns, the negative consequences of desa-
lination plants can be mitigated by performing an environmental impact
assessment (EIA) and implementing environmental management plans
(EMPs) to make this technology more sustainable [23]. Therefore, with
the rising demand for freshwater, there is significant potential in the mar-
ket for alternative energy sources to drive operation of desalination plants
around the world [15, 25].
8.4 Conventional desalination technologies

The primary traditional desalination methods are classified into two
main areas, thermal evaporation andmembrane-based separation technol-
ogies [26, 27]. Thermal methods utilize heat to separate water from the salt
solution through evaporation, where the water vapor is then condensed
and freshwater is produced. The most mature thermal desalination tech-
nologies are multistage flash distillation (MSF), multieffect distillation
(MED), and vapor compression (VC) [28, 29]. Inmembrane-based technol-
ogies, the concentration gradient, electrical potential, or mechanical pres-
sure is performed as a driving force applied across semipermeable
membranes to separate the salt from the water stream. The primary mem-
brane processes include membrane desalination (MD), reverse osmosis
(RO) and electrodialysis (ED) [30, 31]. There are also other alternative
technologies such as freezing and ion-exchange, which have not reached
the commercial scale (Fig. 8.1). Regarding energy consumption, SWRO
has a specific electric power consumption of about 3–4kWhm�3 with
energy recovery while MSF and MED have a total specific energy
consumption between 10 and 16kWhT m

�3 (about 7.5–12kWhth m
�3 and

2.5–4kWhel m
�3) and5.5–9kWhT m

�3 (4–7kWhth m
�3 and1.5–2kWhel m

�3),
respectively [32–34].
8.5 Solar-powered desalination systems

Solar energy is known as the most abundant renewable energy source. It
has intensively been developed because of both governmental support
policies and remarkable improvements in the technological aspects of
utilization and the development of renewable energies [35, 36].

Solar energy is an abundant and ecofriendly source of renewable
energy with the most promising potential to drive desalination plants.
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Moreover, solar desalination has been proved to be the most viable and
affordable technique to purify salt water [37–39].

Solar energy can be utilized in solar desalination systems in both direct
and indirect methods. In direct solar desalination systems, solar energy is
directly used to produce freshwater in solar stills. Indirect desalination sys-
temsare composedof twosubsystems, including thesolar collectoranddesa-
linationunit [28, 40, 41]. Solar energy canbedirectly converted into electricity
using photovoltaic (PV) systems or indirectly through concentrating solar
power (CSP) technology [32, 42]. Fig. 8.2 shows themost feasible combination
of solar systemswith desalination processes to supply heat or electricity. The
cost of the freshwater producedbyPV-ROplants is usually estimated tobe in
the range of 7.98–29US$ m�3with the capacity between 120 and 12m3 day�1

to desalinate seawater and about 7.25US$ m�3 with the capacity of
250m3 day�1 to desalinate brackishwater [44–46]. The final producedwater
cost for PV-ED desalination systems is between 16 and 5.8US$.m�3 [47–50].
8.5.1 PV-integrated solar desalination systems

Using PV power generation systems is most beneficiary in remote loca-
tions with low power demand applications where the distribution line
costs are not reasonable [51]. PV cells are the semiconductor devices that
generate direct current (DC) electricity. Cells are then grouped into mod-
ules, with a frontal transparent glass cover, a weatherproof cover for the
back, and often a frame. The modules can then be combined to form
strings and arrays [52, 53].

PV systems are commonly classified into twomain configurations, grid-
connected/on-grid and stand-alone/off-grid systems. The stand-alone PV
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systems do not transfer power to the grid (Fig. 8.3) while on-grid
(grid-connected) systems transmit theDC electricity generated by the solar
panels to an inverter and then into thedistribution system (Fig. 8.4). Theuse
of PV-powered desalination technology is an excellent choice to provide
water for small to medium communities located in remote and isolated
areas with high availability of both solar radiation and saltwater [47].
FIG. 8.3 Schematic of an on-grid solar PV-powered desalination system.



FIG. 8.4 Schematic of an off-grid solar PV-powered desalination system.
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8.5.1.1 PV-powered RO desalination systems

Reverse osmosis (RO) systems are composed of a high-pressure pump,
pretreatment and posttreatment units, and membranes. Considering the
sensitivity of themembranemodule to fouling, the feedwater pretreatment
section has a crucial role in the durability and lifetime of RO membranes.
The operating pressure of RO systems for brackish water (BW, TDS:
1000–8000mg/L) and seawater (SW, TDS: 20,000–45,000mg/L) are around
17–27 and 55–82bars, respectively [54].

In large plants, the energy of rejected pressurized brine is recovered
through employing an energy recovery device (ERD), including Peloton-
Wheel turbines that retrieve around 20–40% of the consumed energy
[55, 56]. PV power systems could be a decent choice to supply the required
power of ROdesalination systems andmake themmore cost-effective [57].

In order to enhance efficiency and increase the amount of produced
freshwater, various studies have been conducted on the integration of
RO plants with solar PV systems. The schematic view of a typical
PV-RO desalination unit is shown in Fig. 8.5.

Wu et al. [58] optimized the size of a hybrid diesel-PV-RO desalination
plant to enhance the yield rate of freshwater and meet power demand
using the Tabu Search method. For this purpose, some consequential
parameters such as the battery bank size, the PVmodule area, and the die-
sel generator fuel consumption were optimized to achieve the minimum
life cycle cost (LCC). The results indicated that the LCC of the overall sys-
tem was calculated as 28,130 $ while the cost of the produced water was
calculated between 1.59 and 2.39 $/m3. The levelized cost of electricity
(LCOE) also ranged from 0.3975 to 0.5975 $/kWh.



FIG. 8.5 Schematic view of a PV-RO desalination system [47].
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Ahmad et al. [59] simulated the performance of a PV-RO desalination
plant and verified the results with the experimental data. They investigated
the effects of fixed and trackingpanels on the amount of absorbed insolation
by the PV modules. The membrane unit was also simulated to estimate the
feed water pressure as well as the permeate flow rate. Based on the results,
the annual permeate gain with the optimal monthly and annual tilt angle of
PV modules was calculated as 10% and 19%, respectively. Moreover, the
annual permeate gains of the PV modules with the single- and double-axis
trackers were reported as 43% and 62%, respectively.

Alghoul et al. [60] evaluated the effects of climatic, design, and opera-
tional parameters on the performance of a PV-BWROunit. They fabricated
and tested a prototype with a 2kW PV system, and for five various mem-
brane modules. The results demonstrated that the optimum load of the
RO, the type of membrane and the configuration of the plant are 600W,
400 �4000 TW30-4040, and two-stage, respectively. The system could pro-
duce 5.1m3 of freshwater for 10h in a day with 1.1kWh/m3 specific
energy consumption.

G€okçek [61] studied the performance of an RO desalination plant with a
capacity of 1m3/h integrated with different off-grid power generation
systems, including wind, PV, diesel, and battery, located in Bozcaada
Island, Turkey. They used HOMERb software to do the techno-economic
bHybrid optimization model for electric renewable.
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evaluation, and ROSAc was used to specify the energy requirements.
From the results, the electricity and water costs for the optimal state of
the system consisting of 10kW wind turbines, 20kW PV panel, and a
8.9 kW diesel generator were obtained as 0.308 $/kWh and 2.2 $/m3.
8.5.1.2 PV-powered ED desalination systems

Generally, an ED unit is comprised of some components including a
pretreatment unit, a membranemodule, a low-pressure circulation pump,
a DC power supply, and a posttreatment section. The schematic view of a
solar PV-ED system is presented in Fig. 8.6. In the ED process, the elec-
trodes that are placed in the saltwater solution container are connected
to an external DC power supply (battery or PV). The electrodes are usually
fabricated from niobium and titanium with platinum coatings. Consider-
ing the tendency of ions tomove toward the opposite charge electrode, the
electrical current is conveyed through the solution. The passing of brack-
ish water over a membrane located between two electrodes removes the
salinity of the water [62]. A decent way to make the ED desalination
method more cost-effective is integrating them with renewable energies
as the source of power. Currently, several PV-driven ED systems have
been installed throughout the world.

Ortiz et al. [63] conducted a feasibility study of using a PV-ED system
for the desalination of brackish water. They developed a mathematical
model that was able to estimate the system performance accurately.
A good agreement was achieved between the experimental and numerical
outputs. In another study, Ortiz et al. [48] investigated the feasibility of
purifying the aquifer BW (with TDS range of 2300–5100mg/L) using a
PV-ED desalination system. Also, they deployed previous mathematical
models and employed them at real conditions. The results revealed that
the cost of the desalinated water is between 0.14 and 0.23 €m�3 for irriga-
tion applications and around 0.17–0.32 €m�3 for potable water. Moreover,
the electric consumption for the corresponding applications was around
0.7–1.4kWhm�3 and 0.9–1.7kWhm�3, respectively.

Fernandez-Gonzalez et al. [64] focused on the sustainability of solar
PV-ED desalination systems considering some substantial criteria such as
energy consumption aswell as economical and social issues for a case study
of Canary Island. The energy consumption for the BWED system was
obtained as 0.49–0.91kWh/m3. A summary of some selected studies on
solar PV-RO and PV-ED desalination technologies is presented in Table 8.1.
cReverse osmosis system analysis.



FIG. 8.6 Schematic of a solar PV-driven electrodialysis system [47].
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8.5.1.3 PV-integrated membrane distillation (MD) systems

Membrane distillation (MD) technology operates based on a difference
in the vapor pressure over a microporous membrane that is hydrophobic.
The merits of this technology include the capability of using waste-grade
heat, producing high-qualitywater, and compactness. Besides, this technol-
ogy is also employed in the separation process of pharmaceutical and dairy
compounds, juices, and purification of waters contaminated with oil.
Fig. 8.7 shows a schematic view of the MD desalination technology [73].

Considering both the slow development and the high levelized cost of
producedwater,which are impediments formaturity and large-scale appli-
cation of solar-powered MD systems [74], a plethora of solar-powered MD
systems have been operated in various countries such as Spain, China,
Saudi Arabia, Singapore, Australia, the United States, and Mexico [73, 75,
76]. Owing to the fact that thermal energy is the main source of energy
to drive MD systems, most of the thermal solar collectors are integrated
with this technology, and typically the solar PVs are employed to provide
the required electricity of other accessories.

Mooreetal. [77]developedasolar-poweredMDsystemthat suppliedboth
thermal collectors andPVmodules.Their resultsdemonstrated that thewater
cost for anoptimizedstate is 85 $/m3while the cost of a 5.16 $/m3air gapMD
was reported for the other studies. Fig. 8.8 indicates the solar-powered MD
system in two configurations, assisted and stand-alone.

Typically, various solar collectors, including flat-plate collectors
(FPCs), evacuated-tube collectors (ETCs), parabolic concentrators, and
solar ponds, are common solar thermal collecting systems used to supply



TABLE 8.1 Summary of selected PV-RO and PV-ED desalination studies.

System

type Location

Methodology

Main Results Ref.Theoretical Experimental

PV-ED Heverlee, Belgium � • The ED system desalinated saltwater and producedwater
with high quality;

• The concentrate was recycled to the forward osmosis (FO)
membranes and was reused as the feed water;

• The water production cost was 3.32 to 4.92 €/m3 for a
small-scale system.

Zhang et al.
[65]

PV-ED Gran Canaria
Island, Spain

� • For a solar radiation range of 250–1100W/m2, the EDR
plant produced high-quality water;

• PV-ED is a very promising combination in terms of
flexibility, energy performance, and produced water
quality;

• The off-grid operation was feasible and presented better
working features in comparisonwith on-grid connections.

Penate et al.
[66]

PV-RO – � • Annual permeate gain of 10% and 19% with yearly and
monthly optimal tilt angles of PV modules respectively;

• Annual permeate gains were obtained as 43% and 62%
when PVmodules are connected with single- and double-
axis sun-trackers, respectively.

Ahmad et al.
[59]

PV-RO – � • 43.22% increase in electrical energy output due to the use
of V-trough concentrators on PV modules and a thermal
energy recovery system;

• 54.88% increase in the average mechanical power
transferred to the feedwater;

• Electrical power saving of 56% and 26% in the RO plant
operation with the battery bank and the PV array,
respectively.

Vyas et al. [67]



PV-RO – � • Produced water with acceptable quality under constant
solar irradiance of 400–1200Wm�2;

• Constant operation with a fluctuating energy source,
especially when additional power is available.

Richards et al.
[68]

PV-RO Bozcaada Island,
Turkey

� • Levelized cost of water for the hybrid system was
obtained $2.20/m3;

• For the system composed of wind turbines and a diesel
generator, the electricity cost was obtained as
$0.308/kWh;

• RO plant with a hybrid power system is affordable for use
in remote areas.

G€okçek [61]

PV-ED Gaza Strip � • The system reduces a carbon footprint as well as
environmental burdens of groundwater abstraction;

• The specific energy consumption of 0.82 kWh/m3 for
desalination, 1.199 kWh/m3 for pumping, a production
rate of 0.917m3/h, and a recovery ratio of 0.91 were
calculated.

Ramanujan
et al. [69]

PV-RO Delvar and
Deylam ports, Iran

� • The annual electricity production for Delvar and Deylam
ports was calculated as 72,336kW and 47,915 kWh,
respectively;

• The maximum and minimum amounts of produced
potable water for Delvar and Deylam ports were obtained
as 228 m3 and 148 m3 per day, respectively;

• For Delvar and Deylam ports, the freshwater cost was
calculated as 1.96 and 3.02 $/m3, respectively.

Mostafaeipour
et al. [70]

PV-RO – � • For double-stage plants with production of more than
5 m3/day, a 65% recovery rate was obtained;

• The use of a battery reduced the costs because the extra
cost is compensated by using fewer RO modules.

Monnot et al.
[71]



FIG. 8.7 Principle of membrane distillation technology [72].

248 8. Applications of solar PV systems in desalination technologies
the required thermal energy for MD desalination systems. The electricity
demand for these systems is also provided by solar PV systems (stand-
alone or grid-connected) [73].

Hughes et al. [78] investigated the integration of a concentrated PV
(CPV) module with a thermally driven membrane distillation (MD) sys-
tem. Achieving maximum distilled water of 3.4L/m2 h, they concluded
that although the quality and quantity of the distilled water vary with
power fluctuations supplied to themodules, it is not so significant to affect
the integration of MD systems with solar energy. In another study,
Baskaran [79] evaluated the integration of a PV-powered MD system in
India (Fig. 8.9). Their experiments revealed that the solar PV-MD system
FIG. 8.8 A view of the solar-driven MD system in: (A) The Stand-alone, and (B) The
assisted way [73].



FIG. 8.9 Schematic of a PV-powered MD desalination unit [79].
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could be a promising system to meet the freshwater demand in remote
areas. Based on the results, the PV-MD system could achieve a thermal
efficiency of up to 95% compared to 83% of conventional systems.
8.5.2 Solar distillation systems

Distillation is one of the most ancient methods used by humans to
purify water around the world. Thermal distillation causes a physical
transformation in the state of water from a heat source that can be pow-
ered by different sources of energy. Basically, in this method, seawater,
brackish water, or any other impaired water is heated at the operating
pressure to reach the boiling point and produce steam, where the steam
is condensed to freshwater in a condenser.

In conventional passive solar stills, the heat form of solar energy is ini-
tially used to raise the water temperature and provide the required energy
to change from the liquid to the vapor phase (Fig. 8.10). However, the inte-
gration of PV modules with solar stills is a novel method that has great
potential to solve some of the problems of conventional passive systems.
One of the essential needs in current advanced water production units is
electric power. Therefore, integrated PV active solar stills are predicted to
represent a better performance compared to non-PV-powered systems



FIG. 8.10 Schematic view of a simple solar still [80].
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due to additional features that different pieces of electric equipment such
as the pump, fan, shaft, etc., can bring to the operation.

8.5.2.1 Conventional solar stills

Conventional passive solar stills utilize the available solar radiation to
evaporate saline water and produce freshwater, with productivity rang-
ing between 4 and 6L/m2, which is the lowest level among all desalination
technologies. A simple solar still can purify saltwater with a concentration
up to 104 ppm [81, 82]. For this reason, scientists have paid considerable
attention to augmenting the freshwater yield, and the desired fields are
using techniques to:

• Improve water evaporation by increasing basin temperature and heat
transfer between water and basin, using capillary action and phase
change materials (PCMs), exploiting recovered heat, breaking the
surface tension, and making turbulent flow;

• Improve water condensation by decreasing glass temperature, using
forced cooling effects, and increasing condensation area.
8.5.3 Integrated PV solar stills

Solar distillation processes mainly utilize heat for evaporation while
PV modules provide electricity that can assist different distillation tech-
niques. This section provides several techniques for PV integration with
solar distillation systems.
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In order to obtain the overall thermal efficiency (ηth) of a solar
PV-powered distillation system, taking into account the solar energy used
for powering a PV module, the efficiency of power generation has to be
included in the efficiency equation as:

ηth ¼
mwhfg

Gs As +Gs Apv
(1)

where mw is the rate of water condensation (kg/s), hfg is the latent heat of

vaporization (J/kg),As is the basin area (m2),Gs is the solar energy incident
on a horizontal surface (W/m2), andApv is the area of the PVmodule (m2).

8.5.3.1 PV-based mechanical power generation

Integrated PV-powered pump

Jijakli et al. [83] proposed a solar distillation unit for off-grid areas. The
premise was to use PV modules as a power source for pumping water
integrated into a solar still. In their study, the model included a 0.57m2 sur-
face of the PV module, a 500W inventor, and a pump to feed water from
72.5m below ground level, all integrated with a conventional solar still by
1.25m3/day capacity to distillate saline water. The schematic view of the
proposed design is shown in Fig. 8.11.

They assumed that primary water is fed from the groundwater table to a
solar still using a PV-powered pump. The solar energy received onPVmod-
ules was converted to electric energy and the inventor supplied the gener-
ated power to the pump. The still also exploits solar energy to evaporate
saline water without an external power source for the desalination process.

The hydraulic power needed for water pumping in a desalination
system is a function of different characteristics that must be defined for
system design. Therefore, hydraulic sizing can be estimated using the fol-
lowing equation [84];
FIG. 8.11 Integration of a solar still with a PV system to drive a water pump [83].
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Ppump ¼ ρg h+ΔHð ÞQ
ηpηe

(2)

where Ppump (W) is the required power to pumpwater with system require-

ments, ρ (Kg/m3) is the water density, g (m/s2) is the local acceleration
due to gravity, h (m) is the total pumping head, ΔH (m) is hydraulic losses,
Q (m3/s) is the volume of the flow, ηp is the pump efficiency, and ηe is the
electric motor efficiency.
Integrated PV-powered fan

In an experimental study carried out by Rahbar and Esfahani [85] on the
utilization of heat pipes and thermoelectric modules for a portable solar
still, a black Plexiglas surface was used in the bottom side as the basin
for solar absorption where an inclined front side was used as a condenser
in addition to a horizontal plate located at the top side to distillate fresh-
water, as shown in Fig. 8.12.

The thermoelectric module attached to an aluminum plate was incor-
porated to enhance water condensation with the aid of a fan. The results
indicated that the PV module could be used to drive a 1.9W fan to cool
down the heat pipe. The system was evaluated during five autumn days
FIG. 8.12 Schematic of a solar still with heat pipe and thermoelectric module cooled by a
PV-powered fan [85].
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under outdoor climate conditions, and experimental results showed sys-
tem performance enhancement.

In addition to cooling duties, fans can also be employed particularly to
cause forced convection inside a solar still. In this case, the evaporation rate
accelerates upon the higher airspeed and consequently the yield increases.
Wang et al. [86] conducted research investigating the effect of forced con-
vection inside a humidification-dehumidification (HDH) desalination unit
using a PV-powered fan. They suggested a modification factor (F) to esti-
mate evaporation mass flow rate as:

m
evap,mod ¼ F�mevap, theo (3)

where mevap, mod and mevap, theo are, respectively, modified and theoretical

mass flow rate in kg/s. When the experimental condition is free convec-
tion, F as a function of water temperature (Two) can be obtained as:

F¼ 0:0043� exp
Two

11

� �
+ 5:818 (4)

A detailed analysis of the relation between modified and theoretical

evaporation in an HDH system may be found in ref. [86].

Integrated PV-powered vacuum pump

Vacuum pumps are one of the most energy-consuming parts of the
vacuumeddistillation process.Hamawand et al. [87] presented a laboratory
setting to introduce a new utilization of PV modules to drive a vacuum
pump. In their study, a solution was suggested to drain the concentrated
salty water from other desalination plants such as RO, where seawater is
introduced inside a double-walled glass column to be sprayed and exposed
to sunlight (Fig. 8.13). The vapor pressure inside the column was reduced
by a PV-powered vacuum pump to decrease the boiling point and, thus,
increase the evaporation rate. A chilled column with cold surfaces con-
denses vapor to recover the remaining freshwater.

In their design, a dark soluble dye was dissolved with salty water for
light absorption enhancement. They suggested that the required heat
for the evaporation process can be supplied from a number of options,
including sunlight, the heat generated by the vacuum pump, the double
glass effect, the heat generated by the PVmodules, or latent heat recovered
from the vapor. They concluded that the innovative design can produce
15kg/m2/day of freshwater in addition to the byproduct of salt.

Integrated PV-powered stirrer

Arun Kumar et al. [88] proposed a novel design of PV integration with
conventional solar stills to improve productivity. They devised a system
consisting of a still, agitators, a fan, and an external condenser. In their
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FIG. 8.13 An active vacuum solar distillation process [87].
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study, a shaft was coupled with a 4WDCmotor and a 0.45W exhaust fan,
both driven by solar PVmodules, for the agitation of water and extracting
vapor to an external condenser, respectively. In the modified basin, five
15mm blades were attached to a shaft and placed above the saline water
body to disturb the water surface and reduce its surface tension, and the
exhaust fan was placed on the top corner where the exhaust duct was
attached to a secondary condenser. In addition, cooling pipes made of
copper tubes were placed in the condenser to distillate the water vapor
(Fig. 8.14).

The agitation effect resulted in the disturbance of water in the basin and
caused an increase in the contact area between the air and water, in which
a higher evaporation ratewas achieved. In addition, due to the existence of
FIG. 8.14 (A) Schematic view, and (B) photo of a solar still with a PV-powered fan and
agitator [88].



FIG. 8.15 The schematic view of the design using PV power to drive mechanical stirrers
[89].
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an extra condenser, a portion of the vapor was carried out and cooled the
cover glass, resulting in more temperature differences with vapor. It was
also proved that an efficiency enhancement of 30.57% can be achieved
while the modified basin is more cost-effective compared to the conven-
tional designs.

In a similar study, Rajaseenivasan et al. [89] investigated the accumu-
lation effects of the use ofmechanical stirrers and the energy storagemate-
rials on the productivity enhancement of the solar still. In their design, PV
panels were employed as the power source for stirrers to accelerate the
evaporation rate. Four stirrer DC motors were positioned over the basin
and powered by a 40W solar module. Charcoal and paraffin wax were
placed below the basin and inside an insulated casing with the back of
the still for heat storage andmore thermal power in the absence of sunlight
(Fig. 8.15). The experimental data showed a 30% increase in distillate com-
pared to conventional stills as well as nocturnal freshwater output with a
maximum daily yield of 5.23kg/m2.

Integrated PV-powered scraper

The implementation of a rubber scraper was introduced by Al-Sultani
et al. [90] to obtainmaximum freshwater during the operation of a double-
slope solar still. In their design, two 12VDCmotorswere used tomove the
rubber scrapers inside the basin and underneath the glass cover to facili-
tate drop collection using channels. This wiping effect resulted in higher
solar transmittance through the glass and avoided water drops falling
toward the basin, which together accelerated the productivity.

Two DCmotors were driven using a 12V-PVmodule with the power of
200W/h incorporated with a charge controller and two 12V batteries with
the capacity of 150Ah. The scrapers’ movements were controlled by direc-
tion, time interval, and speed, which were governed by an electric control
board (Fig. 8.16). Experimental results revealed that a solar still integrated
with rubber scrapers indicates enhanced internal heat transferred plus
higher productivity compared to conventional solar stills.



FIG. 8.16 Photo of the experimental study investigated in ref. [90].
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Integrated PV-powered rotating bed

One of the novel designs is to drive a vertical rotating wick inside a still
to act as an additional evaporator surface beside the basin. Haddad et al.
[91] integrated a rotating wick belt against the rear wall of a single-slope
solar still with the basin area of 0.36m2. In order to provide rotating
motion, a DC motor, usually used as an auto window lifter, was used
and controlled with a TE233 controller for variable speed adjustment; it
was assumed that the required electric power was generated by a 25W
solar module. A motor drive and belt mechanism were implemented to
rotate the wick belt through a small slit in the rear glass, where polyeth-
ylene foam was used to prevent vapor leakage (Fig. 8.17A). The results
indicated that the design enabled an extra area for both absorber and
FIG. 8.17 (A) Photo of a solar still with PV-powered rotating wick [91], and (B) schematic
of a solar still with a PV-powered rotating bed [92].
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evaporator, which leads to higher vapor generation and consequently
more productivity. The daily productivity was also improved by
14.72% and 51.1% for the summer and winter seasons, respectively.

In a design that was proposed by Malaeb et al. [93], a PV-powered DC
motor was coupled with a rotating drum supported by bearings. The alu-
minum drum was coated black to maximize heat absorption from solar
irradiance and was wrapped as a lightweight hollow cylinder with open
ends. During operation, the drum rotated a thin water film formed around
the drum circumference, both on the inner and outer faces. The formed
water film was quickly evaporated by the high temperature of the drum
and this increased the evaporation rate (Fig. 8.17B).
8.5.3.2 PV-based thermal power generation

Integrated PV-powered electric heater

An HDH process powered by a solar PV panel was proposed by Wang
et al. [86]. In this design, a set of PV arrays was used to drive a pump for
water displacement between the tank, heat exchanger, andhumidifier. The
PV array also powered an electric heater positioned inside the humidifier
and a fan for forced convection between the humidifier and dehumidifier.
It was premised that salinewater was first preheated in the heat exchanger
by absorbing the heat from water vapor. As it reached the humidifier, the
heater increased its temperature to the desired evaporation temperature.
In the humidifier, hot water and cool air exchanged heat, and humidified
hot air was introduced to the dehumidifier through a fan-induced forced
convention. During the dehumidification process, air exchanged its latent
heat with the cold surface of the heat exchanger and produced freshwater.

AsFig. 8.18shows, a3500Wauxiliaryheaterwas fixedat thebottomof the
humidifier adjacent to a temperature sensor that monitored the water tem-
perature. A fan with 5.9m/s wind speed was fixed in the channel between
the humidifier and dehumidifier to induce forced convention. Sponge heat
insulation was used for wrapping the HDH unit to prevent any heat losses.
Results indicated that 0.873kg/m2 day of freshwater was yielded at 64.3°C
of evaporation temperature as the maximum productivity, which demon-
strated the yield augmentation after forced convection was applied.

In an experimental study, Elbar and Hassan [94] incorporated a PV
module with a modified solar still integrated with paraffin wax as the
PCM. In their system, a 200W PV-powered heater was fixed at the bottom
of the basin to provide auxiliary heat. A 155WPVmodule withAPV ¼1m2

was installed above the condenser area to play the role of solar reflector for
the still as well as a power generation unit (Fig. 8.19). Themain purpose of
using PCMwas to store heat losses from the absorber beside the excessive
heat produced by the electric heater and reuse them at night. Results dem-
onstrated that the basin temperature increased with a new integration



FIG. 8.18 Schematic view of the experimental setup [86].
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setting and this led to higher production. Also, the thermal analysis
showed that PV integration as the reflector can improve productivity
by 3.5%, PV integration as the power supplier of the heater increases
productivity by 9%, and the PCM incorporation with the PV module cul-
minates in a 19.4% increase in the daily distillate.
8.5.4 PVT-integrated solar distillation systems

In the previous section, PV-integrated solar distillation systems were
discussed and it was demonstrated that PV technology is beneficial and
would result in the economic and technical augmentation of current
FIG. 8.19 A solar still incorporated with a PV panel to modify water distillation [94].
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technologies. In this section, the incorporation of hybrid PVT collectors
with different solar distillation processes will be presented and discussed.

8.5.4.1 Integrated flat-plate PVT solar still

Singh et al. [95] proposed a system consisting of a conventional double
slope solar still and a flat-plate hybrid PVT collector to improve the pro-
ductivity of the desalination system, as shown in Fig. 8.20.

In this work, two flat-plate collectors were used with a switchable con-
nection to test different operational modes. A 40W solar panel was also
mounted on the absorber plate of one of the collectors in the way that con-
verted energy from the back of the module was utilized for water heating.
A 40WDC motor powered by a solar PV panel was coupled to the water
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FIG. 8.20 (A) Schematic view, and (B) Photo of a solar still integratedwith a flat-plate PVT
collector [95].



FIG. 8.21 Schematic of an HDH process powered by an air-type flat-plate PVT collector
[96].
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pump to circulate water from the first collector to the basin and through
the second collector. Results indicated that the production rate would be
accelerated 1.4 times more than a conventional solar still where the daily
efficiency of the still reached 17.4%. In a study presented by Giwa et al.
[96], the HDH distillation was powered by an air-type flat-plate PVT col-
lector, and governing equations were developed. In their work, it was
assumed that the generated electric power by the PV module was used
to operate the electric components of the system, including the fan, pump,
and inverter.

As can be seen in Fig. 8.21, a closed air cycle was considered in the sys-
tem where the air is fed to the insulated air gap at the bottom layer of the
PVT module using a fan. As the air passes through the channel, it cools
down the PV module and becomes heated before the interface with
sprayed saline water. In the humidifier, the air becomes saturated, and
as the outlet air passes through the dehumidifier, the cooling pipes dehu-
midify saturated air and produce fresh water.
8.5.4.2 Integrated concentrating PVT (CPVT) solar stills

Gupta et al. [97] developed a single-slope solar still integrated with
N identical fully covered CPC-PVT collectors. They arranged each collec-
tor to be connected to each other in a series configuration to provide higher
temperatures in the basin (Fig. 8.22). In the proposed setup, the saltwater
absorbs heat by passing through the CPC collectors, which increases the
evaporation rate inside the still. Then, the vapor is condensed on the
inclined glass cover while the remaining water is recirculated by a pump
powered by the PV modules. The circulating water increases the rate of
evaporation and therefore the system productivity.



FIG. 8.22 Schematic diagram of N-identical CPC-PV/T collectors coupled to a solar still
[97].

2618.5 Solar-powered desalination systems
Kumar et al. [98] developed a hybrid PVT system to augment the pro-
ductivity of the active solar still. Their study aimed to enhance the electrical
efficiency by cooling down the PVmodule and simultaneously preheating
the seawater before feeding to the basin area. A solar-powered NiCr spiral
wire was also used and placed inside the basin to raise the water temper-
ature and enhance the evaporation rate (Fig. 8.23). The novelty of their
work is dedicated to the free flow of water using spreading pipes over
the PV panel for both cooling and cleaning effects on the module.

The PV system used in this work consisted of a 0.65m2 PV panel, a bat-
tery, and a battery charge controller that supplied electric components
FIG. 8.23 Schematic view of a solar distillation unit incorporated with a cooling effect on
the solar PV module [98].
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FIG. 8.24 Schematic view of the novel concentrating distiller proposed in ref. [99].
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such as the pump, the heating wire, and two solenoid valves: one for a
periodic cooling effect on the glass cover for condensation enhancement
and one for water flow over the PV panel. Results demonstrated that
the daily yield is six times higher than conventional passive stills.

An et al. [99] used a nanofluid-based spectral splitting PVT method to
power a solar stillwith an external condenser. As shown in Fig. 8.24, the pre-
mise was to utilize the rejected heat from a PV panel immersed in the basin
using gold and silver nanoparticles with selective spectral absorption. The
PVmodule was used to operate a 3.2W centrifugal fan to convey the steam
to an external condenser for a higher distillation rate. The PV system con-
sisted of 12 mono-Si cells, which were connected in a series arrangement.
In addition, a concentrating distiller was designed with a glass cover at
the aperture areawhile reflective sheetswere placed inside the concentrator
to focus the solar radiation at different incident angles. Results demon-
strated that the implementation of nanoparticles enhanceswater productiv-
ity up to 79.9% with the major increase in the collector thermal efficiency.
8.6 PV-powered desalination plants installed around the world

Inmanyareasaround theworld, thedesalinationof seaandbrackishwater
is a common solution to alleviate increasing global freshwater shortage.

In 1986, a small unit of a PV-ED desalination plant was installed in
Tanote, Rajasthan, India. This plant consisted of a PV system with a
450Wp capacity including 42 cell pairs while the ED system was con-
structed from three stages with a produced freshwater capacity of
1m3/day with a TDS of 5000ppm. The energy consumption of the system
was calculated as 1kWh/kg of the removed salt [100].

Another solar desalination plant was installed in Spencer Valley, New
Mexico, United States. This unit included two tracking PV arrays
(1000Wp, 120V) to drive pumps, and three fixed PV arrays with 2.3kW
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and 50V to power the ED system. The energy consumption and cost of the
system were about 0.82kWh/m3 and 16US$/m3, respectively [62].

In 1996, a PV-RO desalination plant with a capacity of 1.2m3/day was
installed in Gillen Bore, Australia, by SunTec Ltd.d The required electric
power of this plant was provided by eight solar PV panels (520Wp), which
could be stored in batteries to be utilized when required [101].

In 2007, a PV-RO desalination plant within the Spanish-Tunisian cooper-
ation framework was installed in the village of Ksar Ghilène, located in the
Sahara Desert in the south of Tunisia. This plant can produce 15m3/day of
freshwater from the brackishwaterwells located in the nearby oases. It is an
autonomous solar-powered unit integrated with a PV systemwith a power
capacity of 10.5kWh, including batteries. The produced freshwater is dis-
tributed in the village through five public fountains [102].

In 2013, the renewable energy company Conergy installed the second-
largest solar PV power plant in Tunisia with a capacity of 210kW to drive
a groundwater RO desalination plant in the Ben Guardane arid regions of
theMedenine province in southeast Tunisia. The PV system covers 70% of
the desalination plant’s energy requirements. The desalination plant with
a daily capacity of 1.8 million liters of freshwater can supply the water
demand of the local population [103].

In 2017, another desalination plant sponsored by Mascara and Masdar
was confirmed with the water utility Sonede in Tunisia. It is a hybrid pro-
ject because the RO desalination plant is driven by solar panels during the
daytime, but reverts to grid power during the night. This plant can pro-
duce 1000m3 of freshwater per day [104].

In 2015, a solar PV-powered desalination plant was officially inaugu-
rated during UAE innovation week in Ghantoot, Abu Dhabi. The project
was owned by Masdar, Abu Dhabi’s company that helps in developing
renewable energy technologies in the United Arab Emirates and the Gulf
region. Also, the commercial partners were Abengoa, Suez, Veolia, Trevi
Systems, andMascara Renewable Water. Therefore, the plant was composed
of five novel pilot projects with the latest using electricity produced by an
off-grid solar PV system with a power capacity of 30kW [105].

The Elemental Water Makers Organization is a leading company provid-
ing desalination plants powered by renewable energies. The companywas
founded in 2012 with clusters in more than seven countries involved in
solar desalination projects for communities, private properties, munici-
palities, and industries [106]. In 2017, the company achieved the Moham-
med bin Rashid Al Maktoum Global Water Award, selected as the first
prize winner among 138 international companies that are active in solar
dSolar Energy Research Institute of Western Australia.



TABLE 8.2 Several projects in progress by the Elemental Water Makers Organization.

Country Start date Production (m3/day)

Indonesia December 2011 3

British Virgin Islands November 2014 12.5

Mozambique July 2016 9

Belize December 2016 5

Spain (Canary Islands) November 2017 9

Philippines November 2017 11

Cape Verde June 2018 50
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desalination. Several projects are in progress by this company, and they
are presented in Table 8.2.

In 2017, a PV-RO desalination plant with a produced freshwater capac-
ity of 80m3/day came into operation in Bora Bora, an island in French
Polynesia. In this project, the Osmosun technology, which is a seawater
desalination solution based on the integration of PV technology with
RO desalination without using batteries, was used. As a result, access
to drinking water at lower costs would be possible [107]. Therefore, this
project is completely designed to be off-grid to evaluate system reliability
in very remote, challenging conditions [104, 108, 109].

In 2018, a PV-RO desalination plant was inaugurated in Caverne
Bouteille in Rodrigues, an island located more than 580km east of Mauri-
tius. Although this region is surrounded by seawater, the residents were
forced to travel long distances to access potable water. For this reason, a
PV-RO desalination unit was built in this region by Quadran, which is a
French start-up. This plant can supply 80m3 of water per day for 2400 peo-
ple living in Rodrigues. However, the company claimed that the plant
could produce 400m3 of freshwater by running in hybrid energy mode.
The European Union, the Indian Ocean Commission (IOC), and the
French Global Environment Facility funded this project, assisting this
young company with 230 employees [107].

In 2019, a PV-RO desalination plant was officially launched in Witsand
on the southern Cape coast. It produced freshwater with a cost of only
$0.52–0.60 for 1000L, which is less than a quarter of the water cost from
the temporary desalination plant of Cape Town at Strandfontein, with a
cost of $2.62–3 for every 1000L [110, 111]. The lower costs are because
of two reasons. One is that the diesel fuel used to drive the desalination
plant is expensive while solar radiation is free, and the other is that the
Strandfontein desalination plant was temporary, under a City of Cape
Town contract for only two years. This scale economymade the produced
freshwater expensive under this contract [110].



TABLE 8.3 Selected PV-RO desalination plants currently installed around the world.

Location of installation Feedwater (ppm) Capacity (m3/day) Online year

Jeddah, S. Arabia 42,800 3.2 1981

Lampedusa, Italy SW 40 1990

Concepción del Oro, Mexico 3000 – 1993

Saint Lucie, Florida 32,000 0.64 1995

ITC Canaries Island, Spain SW 3 1998

Lisbon, INETI, PRT 2549 0.02 2000

Cress, Laviro, Greece 36,000 <1 2001

Massawa, ERI 40,000 3.9 2002

Hassi-Kheba, Algeria 3200 <1 2003

Aqaba, JOR 4000 58 2005

Baja California Sur, MEX 4000 11.5 2005

Athens, GRC 30,000 0.35 2006

Abu Dhabi, UAE 45,000 20 2008

United States BW 75 2012

Tunisia BW 1800 2013

Qatar SW 12,000 2013

Vanuatu SW 96 2013

Vanuatu SW 96 2013

Mexico BW 840 2014

Mexico BW 48 2014

Brazil BW 3600 2014

Data from Dawoud MA. Economic feasibility of small scale solar powered RO desalination for brackish/saline

groundwater in Arid regions. Int J Water Resour Arid Environ 2017;6:103–14, Ahmed FE, Hashaikeh R, Hilal N.

Solar powered desalination—technology, energy and future outlook. Desalination 2019;453:54–76. doi:10.1016/j.
desal.2018.12.002.[112, 113].

2658.6 PV-powered desalination plants installed around the world
The Osmosun technology used in the Witsand desalination plant was
developed by the French company ofMascara Renewable Water and imple-
mented byTWS-TurnkeyWater Solutions in SouthAfrica. This new technol-
ogy involves a specialized “intelligent” membrane that is able to continue
delivering reverse osmosis, even when solar radiation is reduced. The
“intelligent” membrane can “soften” the variability in the delivered solar
energy, preserving the RO membranes [110]. Table 8.3 summarizes the
PV-RO desalination plants installed around the world.

http://doi:10.1016/j.desal.2018.12.002
http://doi:10.1016/j.desal.2018.12.002
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8.7 Challenges and prospects

Solar energy-driven desalination technology has significantly grown
with steep progress in the last few years. Increasing the global desalination
capacity and the urgent need for mitigating the adverse impacts of burn-
ing fossil fuels have resulted in huge efforts to drive desalination plants
with renewable power sources. Using solar energy to power desalination
plants is a practical way to produce freshwater in several locations around
the globe. Solar desalination is especially a feasible option in remote
regions where there is either freshwater scarcity and high potential of
solar energy under a situation that there is no or too expensive accessibil-
ity to the power grid.

Solar PV-powered desalination systems are those working based on
mechanical processes that are driven by electricity generated from the
sun. Therefore, they are quite suitable to be integrated with desalination
processes that entirely or partially consume electricity such as RO, ED,
MD, and even solar distillation systems.

In general, a large part of the overall cost of PV-powered desalination
plants is allocated to PV systems. For this reason, the selection of the
proper-sized PV system is crucial. The installation site is one of the most
important parameters affecting the final costs of the produced freshwater.
A specified solar PV-powered desalination system will produce higher
electricity and, consequently, higher amounts of water at the locations
with higher availability of solar radiation. Fig. 8.25 shows the worldwide
share of different solar-powered desalination technologies. As can be seen
in this figure, a large share of the global solar-powered desalination capac-
ity is allocated to PV-RO technology.
FIG. 8.25 Desalination technologies powered by solar energy installed worldwide [28].
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Thewide application of PV-RO desalination systems remains restricted
on both the large and small scale due to high energy costs. In this case, the
following solutions are suggested to improve the energy efficiency of
these systems [114]:

• Use an algorithm that can evaluate the performance of the desalination
plant according to the installation location and the amount of available
solar radiation;

• Determine a standard variation range for some parameters, including
feed pressure, temperature, water concentration, and capacity;

• Conduct more experiments to optimize the performance of the plants to
make them more efficient and cost-effective.

Integrated PV systems: For integrated PV systems, the intermittency of
solar radiation can be addressed by using more cost-effective energy stor-
age units or batteries. This can assist in making solar energy compatible
with conventional energy sources. Energy storage allows continuous
operation regardless of insufficient solar radiation, which leads to water
productivity increments [115, 116]. It should be noted that using batteries
would significantly increase operating costs in spite of addressing insuf-
ficient solar radiation. However, several factors should be considered to
size the battery charging system such as the storage capacity of the batte-
ries, the desalination load, the PV rating requirements, the daily power
output, and the estimated size of the PV array [117].

RO desalination unit: For RO desalination systems, energy efficiency
can be improved by employing proper membrane configurations and
using energy recovery devices (ERDs). The ERDs recover the pressure
energy to pressurize the feed carried by the brine flow. This leads to a
drastic decrease in the energy demand of the PV-RO systems. However,
the use of ERDs is far from its potential for use in PV-RO systems because
further improvements are still required [118, 119].

Pressure retarded osmosis (PRO) is another solution in which the water
passes from a low- to a high-salinity solution through a membrane. As a
result, the generated power by a hydroturbine claims the energy of the pres-
surized permeate. But high-performance and affordable PRO membranes
are not available. Therefore, it can be concluded that before considering
PRO as a viable energy recovery source, more research and development
are required [120, 121].

PV-ED desalination technology is one of the most promising methods for
the desalination of brackish water. Currently, the main barriers for the
deployment of PV-ED systems are matching the intermittent output of solar
energy with the water demand, the membrane lifetime, and the solar panel
efficiency. In the case of solar-powered MD, most studies are allocated to
modeling and simulation. Therefore, there is a requirement to close the
gap between the theoretical studies and experimental works to progress
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the solar MD technology toward commercialization. However, using solar
energy to supply the required power for the desalination processes has great
potential for further performance improvements, energy savings, and cost
reductions.
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PEM
 polymer exchange membrane electrolysis

PV
 photovoltaic

SOE
 solid oxide electrolysis

rev
 reversible
9.1 Introduction

In modern society, environmental issues related to global warming have
pushed public opinion as well as scientific and industrial research to find
new energy vectors that have low or null environmental impact [1, 2].
Hydrogen represents a promising energy carrier that matches these expec-
tations [3, 4].

Hydrogen is not available in the Earth, and it may be obtained by the
conversion of other substances by many different techniques. In fact, it
may be produced by means of electrochemical processes [5–7], fossil fuel
reforming [8, 9], coal gasification [10, 11], and biomass and biological
methods [12–14]. In particular, electrochemical processes are interesting
options for coupling renewable energy sources and hydrogen production
[15–17].

The hydrogen higher heating value (HHV) is significantly higher than
that of crude oil or natural gas. The hydrogen HHV is equal to 140MJ/kg,
whereas crude oil and natural gas HHVs are equal to 45 and 50MJ/kg,
respectively [3]. Moreover, hydrogen is a good energy vector for many
applications. In fact, it exhibits high performance when used as:
(i) electric energy storage (through reversible fuel cells or fuel cells com-
bined with electrolyzers [18–22]); and (ii) fuel for vehicles [23, 24].

Another useful aspect of hydrogen is related to the fact that it may be
produced by exploiting several different sources: (i) nonfood crops and
biomass [25]; (ii) fossil fuels (mainly natural gas) [26]; (iii) nuclear energy
[27], and (iv) renewable energy sources [4, 15]. This plurality of potential
supply sources represents why hydrogen is considered a promising
energy vector for the future. Moreover, hydrogen production is scalable;
in fact, hydrogen may be produced by large centralized plants, middle-
scale plants, and small distributed plants located close to the point of
use. The use of photovoltaic (PV) energy for driving electrolysis is a prom-
ising strategy for reaching fully renewable and cheap hydrogen produc-
tion [28, 29]. This is the most important advantage of this technology.
Conversely, some issues affect this kind of technology related to electrical
matching between the electrolysis stack and the PV module, and the high
cost of the electrolyzer [30–33].

This chapter specifically focuses on the available techniques that can be
used to employ solar energy to obtain hydrogen from water.
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9.2 Electrochemical hydrogen production

The production of hydrogen from water, exploiting renewable energy
sources, is a fully renewable process [3]. It iswell known that hydrogen com-
bustion is obtained by a chemical reaction of hydrogen and oxygen. This
reaction is extremely exothermic and produces a significant amount of
energy,which canbeused fordifferentpurposes [34]. In addition, this chem-
ical reaction also produces water [3]. Therefore, the water cycle of hydrogen
is a closedrenewable loop: (i) a renewable energysource is employed forpro-
ducinghydrogen fromwater, and (ii) the energyof thehydrogen is exploited
by combining hydrogen and oxygen, producing water and energy.

Hydrogen may be produced by water and by electrolysis [3], also using
several renewable energy sources [28, 35]. This process allows separating
hydrogen from water using direct current.

Electrolysis is based on an electrolytic cell that consists of two electrodes
[36] immersed in a conductive liquid, called electrolyte. The electrolyte
consists of a solution of water and a certain salt, the latter of which is dis-
sociated in positive and negative ions. An electric potential difference is
applied between the two electrodes; therefore, the direct current flows
from the positive electrode (anode) to the negative one (cathode) [36].
Then, the water is split into oxygen at the anode and hydrogen at the
cathodic side; see Fig. 9.1. The electrolysis reaction is well explained by
the following chemical equation:

Total reaction :H2O+heat + electricity! 1

2
O2 +H2 (9.1)

The total energy required for this reaction is equal to the enthalpy of

water decomposition (ΔHwater), calculated as follows [38]:

ΔHwater ¼ΔGwater +TΔS (9.2)

whereΔGwater is the Gibbs energy of water decomposition, and TΔS is the

product of temperature with the entropy of the reaction of the water split-
ting. In particular, ΔGwater represents the minimum electric energy
required for the reaction [38], and TΔS represents the minimum heat
required for the reaction [38]. Therefore, as shown in Fig. 9.2, the
electrolysis reaction may occur at different thermodynamic conditions.

The efficiency of the electrolysis method (ηelc) is evaluated as the ratio of
the output energy per unit of time of the produced hydrogen on the input
energy per unit of time ( _Einput). _Einput is calculated as follows:

_Einput ¼ IDCVcell (9.3)

where IDC is the direct current that flows between the electrodes, and Vcell
is the dissociation voltage cell voltage.Vcellmay be evaluated as the sum of
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the reversible voltage and the additional overvoltage that appears in the
cell [38, 40]:

Vcell ¼Vrev +Vact +Vcon +Vohm (9.4)

where Vact (called activation overvoltage) depends on the electrode kinet-

ics. It is needed to supply energy to allow the charge to move between the
electrodes and chemical species [38]. This energy barrier leads to an over-
voltage across the electrodes [38]. Vcon (called concentration overvoltage)
represents the mass transport processes (diffusion and convection) that
affect the reaction [38]. This term describes the nonhomogeneous distribu-
tion of reactants and products due to transport limitations [38]. The reac-
tants exhibit a low concentration while the products are concentrated at
the interface between the electrolyte and electrode. Vohm represents the
overvoltage due to the ohmic losses [38].

Vcell should be reduced, for a given current, in order to increase the effi-
ciency of the electrolysis reaction. Then, the surface of the electrodes may
be modified in order to accelerate the reaction and to reduce the voltage
losses.

Usually, the surface of the electrodes is coated with highly active cata-
lysts. Platinum is the best catalyst, but it is very expensive. Therefore, the
commercial electrolytic cells used in practice consist of nickel-plated steel
electrodes. This solution exhibits limited cost and good chemical
performance.

In conclusion, the efficiency of hydrogen production through electrol-
ysis varies from 60% to 100% [3, 41, 42] for every single cell. Obviously,
the global efficiency of the system is lower, ranging from 50% to 80%
[3, 41, 42].

Therefore, the analyzed process has limited efficiency. However, it
allows one to store photovoltaic electric energy (and renewable electric
energy in general) without environmental impact [3, 34].

Fig. 9.3 shows the polarization curve (I-V) for a typical electrolysis cell.
The polarization curve well describes cell performance. Note that a high-
performance electrolyzer should exhibit a relatively low voltage at high
current densities [43]. Considering the Vcell equation (Eq. 9.4), the polari-
zation curve of a typical electrolysis cell has three specific regions
(Fig. 9.3): (i) activation polarization region; (ii) ohmic polarization region,
and (iii) concentration polarization region [44]. The activation polarization
region regards the low current density, and it is dominated by the
activation phenomena (Vact). The ohmic polarization region regards the
intermediate current densities, and it is dominated by the ohmic losses
(Vohm) [44]. The concentration polarization region regards the high current
densities, and is dominated by the mass transfer effect (Vcon) [43].

Different kinds of electrolysis techniques have been developed in the
last few years: alkali electrolysis, polymer membrane electrolysis, solid
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oxide exchange electrolysis, and anion exchange membrane electrolysis.
These methods are analyzed in the following sections.
9.2.1 Alkali electrolysis

The most common and mature technology for hydrogen production is
alkali electrolysis [38]. The alkali electrolysis cell consists of two electrodes
immersed in a liquid alkaline electrolyte made of a caustic potash solution
at a level of 20–30%KOH [18]. As shown in Fig. 9.4, a diaphragm separates
the two electrodes to avoid contact between the product gases for the sake
of safety and efficiency. Note that the diaphragm has to be permeable to
the water molecules and hydroxide ions (OH�) [18]. When the direct cur-
rent flows between the two electrodes, the hydrogen (H2) and oxygen (O2)
are separated from the water (Fig. 9.4). During this reaction, OH� is an
ionic charge carrier between the two electrodes. The following equations
summarize the electrochemical reaction of alkali electrolysis:

Cathode! 2H2O+2e� !H2 + 2OH�

Anode! 2OH� !H2O+ 1
�
2O2 + 2e�

Total!H2O!H2 +
1
�
2O2

(9.5)

In the past, the diaphragm of alkali cells was made of porous white

asbestos, Mg3Si2O5(OH)4. However, the use of this material has led to
remarkable and well-known health issues. In fact, it is proved that asbes-
tos causes cancer [45–47]. Therefore, other materials are used for the dia-
phragm such as polyphenylene sulfide (PTFE) and a composite of
polytetrafluoroethylene (PTFE) and potassium titanate (K2TiO3) fibers
[48]. In addition, during the last decades, much research was performed
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with the aim of developing membranes made of new materials, such as
hydroxide-conducting polymers [49], a porous composite composed of
ZrO2 and a polysulfone matrix (Zirfon) [50] and on polyphenyl sulfide
(Ryton) [51].

The electrodes are made by steel plates treated with nickel (Ni) for
enhancing the resistance of the plate to corrosion. In fact, nickel is a
corrosion-resistant material and is largely employed because of its low
cost. In addition, other metals are used for increasing the performance
of the electrode. Vanadium and iron are added to the cathode while the
anode is treated with cobalt.

The hydrogen produced using this process has a purity of 99% [41, 42].
Further purification processes may be performed in order to match the
purity level required for hydrogen fuel cells. The global efficiency of alka-
line electrolysis is about 70% [41, 42].

One of the major problems related to alkaline electrolyzers is the low
maximum achievable current density [18]. This problem is caused by
the ohmic losses across the diaphragm and the electrolyte [18]. Secondly,
the alkali electrolyzer has a limited load range [18].

System efficiencymay be increased by performing the reaction at low cur-
rent densities. Usually, the commercial alkaline electrolyzers work at a cur-
rent density ranging from 240 to 450mA/cm2. In addition, the zero-gap
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configuration is developed to reduce the ohmic losses of the alkali cell [52].
This configuration aims at reducing the distance between the electrodes.

The specific energy cost of hydrogen production with alkaline electro-
lyzers ranges from 4.6 to 6.8kWh/Nm3.

The alkali electrolysis reaction iswell described by the I-V characteristic
curve; see Fig. 9.5A. This curve represents the relationship between the
cell current (Icell) and voltage (Vcell). This curve (I-V) is heavily affected
by the temperature of the cell. In fact, the temperature dramatically affects
the alkali electrolysis reaction.

In particular, Fig. 9.5A displays three I-V curves for three temperatures,
showing that the temperature increase leads to a reduction of the voltage
at a fixed current density.Moreover, Fig. 9.5 also shows the activation volt-
age, ohmic voltage (i.e., ohmic losses), and Faraday efficiency. Note that
activation voltage hugely increases with the current density. The Faraday
efficiency decreases with the temperature: the higher the cell temperature,
the lower the Faraday efficiency of the cell [53].
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9.2.2 Polymer exchange membrane electrolysis

Polymer exchangemembrane (PEM) electrolysis was developed to over-
come the drawbacks of alkaline electrolysis [54, 55]. In PEM electrolyzers, a
solid polysulfonatedmembrane is employed as the electrolyte. As shown in
Fig. 9.6, the water is pumped to the anode, where water splitting in protons
(H+), oxygen (O2), and electrons (e�) occurs. The formed protons pass
through the membrane, which allows only the protons to permeate. The
electrons are forced to move from the positive electrode (anode) to the neg-
ative one (cathode) through an external circuit. A potential difference is
applied to the extreme of the cell for providing the energy in order to allow
the electrons to move to the negative pole. Finally, on the cathode side, the
electrons combine with protons to form hydrogen (Fig. 9.6). The reaction
that occurs in the PEM cells may be summarized as follows:

Cathode! 2H+ + 2e� !H2

Anode!H2O! 2H+ + 1
�
2O2 + 2e�

Total!H2O!H2 +
1
�
2O2

(9.6)

The membrane represents the backbone of the PME electrolyzer. The

material used for the PEMmembrane is the perfluorosulfonic acid polymer.
In particular, the following commercial membranes are usually employed:
PEM electrolysis
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Fumapem,Nafion, Aciplex, and Flemion [56, 57]. Themain features of these
membranes are high efficiency, high strength, high oxidative stability, good
durability, dimensional stability with a change of temperatures, and high
proton conductivity [58]. In particular, currently, Nafion membranes are
largely employed because this kind of membrane (Nafion) has remarkable
advantages in comparison with other kinds of membranes. In fact, Nafion
membranes can operate at higher current density (i.e., 2A/cm2) [18]. More-
over, Nafion membranes can achieve higher durability, higher proton con-
ductivity, and higher mechanical stability [18].

PEM electrodes operate at harsh corrosive conditions (pH lower than
2). Therefore, a suitable material has to be employed to prevent corrosion
of the electrodes and membranes [18]. In addition, the PEM electrolyzer
must tolerate very high voltage conditions at high current densities [18].

Only a few materials can work at these extreme conditions. Therefore,
noble catalysts and expensive and rare materials are employed for PEM
electrolyzers, such as platinum (Pt), iridium (Ir), and ruthenium (Ru)
[18]. The use of these materials is limited by their rarity and cost. In fact,
iridium has an averagemass fraction of 0.001ppm in the crust of the Earth,
whereas platinum and gold are 10 times and 40 times more abundant,
respectively. Therefore, the high demand for these materials may dramat-
ically increase their costs [59–61]. This trendmay negatively affect the pen-
etration of PEM electrolysis technology [18].

In the last decades, many studies were performed to face this issue.
These works aim to reduce the content of noble metals by using transition
metal oxides [58, 62–64]. Then, these oxides are mixed with the noble
metal, both to minimize the noble metal presence in the electrodes and
to preserve the electrode proprieties.

As mentioned above, PEM electrolysis was developed for overcoming
the problem of alkali electrolysis. First, PEM electrolyzers are able to oper-
ate at much higher current densities in comparison with the alkali electro-
lyzer [18]. In fact, these electrolyzers may work at values of current
densities equal to about 2A/cm2 [18]. Note that by considering a thin
membrane with good proton conductivity (0.1�0.02S/cm) [65], limiting
the ohmic losses, a higher current density may be achieved [18]. This fea-
ture is crucial because it allows the PEM electrolyzer to reduce the electrol-
ysis operational costs with respect to the alkali electrolyzer.

Another positive aspect of the PEM electrolyzer is that it shows a lower
crossover rate with respect to alkali cells. This is due to the fact that the
transport of protons across the membrane exhibits a rapid response to
power input variation [18].

The use of a solid electrolyte leads to a compact system layout with
remarkable structural proprieties. These features allow the PEM cell to
achieve high operative pressures [66]. An electrolyzer that is able to
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operate at high pressure is extremely useful because it provides high-
pressure hydrogen. This feature reduces the energy for compressing
and storing the produced hydrogen [18]. In addition, the high operating
pressure reduces the amount of the gaseous phase at the electrodes,
remarkably enhancing the product gas removal according to Ficks diffu-
sion law [67].

On the one hand, the PEM electrolyzermay operate at a higher pressure
with respect to the alkali one. On the other hand, PEM cells exhibit some
problems working at significant high pressure (i.e., higher than 100bar)
because cross-permeation phenomena may occur [68, 69]

Usually, the membranes are filled with some materials for limiting
cross-permeation [70], but this solution dramatically reduces the conduc-
tivity of the membrane.

Finally, Fig. 9.7 displays the I-V curve variation as a function of the type
of membrane and the temperature of the cell. In particular, Fig. 9.7A
FIG. 9.7 PEM cell I-V curve dependence on the membrane thickness and the temperature
of the cell [43]. Credit: Characterization tool development for PEM electrolyzers.
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displays the I-V curve by varying the thickness of the membrane, whereas
Fig. 9.7B plots the I-V curve varying the temperature of the cell. The increase
of the thickness of the membrane leads to a worsening of cell performance
due to the increase of the ohmic losses. In fact, the I-V curve exhibits an
increase of the cell voltage at a fixed density current [43]; see Fig. 9.7. Con-
versely, the increase of the temperature leads to a slight improvement in
electrolyzer performance [43]; see Fig. 9.7. In conclusion, 1.48V is the min-
imum voltage needed for activating the PEM reaction [58] while for indus-
trial applications, the accepted reference is 2A/cm2 at 1.9V at 80°C [71].
9.2.3 Solid oxide electrolysis

Solid oxide electrolysis (SOE) has received much attention from the
industrial and scientific communities because this technology is able to
convert electrical energy in chemical energy, producing ultrapure hydro-
gen with high efficiency [72, 73].

SOE employs water in the form of steam and works at high pressures
and temperatures, ranging between 500°C and 850°C [58].

Fig. 9.8 shows the scheme of a solid oxide electrolyzer. The electrolyte of
an SOE cell consists of a thin ion-conductingmembrane; usually the width
ranges from 5 to 200 μm. The electrodes are porous and are made of com-
posite or metallic materials.

The water steam is pumped to the negative electrode side (cathode),
where the H2O is reduced to hydrogen. Oxide ions (O2�), after passing
across the membrane, recombine to oxygen near the positive electrode
(anode), releasing electrons; see Fig. 9.8.
FIG. 9.8 SOE electrolyzer scheme [74]. Credit: Solid oxide electrolysis cell analysis by means of
electrochemical impedance spectroscopy: a review.
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The following equations describe the chemical reactions that occur in
the SOE cell:

Cathode!H2O+2e� !H2 +O2�

Anode!O2� ! 1
�
2O2 + 2e�

Total!H2O!H2 +
1
�
2O2

(9.7)

Many different layouts of solid oxide cells have been developed in past

years, such as: (i) SOE coupled with syngas production [75]; (ii) SOE used
as an energy storage system [76], and (iii) SOE coupled with methane pro-
duction [77]. Nevertheless, the SOE electrolyzer is still at a research and
development stage [52, 78].

The material for SOE cells must be able to operate at considerable high
temperatures (i.e., lower than 1000°C). Usually, for the electrolytes,
gadolinium-doped ceria (GDC), scandia-stabilized zirconia (ScSZ, 9mol
% Sc2O3—ScSZ), and yttria-stabilized zirconia (YSZ) (8mol% YSZ) [79,
80] are employed. For the electrodes, lanthanum-strontium-cobalt-ferrite
(LSCF), lanthanum-strontium-manganite (LSM), and NiO-YSZ [79] are
used. Then, solid oxide electrolyzers employ no precious or expensive ele-
ments. However, because the short-term andmedium-term availability of
yttriummay be critical [79], scandium has been studied to replace yttrium
in SOE electrolyzers [81].

SOE electrolyzers are able to operate at very high temperatures. This fea-
ture makes SOE technology very attractive compared to low-temperature
electrolysis [58]. Fig. 9.2 clearly explains this trend: by increasing the tem-
perature, the electric input needed for driving the reaction decreases.More-
over, the high operative temperature leads to an improvement of the
reaction kinetics and a reduction of the losses in the electrode reaction.

Anyway, SOE electrolysis also suffers from premature degradation and
a lack of stability [82–84]. These problems must be solved in order to pro-
mote large-scale commercialization of SOE electrolysis.
9.2.4 Anion exchange membrane electrolysis

In recent years, a new water electrolysis process has been developed:
anion exchangemembrane (AEM) electrolysis. Note that AEM electrolysis
is still at the development stage, meaning it is at the laboratory stage [85].
The AEM cell operates in a similar way with respect to the PEM cells [52,
86]. The only difference between PEM and AEM cells is that in the AEM
cell, the charge carrier is the anionOH� instead of the protonH+, as occurs
in PEM cells. Then, the anion OH� permeates across the membrane; see
Fig. 9.9. Conversely, the reaction that occurs near the electrodes is the same
as for the alkali electrolyzer.
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The following equations summarize the anion exchange membrane
electrolysis reaction:

Cathode! 2H2O+ 2e� !H2 + 2OH�

Anode! 2OH� ! 1
�
2O2 + 2e� + 2H2O

Total!H2O!H2 +
1
�
2O2

(9.8)

The backbone of the AEM electrolyzer is the membrane. This mem-

brane allows the hydroxide ions (OH�) to permeate, but at the same time,
the membrane has to act as a barrier for gases and electrons that are the
product of the chemical reaction [85]. Usually, the core of the membrane
consists of polysulfone (PSF) or polystyrene cross-linked with divinylben-
zene (DVB) [85]. On the core of the membrane, some ion-exchange groups
are linked, such as -RNH2

+,¼RNH1
+
, -NH3

+, and -R3P
+ or quaternary ammo-

nium salts [87]. The membrane should exhibit the following proprieties:
(i) high thermal, mechanical, and chemical stability; (ii) barrier action
against gases and electrons, and (iii) good ionic conductivity. Both the
ion exchange groups (functional groups) and polymer matrix cause the
chemical stability of the membrane [87].

A positive aspect of AEM is related to the fact that the AEM cell oper-
ates in a basic condition, whereas the PEM cell works in acid conditions.
Then, for the AEM electrodes, platinum-group-metal (PGM) use is not
needed. Cheaper materials may be employed for this purpose. Some
papers ([88–91]) pointed out that transition material may be used without
worsening the AEM electrolyzer performance. However, their use makes
AEM cheaper and competitive from an economic point of view.



FIG. 9.10 AEM electrolyzer I-V curve [86, 93]. Credit: Mathematical modeling of an

anion-exchange membrane water electrolyzer for hydrogen production.

2899.2 Electrochemical hydrogen production
AEM electrolyzers show important improvements, compared with tra-
ditional strategies. First, AEM electrolyzers exhibit ohmic losses, due to
the fact that the AEM cell employs thinner membranes with respect to
the traditional method. In addition, the precipitation of carbonates does
not occur [52]. Another positive aspect is that a concentrated KOH solu-
tion is not mandatory, making the operation and installation conditions
less critical and easier.

Anyway, the AEM cell has shown low durability with respect to the
other water electrolysis methods [92]. In addition, the AEM cell operating
temperature is not that high. In fact, high operating temperatures may
determine severe chemical damages of the AEM cell, causing lower ionic
conductivity [92].

Fig. 9.10 displays the comparison between the I-V curves obtained by
(i) experiments in ref. [93] and (ii) the mathematical model presented in
Ref. [86]. This plot is extremely useful for studying AEM cell performance
and comparing its performance with the other electrolysis methods.
Fig. 9.11 displays the efficiency and I-V curve as a function of the thickness
of themembrane; note that these figures are numerically carried out [86]. The
increase of the membrane width leads to a decrease in the AEM cell perfor-
mance. In fact, by increasing themembrane thickness, thevoltage increases at
a fixed density current. Obviously, the efficiency dramatically decreases.
9.2.5 Summary of the available technology

Table 9.1 reports the main pros and cons of alkaline, PEM, and AEM
electrolysis. Table 9.2 summarizes the main data and features of the alkali,
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TABLE 9.1 Pros and cons of alkaline, PEM, SOE, and AEM electrolysis [18, 85].

Alkaline PEM SOE AEM

Advantages

Mature
technology

Higher
performance

Efficiency up 100%

Nonnoble metal
catalyst

Non-PGM catalyst Higher voltage
efficiencies

Noncorrosive
electrolyte

Long term
stability

Good partial load

Nonnoble catalysts

Compact cell
design

Low cost Rapid system
response

Low cost

Megawatt range Compact cell
design High-pressure

operation

Absence of
leaking

Cost-effective Dynamic operation High operating
pressure

Disadvantages

Low current
densities

High cost of
components

Laboratory stage Laboratory stage

Crossover of gas Acidic corrosive
components

Bulky system design Low current
densities

Low dynamic Possible low
durability Durability (brittle

ceramics)

Durability

Low operating
pressure

Noble metal
catalyst

Membrane
degradation

Corrosive liquid
electrolyte

Stack below
megawatt range

No dependable cost
information

Excessive
catalyst loading

Credit: (i) A comprehensive review of PEM water electrolysis and (ii) low-cost hydrogen production by anion

exchange membrane electrolysis: a review.
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TABLE 9.2 Main parameters of the three electrolysis technologies [41, 42].

Parameters Unit Alkali PEM SOE

Cell temperature °C 60–80 50–80 700–100

Cell pressure bar <30 20–50 1–15

Current density A/cm2 <0.45 1.0–2.0 0.3–1.0

Load flexibility % 20–100 0–100 �100/+100

Cold start-up time min 15 <15 >60

Warm start-up time s 60–300 < 10 900

Nominal stack efficiency % 63–71 60–68 100

Specific energy consumption kWh/Nm3 4.2–4.8 4.4–5.0 2.5–3.5

Nominal system efficiency % 51–60 46–60 76–81

Specific energy consumption kWh/Nm3 5.0–5.9 5.0–6.5 3.7–3.9

Max. nominal power per stack MW 6 2 <0.01

H2 production per stack Nm3/h 1400 400 <10

H2 purity % >99.8 99.999

Cell area m2 <3.6 <0.13 <0.06

Life time kh 55–120 60–100 8–20

Efficiency degradation %/year 0.25–1.5 0.5–2.5 3–50

Investment costs €/kW 790–1500 1330–2040 >2000

Maintenance costs %/investment 2–3 3–5 n.a.

Credit: (i) Current status of water electrolysis for energy storage, grid balancing, and sector coupling via power to gas

and power to liquids: a review and (ii) review and evaluation of hydrogen production methods for better

sustainability.

2919.2 Electrochemical hydrogen production
PEM, and SOE electrolyzers. Alkali electrolysis is the most mature and
used electrolysis method. PEM cells are competing with alkali cells for
higher current density, higher hydrogen purity, and greater operating
ranges. However, the biggest problem for PEM cells is the durability of
the components [94] and the higher cost of the rare materials employed
for PEM electrodes. As explained before, many works are investigating
the possible reduction of the use of rare materials in PEM electrodes. Solid
oxide exchange electrolysis exhibits a higher value of efficiency, but it is
far from reaching commercialization status.

Finally, Fig. 9.12 shows how the cost of the alkali electrolyzer is compet-
itive with respect to PEM technology. Note that Fig. 9.12 displays the
investment, operation, andmaintenance costs per unit of produced power
of hydrogen (i.e., the lower heating value of the produced hydrogen).
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9.3 Solar syngas production

Hydrogen productionmay be combinedwith CO2 sequestration to pro-
duce synthesis gas, also known as syngas. Syngas is amixture of hydrogen
(H2) and carbon monoxide (CO). Syngas may be produced by capturing
the existing CO2 and using solar energy for reducing the CO2 in CO. At
the same time, solar energy is employed for separating hydrogen from
water. Therefore, syngas represents a fuel/feedstock material with no
environmental impact. In addition, it may be employed as an energy vec-
tor or raw material for producing fuels or other chemical products
(Fig. 9.13) [96–103].

In particular, the ratio of CO/H2 plays a key role in the use of syngas.
Varying this ratio, many different products can be achieved.

Note that CO2 is a very stable molecule. Therefore, a considerable
amount of energy is needed to reduce it in CO.

The use of solar energy represents one of the main methods to pro-
duce syngas in a renewable way. One of the main strategies for coupling
solar energy and syngas production is the photoelectrochemical
process.

The photoelectrochemical process is based on exploiting the photoelec-
tric effect. The photons are absorbed by a semiconductor photoelectrode.



FIG. 9.13 Syngas applications [96]. Credit: Syngas production from the electrochemical reduc-
tion of CO2: current status and prospective implementation.

2939.3 Solar syngas production
Then, an electron-hole pair is generated. This pair contributes to the sur-
face reactions at the anode and cathode side.

The photochemical cell consists of a chamber separated by a proton-
exchange membrane; see Fig. 9.14. Three different configurations are usu-
ally employed: (i) anode-photocathode, (ii) photoanode-cathode, and (iii) -
photocathode-photoanode.

In the first layout, anode-photocathode (Fig. 9.14A), the photocathode
absorbs photons and photogenerates electrons. These electrons are
employed by the reaction that reduces CO2 in CO and that separates
hydrogen from water, producing the CO-H2 mixture.

In the photoanode-cathode layout (Fig. 9.14B), the photoanode absorbs
the photons and generates hole-electron pairs. These pairs join the reduc-
tion reaction that produces CO and H2.

In the photocathode-photoanode system (Fig. 9.14C), both electrodes
are able to absorb photons. The photoanode generates holes, and these
holes are able to oxidize H2O in O2 and H2 while the photocathode gen-
erates electrons that reduce CO2 in CO.

Another way to employ solar electric energy to produce syngas is to
directly couple a photovoltaic field with electrochemical cells for produc-
ing H2 and CO [105]. Note that this strategy may show some problems
related to the matching of the devices involved in the system. Therefore,
in order to not reduce the electric performance of the system, the imped-
ance of the electrochemical cells has to match the impedance of the pho-
tovoltaic field.



FIG. 9.14 Photoelectrochemical cell operation [104]. Credit: Photocatalytic and photoelectro-

catalytic reduction of CO2 using heterogeneous catalysts with controlled nanostructures.

294 9. Applications of solar PV systems in hydrogen production
9.4 PV-based hydrogen production using electrolysis

As mentioned before, a number of different techniques are commer-
cially available for the production of hydrogen by electrolysis. Similarly,
several research papers investigated such techniques from numerical, the-
oretical, and experimental points of view. Nevertheless, the use of



2959.4 PV-based hydrogen production using electrolysis
renewable energy to drive electrolysis is still far from any commercial
stage and only a limited number of papers have investigated the hybrid
combination of PV panels and electrolyzers. In this framework, electroly-
sis water splitting driven by PV energy is the most straightforward
strategy for achieving commercial large-scale hydrogen production [28,
29, 106]. It is based on the coupling of the PV solar field with a commercial
electrolysis cell/stack [106, 107], as shown in Fig. 9.15.

Usually, solar hydrogen production through the alkaline cell is achieved
by coupling the alkali cell with the PV field using an inverter (Fig. 9.16) [32,
108]. In fact, the voltage of the PV field has to be modified to match the
H2O

e– e–

Anode Cathode

H2O2

FIG. 9.15 PV-based production of hydrogen [106]. Credit: Research advances toward large-

scale solar hydrogen production from water.
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I-V curve of the alkali cell, reaching the optimum operative condition (Fig.
9.16) [32, 108]. Any difference between the maximum power point (MPP)
curve of the PV and the I-V curve of the alkali cell represents the electric
losses of the system [32]. In an ideal configuration, the MPP curve and
the I-V curve of the alkali cell should overlap [32, 33].

The performance of the system PV-electrolysis cell is deeply affected by
the fluctuations of PV power production.

Analyzing the performances of the PV-alkali cell system, some studies
point out that the temperature of the electrolyte increases during the cen-
tral part of the day [109, 110]. This trend is caused by the increase of power
production of the panels during the central part of the day [109, 110].
Fig. 9.17 clearly shows this trend. Note that the increase of the temperature
of the electrolyte is useful: the higher the electrolyte temperature, the
lower the power needed for electrolysis; see Fig. 9.2.

The fact that the NaOH electrolyte reaches slightly higher temperatures
with respect to the KOH electrolyte is caused by the difference between
the ionic conductivity of Na+ and K+ [110]. The maximum temperature
is detected at 13:00, and it is equal to about 85°C [110], Fig. 9.17.

Concerning the electric performance of the alkali cell, the intensity of
the current achieves the maximum value at about 13:00 (Fig. 9.18) [109,
110], following the power production of the PV field. Note that the voltage
measured for the KOH electrolyte is higher than the NaOH electrolyte
voltage [110]. This trend is due to the fact that NaOH presents higher elec-
trical resistance compared with KOH [110].

The maximum flow rate of hydrogen production is achieved in the cen-
tral part of the day, about 0.8mL/s (Fig. 9.19), following PV power
production [109, 110].
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2979.4 PV-based hydrogen production using electrolysis
Finally, Fig. 9.20 displays the relationship between the amount of hydro-
genproduced and solar irradiation. It is clear from this figure that the higher
the solar radiation, the higher the amount of hydrogen produced [110].

Note that according to Fig. 9.2, it is recommended to make the electro-
lyte pass through the PV module [32]. This trick preheats the electrolyte
and reduces the PV module temperature (the efficiency of the PV module
decreases with the growth of the temperature of the module).

Ref. [111] presents a new electrolytic cylindrical cell coupled with a PV
panel. The cell is made of 304 stainless steel, acrylic and sodium hydroxide
(2–5molL�1) is employed as the electrolyte. A PV panel of 0.176m2

provides the direct current for driving the water electrolysis process. This
study proves that the main problem regarding the coupling of PV technol-
ogy and alkali electrolysis is the mismatching between theMMP curve and
the alkali cell I-V curve. In particular, the cell I-V curve forces the PVmodule
to work outside the maximum power point [111]. Thus the system achieves
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an overall efficiency ranging from 1.13% to 1.15% [111]. These values are in
accordance with results in the literature [112–114].

The exergy efficiency of the PV-alkaline hydrogen production ranges
from 8% to 16% [115].

Also, for coupling the PEM cell and PV field, the first problem is eval-
uation of the optimal configuration. In order to achieve this configuration,
the gap between the MPP curve of the PV field and the I-V curve of the
PEM cell must be reduced. As explained before, this gap causes electric
losses for mismatching between the cell and PV field [116, 117].

An inverter equippedwith a DC-DC converter with amaximum power
point tracking algorithmmay be used tomodify the operating condition of
the panels in order to match the I-V curve of the PEM cell [116, 118–121].
Note that the modern inverters equipped with maximum power point
tracking algorithms are able to operate at high efficiency across a wide
range of solar irradiance [116, 122].

Another strategy for achieving the optimal layout is to evaluate the
number of cells in parallel and in series, including in the electrolyzer stack,
in order to minimize the gap between the MMP curve of PV and the I-V
curve of the cell [117, 123, 124]. This choice allows the system to achieve
the maximum hydrogen production rate and the minimum energy losses
between the PV module and PEM stack [117, 123, 124], due to the lack of
cables, inverters, and transformers. Usually, this selection may be per-
formed by a graphical approach, intersecting the I-V curve of the PVmod-
ule and the load curve of the PEM stack; see Fig. 9.21. Note that by varying
the incident radiation on the PVmodule, the I-V curve of themodule curve
changes [28, 125]. Thus, this approach leads to intermittent operation and
highly variable hydrogen production [31].

Fig. 9.22 displays the performance of the layout in which the PV field
and the PEM cell are linked by means of an inverter equipped with an
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2999.4 PV-based hydrogen production using electrolysis
MMP tracking algorithm. The maximum rate of hydrogen production is
achieved at midday, following solar irradiance (Fig. 9.22) [116]. In fact,
the higher the solar irradiance, the higher the power supplied to the
PEM stack. For a sunny day in March, the studied system achieved a peak
of hydrogen production equal to 155L/h (Fig. 9.22) [116]. A clear inverse
correlation between stack efficiency and stack power is detected (Figs. 9.22
and 9.23) [116, 123].

Note that the thermal insulation of the PEM stack has to be considered to
prevent heat losses during nonoperating time: night hours and hours of low
solar irradiance [116]. With the aim of better exploiting the direct coupling
between the PV field and the PEM stack,manyworks [126–130]were devel-
oped in which the PV field was directly integrated with the anode of the
PEM stack; see Fig. 9.25. Note that a Fresnel lens is also employed for con-
centrating solar radiation on the PVmodule [126–130]. This direct coupling
is useful for reducing electrical losses due to cables, inverters, and trans-
formers [130]. In addition, thewater that flows near the anode is able to cool
the anode and the PV module, increasing the PV module efficiency [130].
The increases in the temperature of the water are useful for enhancing
electrolyzer performance (Fig. 9.2).

At low operating pressures, the lowest electrolysis voltage at high cur-
rent density levels (0.16V at 1.5Acm�2) may be achieved [130]. In conclu-
sion, this layout is mainly attractive for the higher temperature achieved
by the PEM stack due to solar heating [130].

The use of PV-thermal (PVT) collectors to preheat the water that will be
split in the PEM cell increases system performance [131] (see Fig. 9.2).



FIG. 9.22 Electrolysis operation: (A) sunny March day; (B) very cloudy May day; (C) slowly varying cloud thickness in May; and (D) rapidly
varying cloud cover in May [116]. Credit: Off-grid solar-hydrogen generation by passive electrolysis.
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3019.4 PV-based hydrogen production using electrolysis
In conclusion, the higher the solar radiation, the higher the hydrogen
rate production (Fig. 9.24) [123]. Moreover, PEM efficiency has a negative
effect on the rate of hydrogen production (Fig. 9.24) [123].

Due to the fact that SOE is in precommercial status [41] andAEM is at the
laboratory stage [85], there is a lack of knowledge in the literature about
works in which these kinds of electrolysis are coupled with a PV field.



302 9. Applications of solar PV systems in hydrogen production
Ref. [132] suggests a novel plant based on the separation of the solar
spectrum to simultaneously generate heat and electricity; see Fig. 9.26.
In particular, the radiation not involved in the photoconversion is
exploited to provide heat that is supplied to the SOE stack. A share of this
heat is employed to heat the water that flows inside the electrolyzer, and
the remaining part of this heat is used to keep the temperature of the SOE
stack high, at about 1100K. As explained above, SOE requires a high tem-
perature to occur. In addition, the PV cells are cooled down by the water
flow inside the electrolyzer, thus a twofold advantage is achieved: (i) the
PV efficiency is increased, and (ii) the water that will be electrolyzed is
preheated. Note that a heat exchanger to recover heat from the produced
gas (H2 and O2) is also considered, with the aim of increasing the overall
efficiency of the plant [132].

With adirect normal irradiance (DNI) of 899W/m2, the plant achieved a
conversion efficiency of 36.5% and a hydrogen production rate of 850g/h
([132], Fig. 9.27). Obviously, the system is dominated by solar irradiation,
and the higher the solar irradiation the higher the hydrogen production
rate; see Fig. 9.27. This proves that the use of the entire solar spectrum
may be useful for the development of SOE power plants [132].

Note that this plant is at the laboratory stage [132], and therefore the
work does not include a suitable economic analysis to prove the real
feasibility of the plant.
FIG. 9.25 Direct coupling of a PV module and a PEM electrolyzer, with the integration of
the module on the anode of the PEM cell [129]. Credit: Investigation of a novel concept for

hydrogen production by PEM water electrolysis integrated with multijunction solar cells.
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3039.4 PV-based hydrogen production using electrolysis
SOE is still in the precommercial stage [41], thus there is a lack of liter-
ature regarding the photovoltaic-driven SO process.
9.4.1 Summary of the available PV-based hydrogen production
plants

In conclusion, the major issue related to PV electrolysis is the electrical
matching between the PV field and the electrolier stack. Two strategies are
described: a direct connection between the photovoltaic field and the elec-
trolyzer stack, and coupling by means of inverters.

The direct coupling determines a significant reduction of the system
electrical losses due to the absence of electrical devices such as inverters,
cables, and transformers. But this strategy may force, in some conditions,
the photovoltaic module to work far from the maximum power point,
FIG. 9.27 Dynamic performance of a PV-SOE power plant [132]. Credit: Solar-driven high

temperature hydrogen production via integrated spectrally split concentrated photovoltaics (SSCPV)

and solar power tower.
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reducing the overall efficiency of the process. Therefore, this approach
exhibits higher nominal efficiency but leads to intermittent operation with
a fluctuating rate of hydrogen production [31–33, 108, 111]. Conversely,
coupling by means of inverters optimizes the dynamic operation but
reduces the overall efficiency of the system, increasing the number of elec-
trical devices installed [31, 111, 116, 118–121].

Table 9.3 summarizes themain advantages and disadvantages of alkali-
PV hydrogen production and proton membrane exchange-PV hydrogen
production.

The main problem related to alkaline electrolysis is the delay in the
response of the cell stack varying the input current. This feature reduces
the operative condition of the alkaline electrolyzer, which exhibits a con-
siderable problem during partial load operation [18, 85]. Conversely, the
proton exchange membrane electrolyzer exhibits a faster response to the
current density variation [18, 85, 123]. Therefore, proton exchange stacks
can suitably follow the fluctuations of PV energy production. The main
issue of photovoltaic hydrogen production based on the proton mem-
brane exchange stack is the high cost of this electrolyzer [18, 85, 108, 123].

Other significant advantages of alkaline electrolysis compared to the
proton exchange membrane are simplicity and reliability [108]. These
aspects make photovoltaic-driven alkaline electrolysis suitable for use
in transportation, industries, and small households [108].

Finally, Table 9.4 reports the main PV hydrogen systems presently in
operation and their mean features. Note that the majority of these systems
were installed using funds provided by institutions, governments, and
TABLE 9.3 Pros and cons of alkaline and PEM PV hydrogen production.

PV-Alkaline PV-PEM

Advantages

Mature technology Higher voltage efficiencies

Long-term stability Good partial load

Low cost Rapid system response

Simple and scalable Dynamic operation

Disadvantages

Partial load
High cost of components

Acidic corrosive components

Low dynamic
Possible low durability

Noble metal catalyst



TABLE 9.4 Existing PV hydrogen production power plants [30].

Project

name Time

Source Electrolyzer Hydrogen storage

Type

Installed

power

(kWp) Type

Power

(kW) Type

Volume

capacity

(Nm3 H2)

Energy

capacity

(kWh)

FIRST 2000–04 PV 1.4 PEM 1 Metal hydrides, 30bar 70 248

HARI 2002– PV–wind–micro hydro 13–50–3.2 Alkaline 36 Pressurized tanks, 137bar 2856 10,127

HRI 2001– PV–wind 1–10 Alkaline 5 Pressurized tanks, 10bar 40 142

INTA 1989–97 PV 8.5 Alkaline 5 Metal hydrides–
pressurized tanks, 200bar

24–9 85–32

PHOEBUS 1993–2003 PV 43 Alkaline 26 Pressurized tanks, 120bar 3000 10,638

SAPHYS 1994–97 PV 5.6 Alkaline 5 Pressurized tanks, 200bar 120 426

SCHATZ 1989–96 PV 9.2 Alkaline 6 Pressurized tanks, 8bar 60 213

Solar house 1992–95 PV 4.2 PEM 2 Pressurized tanks, 28bar 400 1418

Solar
hydrogen
pilot plant

1990–92 PV 1.3 Alkaline 0.8 Pressurized tanks, 25bar 200 709

SWB 1989–96 PV 370 Alkaline 100 Pressurized tanks, 30bar 5000 17,730

CEC 2007– PV 5 PEM 3.35 Metal hydrides, 14bar 5.4 19

Credit: A review of solar-hydrogen/fuel cell hybrid energy systems for stationary applications.
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universities. In fact, this kind of plant is very expensive due to the high cost
of the electrolysis stack (both proton exchangemembrane and alkaline) [30].

Nowadays a 3.1$ project that couples PV panels and hydrogen produc-
tion was announced by the Australian Renewable Energy Agency
(AREA). This pilot project would consist of a 100kWPV field coupledwith
220kW electrolyzer stacks. This plant would be able to produce about
2400kg/day dihydrogen [133].
9.5 Conclusions

This chapter describes the most common electrolysis technologies:
(i) alkaline electrolysis; (ii) proton exchange membrane electrolysis;
(iii) solid oxide electrolysis; and (iv) anion exchangemembrane electrolysis.

Throughan in-depth literatureanalysis, itwas revealed that alkali electrol-
ysis is the most studied, mature, and used electrolysis method because the
alkali cell is easy to design and it employs inexpensive materials. Proton
exchange membrane electrolysis was developed to overcome the alkaline
limits.Thus,protonexchangemembrane technology is competingwithalkali
for higher current density, higher hydrogen purity, and a greater operating
range.But this technology isaffectedbysomeproblems that limit its commer-
cial use, such as thedurability of the components and the high cost of the rare
materials employed for its electrodes. To overcome the problems of the pro-
ton exchange membrane and alkali electrolysis, solid oxide electrolysis was
developed. Despite its higher efficiency, it is still in precommercial status.
Finally, anion exchange membrane electrolysis is in prelaboratory status.

The integration between the photovoltaic and electrolysis cell is very
useful for producing renewable hydrogen. The main problem of this inte-
gration is the electrical matching between the photovoltaic field and the
electrolysis stack.

Two strategies were described to solve this problem: direct coupling
and coupling by means of an inverter.

Direct coupling isable to significantly reducesystemelectrical lossesdue to
theabsenceofelectricalequipmentsuchascables, inverters,andtransformers.
But this strategy may force, in some conditions, the photovoltaic module to
work far from the maximum power point, leading to intermittent operation.

The coupling of photovoltaic field and an electrolysis stack thought
inverters is useful in order to achieve a wider range of operating condi-
tions. But this strategy increases the number of electrical devices
employed, significantly reducing the overall efficiency of the plant.

Photovoltaic-based alkaline hydrogen production plants are character-
ized by high reliability and nonexcessive costs because alkaline electroly-
sis is a mature technology. But these plants exhibit poor performance at
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partial load operation because the alkali stack is not able to follow the fast
variation of the input current density.

Conversely, the system photovoltaic-proton exchange stack exhibits
remarkably better performance at partial load operation and higher effi-
ciency. But the high cost of the rare material employed in the electrodes
of the proton exchange stack limits its commercialization.

Note that some studies are ongoing to replace rare materials with
cheaper ones in order to reduce the proton exchange membrane cell cost,
allowing this strategy to be easier commercialized.
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10.1 Introduction

In recent years, the photovoltaic (PV) industry has emerged as one of
the key drivers of the electric power sector. The contribution of PVs in
energy utility also has increased. The main reasons for this are the cost
decline and technological advancement seen in the PV module industry,
where conversion efficiencies have greatly increased. The growth seems to
be much faster when compared to the early stages. This spectacular
growth has boosted the market for its aligned groups (for example,
inverter manufacturers, battery manufacturers, etc.). At present, the
global market for PV has exceeded 100GW [1, 2]. The growth trend for
PV varies in different countries, as the PV growth rate in China is a bit
lower due to its policy change. It was expected that through the end of
2019, at least 32 countries “representing every region had a cumulative
capacity of 1GW or more.” PV installation size would range from small
to large scale. But, at present, most nations are very interested in the devel-
opment of large-scale PV projects. In some countries, they even call these
ultramegawatt solar projects. The main driving force for this growth is
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global policy change and new regulatory schemes. Theworldwide growth
for the PV market in various countries is shown in the Table 10.1. Fig. 10.1
depicts solar PV market scenarios between 2018 and 2022 worldwide.
TABLE 10.1 PV market and policy in various countries [3].

Country Highlights

China � China, being one of the giants in solar energy harvesting, created a record
by installing around 53.3% of solar installation in one particular year. This
percentage is believed to be more than half of global solar PV
installations.

� The Chinese solar market has seen tremendous growth of around 128%
when compared to 2015. In 2017 alone, the growth of solar PV in China
stunned all the global players due to the feed-in-tariff policy and other
benefits given in terms of market creation and subsidies.

United
States

� In the United States, the installed capacity of grid-connected PV systems
has captured the PV market when compared to the other types of PV
systems.

� Globally, the United States secured the second position in 2017s PV
market.

� Due to various uncertainties related to tax credit schemes and tariff rates,
the growth of PV has declined and the trend is not as expected.

India � India is one of the pioneers in solar PV installation, and the dreamof India
in renewable harvesting was favored by the Ministry of New and
Renewable Energy (MNRE).

� At present, the total PV installation capacity exceeds 19GW.
� The manufacturing of the PV module in India is quite limited when

compared to countries such as China, hence, India has to importmodules,
where they experience difficulties in terms of import taxes, module price
hikes, etc. These issues hinder PV growth in India.

� Even though India has experienced many issues, it is at the forefront in
terms of PV installation with 45% of the new additions.

Japan � Japan’s solar PV market seems to be slowing. The statistics reveal that in
2017, Japan installed around 7.2GW of PV capacity, but in the present its
installations seem to be 9% less compared to 2017.

� The feed-in-tariff rates and various policies seem to be favoring the PV
market.

� The experts from the Japanese PV Energy Association (JPEA) highlight
that the solar downturnwould continue until 2024 as the country is trying
to capture the market and infrastructure needs for progress.

Europe � Europe is one of the pioneers in solar PV installation. In 2017 alone, a 30%
increase in PV installation was seen, and this was in comparison with the
previous year’s installation.

� Turkey’s contribution is crucial to PVmarket growth in Europe. Recently,
Turkey added around 2.6GW of PV installation.



TABLE 10.1 PV market and policy in various countries [3]—cont’d

Country Highlights

� The total PV market in Europe is the collective combination of
28 European nations.When these 28 countries are considered, the growth
seems to be not much.

Latin
America

� The PVmarket in LatinAmerica is considerably lowerwhen compared to
other countries.

� Among the many Latin American countries, Brazil and Chile are
progressing well in the PV market.

� As per 2017s statistics, Brazil (with an installed capacity of 1GW) and
Chile (with an installed capacity of 788MW) secured the first and second
positions, respectively.

� Countries such as Mexico and Colombia are in the PV race and are trying
to capture the market with attractive energy policies and auctions.

Australia � The market for PV installation is mostly based on residential PV systems.
� At present, the total installed capacity in Australia is around 1.3GW,

which had a great downfall of 15% in 2016.
� The new policies related to the levelized cost of electricity are increasing

the attention of the PV market toward the development of large-scale
ground-mounted PV systems.

Middle
East

� In theMiddle East, the UnitedArab Emirates (UAE) are at the forefront in
the PV market.

� UAE recently added a PV capacity of 262MW to its utility.
� Apart from countries such as Abu Dhabi and Dubai, countries such as

Saudi Arabia and Oman are encouraging solar installation and have
called for tenders recently.

� Middle East regions have set the records on achieving the lowest feed-in-
tariff rates.

Africa � Africa has a very low installation capacity for PV of less than 100MW.
� Even though the current installation capacities are very low, countries

such as South Africa, Egypt, and Nigeria are trying to contribute secure
financial assistance in building new solar power plants.

� South Africa is one of the largest markets for PV on the entire African
continent.

� Countries such as Zambia, Madagascar, Senegal, and Ethiopia have
called for tenders in building megawatt-level power plants recently.

� The major drawbacks seem to be the existing power infrastructure and
financial assistance toward capital investment.

31510.2 Development
10.2 Development

While developing a solar PVpower plant, the following six steps are nec-
essary. The first is the solar resource assessment, a step that will allow the
installer to have a detailed understanding of the available solar potential.
The second step is site selection and analysis. Here, apart from the solar
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irradiance potential, the other parameters related to environmental condi-
tions should be considered at the site location and also during the construc-
tion phase. The third step is the environmental stress assessment on the PV
plant components. The fourth step is the predesign and optimization of the
PV system,where the sizing of the PVplant is done. Once the sizing is done,
in the fifth step, the feasibility study is carried out to assess the energypoten-
tial and other economic and environmental emission parameters. In the
fifth step, mostlymulticriteria decisionmaking is carried out to seewhether
the PV plant is performing better in terms of the considered analysis (for
example energy, emission, exergy, economic). The last step is the social con-
sideration where the interests of individuals, groups, communities, and
society are considered in relation to the PV plant installation at that site.
10.2.1 Solar resource assessment

Solar resource assessment is a necessary step in PV plant design that
allows understanding the feasibility of a plant in a given location. One of
the ultimate objectives of the assessment is to find out the amount of solar
potential that is available and how much energy from a PV power plant
with typical PV technology can be annually produced [4]. There are certain
factors that vary from place to place and with time, hence it is important to
gain knowledge of these factors before establishing. These factors include
the solar irradiance at a horizontal plane, the irradiance at a tilted position
of the PVmodule, and a sun path diagram. Solar resource assessment gen-
erally involves collecting meteorological data from the site such as weather
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data, the amount of sunlight received in the location, wind speed, air tem-
perature, etc. There are two methods in which the assessment is done:

Onsite ground measurements and collecting satellite data:

Over a lengthy period of time, lasting one to several years, a variety of
sensors are used such as pyranometers to measure solar irradiance at the
location [4, 5].

Secondary or primary data from satellites:

The second method involves studying obtained secondary or primary
data from satellites, such as statistically aggregated solar data, to conduct
the SRA. The SRA ismerely the feasibility study. There are a variety of other
factors to consider in order to optimize the yield of a solar power plant [4, 5].

The solar resource assessment potential would vary from location to
location. Here, in Fig. 10.2 we show how global horizontal solar irradiance
varies across the globe. The solar resource map below reveals that the
long-term average of global horizontal irradiation varies from 2.2 to
7.4kWh/m2/day worldwide.

Also, the related PV potential is shown in Fig. 10.3. With the use of spe-
cific PV technology, the maximum possible PV energy varies from 2 to
6.4kWh/KWp on a daily basis. The yearly PV potential would vary from
730 to 2337kWh/kWp.
10.2.2 Site selection and analysis

Irrespective of PV plant size, site selection is a vital part of the PV plant
design, especially in a large-scale PV system. It directly affects PVplant per-
formance. For site selection, the preferred tool is the geographical informa-
tion system (GIS), which allows the installer to analyze the location
parameters and see the impacts on the overall performance. The GIS also
allows editing the maps and the aim in energy planning with a typical lay-
out arrangement. Based on the initial understanding, one can frame the
decision support model with various parameters that influence the overall
performance. Consequently, effective site selection allows improvements in
performance. In addition, it maximizes output capacity, helps to minimize
project costs, and helps in planning future infrastructure projects [4, 5].
10.2.3 Environmental stress assessment

Stress assessment is one of the crucial activities that should be consid-
ered in the PV plant design and installation stage. The installation site
would experience adverseweather conditions and even risks (natural haz-
ards). These risks would affect the PV plant’s overall performance and can



FIG. 10.2 Solar resource potential map [6].



FIG. 10.3 PV power potential map [6].



TABLE 10.2 Environmental stress analysis.

Classification Activity to be considered

Extreme weather events Sandstorms

Heavy snowfall

Flooding

Continuous climatic loads UV exposure

Humidity and temperature

Salt content in the air

Atmospheric corrosivity

Soiling

Abrasion from sand

Natural hazards Global risks: earthquakes, volcanic eruptions, etc.

Local risks: moving sand dunes, avalanches, etc.
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even cause reliability issues. In Table 10.2, a list of parameters that should
be considered for the environmental stress assessment is given [7, 8].
10.2.4 Predesign, optimization, and feasibility studies

The feasibility study of PV plants is not an easy task. There are different
ways one can do feasibility studies. One is by simulation models. The
other is based on experimental data. However, the most familiar way is
simulation models. Here, we have reviewed various simulations and
listed them in Table 10.3 [9].
10.2.5 Social consideration

In the process of maximizing profits, it is the company’s responsibility
to ensure that third parties are not affected. They must first obtain public
acceptance to construct the power plant. For example, the project would
likely not be well accepted in locations where there is a shortage of land,
thus the projects have to maintain a distance from residential and urban
areas [10]. Moreover, the site for the power plant should be able to gener-
ate a source of employment. The site chosen should not be fertile, which
would impact the livelihoods of farmers, achieving the opposite of the
desired effect [11]. Therefore, it is important to support those disadvan-
taged parts of the population such as poor people and women by gener-
ating employment opportunities and contributing to the economic



TABLE 10.3 Various software tools used for feasibility studies of PV power plants [9].

Name of

software Organization behind development Operating system Assessments to be carried out

Access option

(subscription/open access)

iHOGA University of Zaragoza, Spain � Windows XP,
� Vista,7 or 8C++

� Techoeconomic
assessment

� Single and multiobjective
function-based
optimizations

� Genetic algorithm is used

� The PRO version of
the tool is under
subscription option

� EDU version is free for
education purposes only

iGRHYSO University of Zaragoza, Spain � Windows C++ � Technical assessment
� Economic assessment

Subscription

INSEL German University of Oldenburg � Windows
� Fortran and C/C++

� Assessment of planning
� Monitoring of electrical

energy system
� Monitoring of thermal

energy systems

Subscription

HOMER National Renewable Energy
Laboratory, United States

� Windows Visual C++ � Technical assessment
� Economic assessment
� Emission assessment
� Single objective function-

based optimization

Subscription

HYBRID2 University of Massachusetts, United
States, and NREL (Hybrid1 in 1994,
Hybrid 2 in 1996)

� Windows XP Visual
BASIC

� Technical assessment
� Economic assessment

Subscription

Continued



TABLE 10.3 Various software tools used for feasibility studies of PV power plants [9]—cont’d

Name of

software Organization behind development Operating system Assessments to be carried out

Access option

(subscription/open access)

PVsyst PVsyst SA, Switzerland � Windows version,
� LINUX through

VirtualBox

� 3D and 2D design of PV
system

� Shading analysis
� Energy performance

assessment
� Economic assessment
� Environmental assessment

Subscription

RETScreen Ministry of Natural Resources,
Canada

� Windows 2000,
� XP,
� Vista Excel,
� Visual Basic, C

� Financial assessment
� Environmental analysis
� Portfolio assessment
� Energy planning
� Statistical assessment of

energy networks

Open access and
subscription

RAPSIM University Energy Research Institute,
Australia

� Windows � Hybrid power system
� Technical performance

assessment
� Power capacity range

evaluation based on
energy source and load

Open access

TRNSYS University of Wisconsin and
University of Colorado (1975)

� Windows Simulate transient system
behavior

Subscription
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development of the region. To do so, companies ought to provide training
to the local population in impoverished areas instead of importing labor
from elsewhere.
10.3 Engineering, procurement, and construction

10.3.1 PV plant design

PV systems can be designed with varying complexities. The perfor-
mance of PV system components can change due to environmental condi-
tions and climate changes. These large changes in system performance
may alter the primary design significantly. Therefore, these changes
should be taken into account in system design. Before designing and
selecting components, customer expectations and the needs of the system
must be determined. The money invested by the customer affects the sys-
tem size. Note that designers must familiarize themselves with national
standards due to key points in the system design that are described by
these standards in most countries. According to the aforementioned,
many compromises must be made to achieve a desirable balance between
cost and performance. This section explains some of the major issues in
designing a PV power plant [12].

10.3.1.1 System layout

The site conditions can affect the general layout and the distance selected
between rows in a PV plant. The purpose of the plant layout is to minimize
expenses while gaining the maximum income from the plant [4_new].
Generally, this means:

• Reducing the effect of shading by standard designing and sufficient
spacing between the PV strings.

• Electrical loss reduction by minimizing cable runs in designing the
plant layout.

• Maintenance objectives by creating availability paths and enough space
between rows.

• Optimization of the annual energy yield by selecting an accurate tilt
angle according to the latitude of the location.

• Receiving maximum annual income from power generation with
correct module orientation.

10.3.1.2 Choice of system components

Component selection plays an important role in system design. In this
section, the main factors for selecting components are listed, and then the
design process is discussed in the next section.



324 10. Solar PV power plants
10.3.1.3 Modules

Selecting the proper module is very important because it is the heart of
a PV plant. Also, it has the highest cost of equipment in the PV plant.Many
factors affect that selection such as performance, warranty, aesthetics, cost,
and environmental conditions. The important factors are discussed in the
following [13].

The identified environmental conditions during site evaluation are
summarized below:

• Temperature range: The temperature range of the installation location is
important in the selection of PV modules because the modules operate
at a specified temperature range in the datasheet. For instance, a low-
temperature coefficient in modules is required for locations with hot
weather.

• Coastal environments: Salt stain examination of the PV system should
be carried out according to IEC 61701 for modules at a 1km distance
from shore.

• Snow environments: Module installation with a load capacity of 5400Pa
is very important in snow areas.

Thewarranty for PVmodules is divided into two categories:materials and
output power. Modules are covered by a 10-year warranty on materials and
25years on output power.Modulewarranty for output powermeans that the
PV module can generate 80–85% of its nominal power during the warranty
duration. For instance, if the output power of a module is 270W under STC
conditions, it must be able to generate at least 216W after 25years. Also, the
nameplate of each module should have UL and IEC certifications. Certifica-
tions used in modules are located on the datasheet or the manufacturer’s
website [14].

10.3.1.4 Mounting structure

After selecting the system modules, designers must specify the type of
mounting structure. The mounting structure holds PV modules and also
anchors modules to the ground or roof in a flat plane. The choice of the type
ofstructuredependsonfactorssuchasmodule type, installation location,and
environmental conditions. Environmental conditions such as the amount of
heavy rain, closeness to the coast, snow loading, and wind loading are very
important for choosing the type ofmounting structure.Also, the aesthetics of
the system can be considered according to customer expectations [13, 14].

10.3.1.5 Inverters

Thereare four typesof inverters: central,multistring, string, andmodular.
The following considerations are important for selecting an inverter [13, 15]:
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• Inverter efficiency: The efficiency of the newest inverters is similar.
Transformer-less inverters have more efficiency and are widely
applied.

• Direction and tilt angle of PV modules: If modules are at various tilt
angles and directions, the system should be divided into different
strings. That’s better to apply a string inverter for each string or a
multistring inverter. Typically, using a few small inverters instead of a
large inverter is more expensive, although the benefit of more energy
efficiency may outweigh the extra expenses.

• Inverter location: The inverters must be impermeable to dust and water
when installed outdoors. In this case, the protection rating is specified in
the inverter datasheet that includes Ingress Protection 65 or National
Electrical Manufacturers Association 3R.

• Cost of various inverters.
• The average annual energy production.

The designers should specify the pros and cons of each solution
depending on the system cost and performance and need to consult with
the customer for the final decision.

10.3.1.6 Transformers

Grid and distribution transformers are the essential components in PV
plants. Distribution transformers step up the output voltage of the inverter
at the distribution level. Electricity can be injected into the grid directly when
theplant is connected to thedistributiongrid.Thegrid transformer is required
to further increase the voltage when the plant is connected to a transmission
network. The efficiency and cost of ownership are key criteria in the selection
of transformers and theydirectly affect the annual income from theplant. The
selection criteria consist of power rating, system voltage, duty cycle, guaran-
tee, site conditions, vector group, sound power, and efficiency. Thewarranty
provided for transformers isdifferent amongmanufacturers and18months is
theminimumwarranty for typical transformers.Mean time to failure (MTTF)
for distribution transformers is 30years, according to academic studies and
manufacturer data. This depends on the duty cycle and load profile [16].
The transformers must be manufactured to the following standards:

• IEC 60076
• BS EN 50464-1

Choosingandsizing transformers:Typically, the invertersprovidepower
atvoltages between300 and450V.However,PVpowerplants are connected
to the grid with a voltage level of 11kV and above. Therefore, one or more
transformers is needed to increase the voltage. The primary and secondary
side voltages of the transformer determine its position in the electrical
system.
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Several main issues should be considered when choosing a transformer
for PV plants:

• Position in the electrical system
• Transformer capacity
• Environmental conditions
• Physical location

The maximum power extracted from the PV array will define the trans-
former capacity. The technical requirements of the electricity grid should
be considered in the selection of the transformer because the transformers
will organize a main component of the substation design. Therefore, they
should comply with local or international characteristics, including IEC
60076. The following points should also be considered [16]:

Losses: Transformers can lose energy in two ways, through magnetic
current in the core (called iron losses), and through copper losses in the
windings. The reduction of losses is an essential requirement in
transformers because this will increase the delivered energy to the grid
and hence bring more revenue to the PV power plant.
Test: A number of routine tests must be carried out on each transformer
manufactured based on the IEC 60076 standard.
Delivery: Delivery and construction of transformers require a period of
time. Especially, most large transformers are manufactured as ordered,
and will therefore need a long time between the start and end of the
production process.

10.3.1.7 Balance of system equipment

Asystemneeds other components to operate safely and properly. These
components are called the balance of the system equipment (BOS). The
BOS is used to connect and protect the PV array and inverter. The key
BOS are listed below [17].

PV combiner box

It is located between the PVarray and the inverter.Generally, it is applied
to interconnect the output cables from the PVarray. Connections are usually
builtwith screw terminals andshouldbeofhighquality topreventoverheat-
ing. In addition, itmust be allowed for use in outdoor locations, for instance,
ingress protection (IP) [18].

DC and AC switching

The task of these devices is to isolate and protect the equipment of the
PV power plant. These devices include the DC and AC main disconnect/
isolator, and DC and AC fuses/circuit breakers, which are briefly dis-
cussed below [19].
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DC and AC main disconnect/isolator

Disconnects/isolators are manual devices that provide electrical isola-
tion for the equipment of a PV power plant. Therefore, these devices are
needed during maintenance and installation.

Circuit breakers and fuses

Circuit breakers and fuses are usually applied in order to protect overcur-
rent in a PV plant. These devices are installed on both the array side and the
grid side. DC fuses usually are set by local codes; also ensure that the fuses
used are based on theDC rating.Moreover, breaking a direct current is more
difficult, which causes differences with AC fuses applied in normal applica-
tions.Typically,DCfusesareoftencostlybecausemostof themcanbeapplied
in AC applications. It should be noted that due to PV is the current-limited
source, DC circuit breakers/fuses operate differently to AC circuit brea-
kers/fuses. The circuit breakers/fuses operate very fast in the AC circuits
because the generated fault current is very large, whereas the produced fault
current in the DC side is not higher than the normal operating current [18].

Cabling

The proper choice of cables affects the overall performance of the PV
plant. This means that cables should be suitably UV-resistant for outdoor
use and also the size of the cables should be designed according to the sys-
tem current and voltage. However, there are local codes that cover cable
sizing, and also they vary widely between countries. In addition, cable siz-
ing varies according to the location, for example, the size of cable used in a
string is thoroughly different from the cable size used in an array. The
cables for installation should be properly sized so that the power losses
between the inverter and PV array do not exceed the specified value.
These cables must be able to carry the system current because if the cable
crossing current is greater than the capacity of the installed cable, then the
cable is heated and may damage other elements of the circuit [13, 17].

Voltage and current sizing

Cables have a maximum current and voltage, and these values should
never be exceeded. Codes for cable sizing vary between various countries.

For instance, according to the United Kingdom and Australian codes,
DC cables must be able to carry at least 1.25� ISC. This value is different
in the United States and is equal to 1.5625� ISC.

System protection

In order to operate the PV system safely, the structure of the protection
system is of great importance because the PV plant can fail for many rea-
sons. The protective structures and devices used in the PV plant will be
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described in the safety issues section. In addition, the details of these
topics are set in national standards.

10.3.1.8 AC switchgear

The proper type of switchgear depends on the operating voltage. The
switchgear for voltages below 33kV usually includes an internal metal-
clad cubicle type with air- or gas-insulated busbars and SF6 or vacuum
breakers. The suitable choice for high voltage switchgear in outdoor is
air-insulated whereas, gas-insulated is typically used for indoor
applications. All switchgear should [16]:

• Have proper labels in the ON and OFF positions.
• Be built based on IEC standards and national codes
• Be used for suitable grounding
• Be ranked for operating voltage and current

10.3.1.9 Plant substation

The plant substation comprises equipment such as supervisory control
and data acquisition (SCADA), switchgear, LV/MV transformers, a
metering system, and protection. The substation layout should optimize
the space used in accordance with building codes. A secure working envi-
ronment should be provided for staff in the plant. The electrical equip-
ment generates heat in the plant environment, hence suitable air
conditioning should be installed. Note that a large substationmust be built
and designed based on the requirements of the grid.

Segregation between converter rooms, MV switch rooms, storerooms,
control rooms, and offices is an essential requirement. In addition, lighting
and secure access should be provided. Lightning protection must also be
installed to diminish the lightning effect on equipment [16].

10.3.1.10 Grounding and surge protection

In order to protect against electric shock and fire hazards, grounding
should be provided in a PV plant that encompasses lightning and surge
protection, the noncurrent carrying parts of a PV array, and inverter
grounding. In designing the grounding, the national codes and special fea-
tures of the site location should be considered. The appropriate designing
diminishes the electric shock risk to users onsite and fire hazards caused
by a fault or lightning [20].
10.3.2 Design process

There are three main components for designing a PV plant: the mod-
ules, the mounting structure, and the inverters. The design process con-
sists of a series of successive steps [14]:



32910.3 Engineering, procurement, and construction
• Goals: The goal is to determine the size of the DC system based on AC
annual energy generation.

• Module selection: In order to achieve this goal and also the considered
budget, a proper module is chosen based on module dimensions,
output, and adaptability with mounting structure.

• Array layout: In this step, the number of modules is determined and the
array layout on the mounting structure is designed.

• Electrical calculations: String and array output values (voltage, current,
and power) are computed using the module specification.

• Inverter selection: According to the inverter specification, its
compatibility is checked with the calculated array layout.

• Mechanical calculations: In this step, the quantities of mounting
structure elements used are determined.

• Meters, disconnect, etc.: The rest of the PV plant components are easily
completed.

Here, a realistic example will be explained to better learn the PV plant
design procedure. The sample design will be carried out step-by-step
according to the above descriptions.

10.3.2.1 Sample design

This design is a sample of a 4.5kw grid-connected PV plant with a string
inverter. The PV array includes 18 modules that are located in two rows
with nine modules per row, as shown in Fig. 10.4. These modules are
mounted on a rooftop,which has an area equal to 32�14 feet. The following
steps are presented to complete the design of the related grid-connected PV
plant according to the above template.

Step 1. Site assessment: In this step, a complete map of the roof is essential
to identify the existing details in the roof such as penetrations,
FIG. 10.4 PV array layout.
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obstructions, etc., that are needed during installation. Also, the
roof tilt and azimuth are 23 and 205degrees respectively, and the
module orientation is portrait.

Step 2. Module specifications: The selected module is the Helios 6T-250.
Table 10.4 lists the detailed parameters of the PV module under
STC.
Step 3. Number of modules: The number of modules is obtained by
dividing the total DC system power (4.5kW) into the individual
module power:

Number of modules¼ 4500W�250W¼ 18 (10.1)
Note that this PV plant can generate 6.294kWh of AC energy per year

according to the location specification.

Step 4. Array layout: In this step, we determine the placement of the
modules on the rooftop. First, the roof dimension should be
converted to inches:

32 ft�12¼ 384 in: (10.2)
Next, the number of modules in a row is determined according to mod-

ule orientation:

384 in:�39 in: module widthð Þ¼ 9:85 (10.3)

Therefore, the number of modules in a row is nine and also the remain-

ing space on each side of the row is 16.5 in.:

9modules�39 in:¼ 351 in: (10.4)

384�351¼ 33 in:

33�2¼ 16:5 in:
TABLE 10.4 PV module specifications.

Parameters Values

Pmpp 250W

Vmpp 30.3V

Impp 8.22A

Voc 37.4V

Isc 8.72A

Length 66.1 in.

Width 39.0 in.



33110.3 Engineering, procurement, and construction
Now, the number of rows on the roof is determined:

14 ft�12¼ 168 in: (10.5)

168 in:�66:1 in: module length
� �¼ 2:54 (10.6)

Therefore, the number of rows is two and also the remaining space is

36 in.:

2 rows�66:1 in:¼ 132:2 in:
168�132¼ 36 in:

(10.7)
Step 5. String size: The string size is determined based on the number of
modules and the installation location. For the best performance,
the strings must have the same number of modules per string.
Therefore, this system contains two strings, and each string has
nine modules.
Step 6. String output power/inverter input power: The string voltage
is computed by multiplying the number of modules per string
by the module operating voltage at the maximum power point.
The output power of the string is determined by having the
module operating current at the maximum power point as
follows:

String voltage¼ 9modules�30:3V Vmpp

� �¼ 272:7V (10.8)

String power¼ 272:7V�8:22A Impp

� �¼ 2:242kW (10.9)

Inverter input power array power
� �¼ 2 strings�2:242kW¼ 4:484kW

(10.10)
Step 7. Maximum string voltage and current: The maximum string
voltage is computed by multiplying the number of modules per
string by open-circuit voltage, and then multiplying by 1.25. The
National Electrical Code (NEC) determines this value due to the
temperature limit. Also, the maximum string current is computed
by multiplying the short-circuit current by 1.25 and then
multiplying by 1.25. These values are used due to the maximum
radiation value and NEC, respectively.

Max voltage¼ 9modules�37:4V Vocð Þ�1:25¼ 421V (10.11)
Max current¼ 8:72A Iscð Þ�1:25�1:25¼ 13:63A (10.12)
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Step 8. Inverter: An inverter is chosen based on the DC system size. Also,
the inverter rating should exceed the array power. Therefore, the
Fronius IG Plus 5.0 is the selected inverter that has 5kW power.
Table 10.5 lists the inverter specifications.

Now, the inverter specifications should be checked in order to match
with the string and array layout. The string operating voltage is 272.7V,
which is within the MPPT voltage range (230–500V) of the inverter. Also,
the maximum string voltage (421V) is lower than the maximum system
voltage (600V).

Because this system has two strings, the array output current is twice
the string current (8.22A). Therefore, the array current (16.44A) is lower
than the maximum DC input current (23.4A).
10.3.3 Yield prediction

Calculating the expected energy of the PV power plant is one of the
important phases in the project feasibility process. The goal is to forecast
the average annual energy produced by the PV power plant during the
operation of the system (25–30years). In order to accurately predict the
energy yield, the full detailed PV plant should be simulated by software.
To this end, in addition to the detailed specs of the plant equipment, the
data such as temperature situations and solar resources of the site are also
required. Generally, the process of system simulation through software
includes the following steps [17]:

1. Using satellite sources and meteorological stations for the
measurement of environmental information. The time series of
irradiance on the horizontal plane is one of themost important pieces of
information needed at the site location.

2. Computing the irradiance on the tilted plane.
3. Modeling the PV plant according to the temperature and irradiance

variations in order to compute the energy yield prediction.
4. Applying losses with accurate information on equipment and

environmental conditions. This information includes DC and AC
TABLE 10.5 Inverter specifications.

Parameters Values

MPPT voltage range 230–500V

Max. system voltage 600V

Max. DC input current 23.4A

AC output voltage 208/240/277V
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wiring, module configuration, transformers, inverters, PV modules,
soiling characteristics, and auxiliary equipment.

5. Using the evaluation of uncertainty in values and the statistical analysis
of information to achieve the proper level of uncertainty.

10.3.3.1 Losses in PV systems

There are several factors that hinder the performance of PV systems at
maximum efficiency. These factors depend on the plant design and site
characteristics. A procedure called derating accounts for these factors.
This section describes these factors and the calculation of derating.

1. PV module temperature:

As previously mentioned, the output power of the PV array is affected
by the operating temperature. This effect on the PV module can vary
depending on the type of module. The amount of impact can be computed
through the temperature coefficient presented in the datasheet of themod-
ules. Remarkably, if the temperature of the module is more than the stan-
dard temperature condition (25 °C), it can lead to power losses [21].

2. Soiling:

Losses caused by soiling (bird dropping and dust) depend on the fol-
lowing factors:

• The site location, as the loss in deserts can be large compared to other
locations. Also, local pollution caused by industry and agriculture can
significantly reduce the solar resource.

• Rainfall frequency
• The cleaning strategy outlined in the O&M.
• Module tilt angles; the modules with a high tilt angle are expected to

have fewer power losses because they can better benefit from rainwater.

Derating caused by soiling can be estimated. Losses in very dirty sites are
considered to have a 10% reduction in the output power. For clean sites that
have regular rainfall, there is a 5% reduction in the output power [13, 22].

3. Shading:

Shading can play an important role in the loss of system efficiency for
two reasons [15, 23]:

• If the size of the shadow on the PVmodules is large enough, it will cause
a large voltage drop in the system. Then the inverter will turn off if this
voltage is outside the inverter’s operating voltage.

• The shadow of one string can affect other strings as well because the
irradiance received affects the current and voltage directly. In this case,
unshaded strings produce the same voltage as the shaded strings.
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4. Module quality:

The specifications presented in the module datasheet do not precisely
match the actual PV modules used in a system. There is a tolerance in the
nominal peak power of the PVmodules. Deviation in the characteristics of
the real module affects the energy yield. Generally, the output power of
PV modules is larger than the power presented in the datasheet. Also,
some manufacturers provide positive tolerance in power that can be used
for the energy yield [17].

5. Module mismatch:

The performance losses caused by mismatch impact, are related to the
dissimilar values of the current and voltage of the modules in a PV string.
This variation leads to an increase in power loss. The tolerance in themod-
ule power causes this loss [24].

6. Voltage drop:

Voltage drop refers to the losses in the cables. These losses due to elec-
trical resistance in cables are called ohmic losses. There are two types of
cable in the PV power plants: DC cables and AC cables. DC cables are
located between the modules and the inverter input and AC cables are
located between the inverter output and the metering point. Typically,
losses in DC cables are larger than losses in AC cables [17]. Generally,
there are two main ways to minimize the voltage drop:

• Using larger cables
• Reducing the length of cables

National codes allow the minimum voltage drop in the system to be
between 2% and 5% and the voltage drop in DC cables to be 1%.

7. Inverter efficiency:

Heat dissipation generated from the transformer and electronics devices
leads to losses of power in the inverter. Also, transformer-less inverters
have higher efficiency. The inverters’ efficiency is provided in the datasheet.
The inverters should be installed in areas with good air conditioning.
10.4 Operation and maintenance

This section describes the maintenance needed for PV power plants.
Following the user manual and the maker’s recommendations for all
the maintenance of all components are very important. The owner can
undertake somemaintenance functions, but most of them need an eligible
technician. The task of the maintenance company is to inspect and
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examine the system in order to assure proper functioning of the equip-
ment and system, which is performed once or twice a year. Inspection
results should be documented in a maintenance schedule and component
booklet that must be presented to the owner before the commissioning of
the system. Documents delivered to the user can be useful for the follow-
ing reasons [25]:

• Information extracted from inspections can demonstrate variations in
important system parameters over time and deviations from normal
conditions.

• Recorded information about system performance over a year can help
to compare performance in the future.

Performance monitoring is one of the most important features of main-
tenance because it can detect and modify system problems before serious
hazards threaten the system.
10.4.1 PV array maintenance

PV arrays can operatewithout problems formanyyears due to the lack of
moving parts. However, to ensure the efficient and safe operation of PV
arrays, regular maintenance is required. Electrical and mechanical surveys
and cleaning themodules are commonmaintenance functions. Themainte-
nance of PV modules should be done by trained personnel. Although rain
cleans any dirt on PVmodules, the technicians need to deal with bird drop-
pings, any soil created, or falling leaves. In this case, two points are recom-
mended: (1) use freshwater with soap for cleaning themodules, (2) solvents
are never used. In general, the presence of snow on PV arrays is not a prob-
lem until the PVmodules conform to standards. However, if there is a lot of
snow for a long time, the owner can consider cleaning them because they
will overshadow the PV array and affect the efficiency. Also, frequent prun-
ing of trees that cast shade on PV modules is very important [26].

The tasks of a qualified technician consist of the inspection of connection
points toassure that theyare impermeable andchecking themounting struc-
ture to find symptoms of corrosion. In addition, wiring and cablingmust be
checked in order to ensure that they are mechanically healthy and
weatherproof.
10.4.2 Inverter maintenance

Generally, inverter maintenance includes:

• Keeping the inverter installation place clean
• Cleaning and checking the electrical and mechanical connections
• Checking the inverter performance
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Each inverter manufacturer lists requirements and instructions for
maintenance in the manual. Inverter maintenance must be performed
through a qualified technician. Also, any maintenance on the inverter
should be documented in the system booklet [27].
10.4.3 Troubleshooting

Although a properly designed and well-installed PV power plant can
operate without flaws for many years, defects may occur in the system.
One of the following two reasons can lead to malfunctions in the system:

• Fault in the equipment
• Problem in the grid

Similar to themaintenance section, a qualified technician should under-
take system troubleshooting because the technician is aware of the dan-
gers of working with high voltage and at height [13, 28].

10.4.3.1 Problem identification

The monitoring system alerts the owner of the PV power plant when
the plant is not operating or underperforming. Visual inspection is the first
step for identifying any problems such as shading of modules, and the
owner should contact a technician if the problem is not identified.

Troubleshootingshouldbedone indaylight toensure that thePVmodules
have sufficient power for testing and that there are sufficient hours to con-
duct a full inspection. In the first troubleshooting step, the DC and ACmain
disconnect/isolator should be checked. If the disconnects/isolators are on,
the next inverter is checked. The inverter failure is usually caused by elec-
tronic component failure. In this case, the invertermaydisplay an errormes-
sage. The problem may not be identified immediately if the inverter is off
because no messages are displayed; it should be determined whether the
power of the DC and AC is present at the inverter. If the AC power is not
available, the ways back to the supply point should be checked in order to
detect faults in the system. If the inverter does not contain a fault and the
ACpower ispresent in the inverter, thePVarrayshouldbe inspected [13, 28].

10.4.3.2 Troubleshooting of the PV array

Dependingon the systemconfiguration, this troubleshootingwill bedif-
ferent. It is assumed that the system configuration includes only a PV com-
biner box, which is located between the PV array and the DC main
disconnect/isolator. If there is a fault on the DC side of the inverter, it
can be caused by receiving inadequate power from the array or the system
may not function properly because the PV array does not produce the
expected power. The open-circuit voltage of the PV array should be
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measured in the inverter input terminal to ensure that the DC power
reaches the inverter. If DC power was not available at the inverter, each
piece of equipment and connection from the inverter to the PV array
should be checked. If DC voltage is not observed in the inverter, then
the first common function should check the status of the DC main discon-
nection/isolation (it may be operated). The next possibility is that DC volt-
age is not available at the combiner box. Therefore, there is a fault in the PV
array. This fault can be caused by the following reasons:

• Cable disconnection
• Module failure
• Weak connection

Measurement of the voltage and current and a physical examination of
the modules and cables can be used to detect the actual fault [26, 27].
10.4.4 Autonomous monitoring for PV plants

Autonomous monitoring is a novel concept to integrate various moni-
toring methods to enhance the reliability and service life of PV plants.
Autonomous monitoring aims to identify the failures and faults of the dif-
ferent components of PV systems in a short time and facilitate decision
making for remedial actions.

In this concept, the control system is integrated with inspection, recog-
nition of the problem, preprocessing/postprocessing of the data, and deci-
sion making. Therefore, the entire monitoring services that are required
for the operation and maintenance (O&M) of PV plants can be provided
by this system. Fig. 10.5 depicts the schematic of the first attempt to
FIG. 10.5 Schematic of the concept of autonomous monitoring for PV plants [29].
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develop an autonomous monitoring system. This system can perform the
visual and thermography assessments by an infrared (IR) imaging sensor
and a high-resolution visual camera mounted on the unmanned aerial
vehicle (UAV). The aerial images captured are automatically transferred
to the ground control station (GCS) by the RF channel. Later on, the clas-
sified data are sent by the GCS to the database for processing. Subse-
quently, the signal characteristic data (e.g., current, voltage, power,
temperature, irradiation, energy production, etc.) are acquired by
SCADA. After preprocessing and postprocessing of the aerial images
and data, the entire processed information is transferred to the decision
support system and the O&M operator for future actions. In this phase,
the system evaluates the information in order to identify and analyze
the specific failure or fault of the PV systems.

Autonomous monitoring aims to increase the reliability and dura-
bility of PV plants, as it can contribute to reducing the time for mon-
itoring procedures and decision-making for appropriate solutions,
which are very important tasks, especially for large-scale PV plants.
In addition, autonomous monitoring provides reliable information
for the stakeholders of PV plants in a short time. The accuracy of
the system is very high in comparison with traditional monitoring
methods. Autonomous monitoring systems can identify not only
defects or failures but also the location of the specifically degraded
components in the PV plants.

Autonomous monitoring systems can be an integration of separate
systems, platforms, and devices, namely UAV, sensors (IR/EL/UV-FL),
a meteorological station, a monitoring cabinet, a ground control station,
SCADA, a database, the Internet of Things (IoT) platform, the Big Data
Analytics (BDA) platform, and the decision support system [2, 30–41].
10.5 Quality assurance services and certification

The primary stages of the PV plant project are crucial to achieve favor-
able outcomes. Quality assurance services are offered bymany audit insti-
tutions and companies (e.g., Fraunhofer Institute for Solar Energy Systems
and VDE Renewables in Germany) for each step of a PV plant project
(from development to long-term operation) in order to achieve high
and optimal efficiency. The quality assurance service begins with the site
assessment, an investigation of environmental conditions, and an energy
yield assessment. The proper and accurate design of the PV plant and
component selection are also essential to achieve a high energy yield
[42, 43].
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10.5.1 Development

Climate data is collected from different geographic information systems
(GIS) and then meteorological and solar irradiance data are used to assess
the special sites. Moreover, an evaluation of the site’s environmental condi-
tions is very important for the system lifespan and the produced output
energy. The following factors are investigated for the special site:

• Ultraviolet irradiance
• Humidity
• High temperature
• Natural hazards
• Soiling
• Salting
• Corrosion

These factors are needed for:

• Detailed reports of solar resource evaluation
• Assessment of annual and long-term changes in radiation
• The first analysis and optimization of plant design
• Reliability test for devices at the special site
• Feasibility studies
10.5.2 Engineering

Performance prediction reports are highly credited for ensuring project
bankability. To this end, a complete and accurate model of the PV plant is
generated according to design documents and all components to simulate
the system performance. The resulting reports contain detailed informa-
tion on the factors affecting system performance. These results include
the following:

• Prediction of performance and annual output energy over 25years
• The trend of possible variations in radiation
• Degradation factors
• Detailed uncertainty evaluation

In order to optimize customer cost and time, the component benchmark-
ing method was created to comparatively evaluate efficiency, workman-
ship, and reliability. Considering the most important aspects of quality,
the various modules selected are comparatively characterized. With a spe-
cific test process, module performance is verified according to datasheet
specs. The following tests are required for component benchmarking:

• Power confirmation
• Electroluminescence imaging to detect hidden flaws
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• Power rating in accordance with IEC 61853-1, including low light
performance

• Reliability testing (e.g., corrosion, climate loads, cell cracks)
• Material testing
10.5.3 Procurement

In order to guarantee the quality of components in the procurement
step, an examination of an independent sample of components delivered
according to reliability and performance is required. A representative
sample is chosen based on a sampling technique and the required mea-
surement and test are performed with maximum precision.
10.5.4 Commissioning

A comprehensive test plan is presented by the aforementioned insti-
tutions to ensure that the PV plant is made to the highest standards, and
also that the expected power rate can be achieved. These services
include:

• Visual inspections
• Power, current, and voltage measurements
• I-V characteristic measurements to specify the installed capacity
• Thermography
• Infrared camera to identify defective modules

The inspections assist in detecting faults and flaws in the PV installa-
tion. If the fault is detected early, operators can react quickly for required
repairs.
10.5.5 Operation

The verification of quality and the efficiency of PV components is
equally valuable for EPCs (engineering, procurement, and construction),
manufacturers, and financiers. Ongoing monitoring of the PV plant
ensures the detection of faults early and long-term yield analysis. Also,
reliable and accurate performance reports are offered over periods from
a couple of weeks to many years. The report contains benchmarking
and also analysis of the measured indicators against the expected perfor-
mance ratios. These reports and monitoring also can be applied for the
next developments in design and component selection for PV plants.
Moreover, the monitoring system investigates the long-term reliability
of PV components.
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10.5.6 Certifications process

For the return on capital cost, quality in the design, safety, and operation
of PV plants is very important. International standards for the certification
of a component provide the first degree of quality assurance. However, a
standardized evaluation of PV plants from design to operation is needed
for the industry. The VDE Institute is a certification entitywith deep knowl-
edge in the electrical industry, and Fraunhofer ISE is an outstanding
applied research institution with abundant experience in solar energy field.
These two organizations have developed comprehensive testing quality
assurance and certifications procedure for PV plants. Its duty is that it doc-
uments the advance operation and electrical safety of the PV plant at the
commissioning time. Therefore, quality assurance aims to reduce the tech-
nical and economical risks for investors, financiers, operators, and other
shareholders of the PV plants. There are two main reasons from a financial
aspect to perform quality tested certification. First, a PV plant that is quality
tested (QT) will be recognized as a higher quality plant with better perfor-
mance and availability. Second, the cost of certificationwill be compensated
by a reduction in financial cost. An overview of the certification procedure
is explained in [42–44].

In the first phase, documents related to PV plant design and engineer-
ing are confirmed and evaluated. In the next phase, all main selected com-
ponents are checked in terms of dimension, conformity with international
standards, and correct rating. Then, documents related to the installation
equipment package (foundation, mounting structure, PV module,
inverter, other electrical equipment, and monitoring system) are investi-
gated. The competence of the chosen installer is confirmed. A sample of
the selected PV module is taken to Fraunhofer ISE for testing. Irradiance
dependence, temperature coefficient, and power at STC are checked. Dur-
ing the onsite inspection of the PV power plant, the installation status and
the components are checked visually. This inspection consists of checking
the safety and performance of the PV plant with the latest methods and
standards. In order to assure the forecasting and expected performance,
the output power of the PV module and the performance ratio of the
whole PV plant are computed [42–44].
10.6 Economics of PV power plants

In the development of solar PV plants, the financial aspect is the most
crucial one that needs to be given special attention. The assessment related
to finance can be broadly understood with the economic assessment,
which highlights the internal rate of return (IRR) and the net present value
(NPV) of the solar PV project. To understand the economics, financial
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modeling of the solar power plant can be carried out. Any financial model
depends on the pricingmodel of the PV system. Themost commonly used
pricing model is the feed-in-tariff (FiT). The financial model of the PV
plant would require some key data related to the project. These data
include the cost parameters, the performance parameters, and sometimes
the parameters related to incentives in any form that can be used. Each of
these parameters is briefly explained in Table 10.6.

Based on the above-given data, the financial assessment of the PV plant
can be understood. A few key financial parameters used are the internal
rate of return (IRR), the net present value (NPV), and payback periods
(PBP).

The internal rate of return (IRR): This parameter generally accounts for
the cash flow in the total PV system lifetime. In an evaluation, IRR
generally considers the discounted cash flow. It measures based
percentages rather than a specific currency. This is quite different from
other economic parameters.
Net present value (NPV): This is themost commonly used costmetric in
the economic assessment of solar PV system. NPV evaluation generally
TABLE 10.6 Key parameters required for financial modeling of PV power plants.

Parameter Description Remarks

Peak
installation
capacity

Represents the overall capacity of
the power plant in kW or MW.

� Cost of the PV capacity will
vary based on the PV
technology used

� The available area and location-
specific conditions would
decide capacity

Lifetime Total life span of the project along
with the individual component’s
life span. Generally, the PV system
life span is expected to be between
20 and 25years.

� The life of PV modules may not
be the same as other PV system
components such as the battery
and power converters

Degradation
rate

It represents the percentage of
energy production that decreases
per year. It has a long-term impact
on the overall economic outcomes
from the PV plant.

� The degradation rate is PV
technology-specific

� It also varies with respect to
climatic conditions

Pricing
model

Pricing model represents an
agreement between power
producers and the utility. The tariff
rate is considered one of the best
pricing models and many of the
national follow the same.

� The tariff rate is generally
decided on many
technoeconomic parameters

� Generally, it depends on the
size of the PV plant

� In some situations, the type of
PV installation configuration
could influence the tariff rate
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gives a detailed idea of the possible revenue from the PV system. It is
given based on the following formula [45].

NPV¼
Xn
y¼1

Cash flowy

1 +discount rateð Þy (13)

where n is the PV system lifetime and y is the operating year in its total

lifetime.

Payback periods (PBP): These are indicators to determine the entire
period for a PV system to recover its capital investment. It is formulated
as [46]:

PBP years
� �¼ Initial cost of the system INRð Þ

Annual cash flow INRð Þ (14)

As highlighted in the above table, these financial parameters would

depend on the type of PV technology as well as the PV plant type and
capacity. Table 10.7 represents the economic assessment of building-
integrated PV (BiPV) and a ground-mounted PV as per the feed-in-tariff
pricing model for France’s weather conditions.
10.7 Safety issues

Considering the distributed characteristics of PV systems that can be
installed in all public places, the safety issues and fault protection in PV
systems are most important. Although PV systems need lowmaintenance
due to not having moving components, they are subject to different faults
that lead to generating hazardous currents and voltages in the system.
Technology and codes have made great strides in developing fault
TABLE 10.7 Economic assessment of different PV systems in France [47].

Peak capacity (kW) Type of PV installation PBP (years) IRR (%) NPV (k€)

3 BIPV 16 2.26 �0.77

20 Simplified BIPV 19 0.63 �8.54

100 Simplified BIPV 17 1.21 �29.42

500 Ground-mounted >25 �3.80 �525.43

1000 Ground-mounted >25 �3.22 �925,235
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protection techniques to prevent or reduce unwanted voltage and current
components [48].
10.7.1 Overcurrent protection

Overcurrent protection devices such as fuses, breakers, and others limit
the current to the proper rate and disconnect short circuits. The type of
overcurrent protection system used and the maximum current passing
through the circuit components determine the size of the overcurrent pro-
tection system. The design and size of the overcurrent protection system
are outlined by national codes. Inmany countries, the short-circuit current
of the array determines the size of the overcurrent protection devices. The
main reason for selecting the short-circuit current of the array is that the
PV is a limited current source, that is, the short-circuit current is the high-
est current produced by this source. Also, the maximum array current is
equal to the sum of the short-circuit currents of the strings. An important
point is the dependence of the short-circuit current on the solar irradiance
and temperature of the PVmodule, both of which should be considered in
the design and selection of the overcurrent protection device in PV sys-
tems [13, 24].
10.7.2 Grounding and ground fault protection

A ground fault is an electrical short-circuit between the ground and
current-carrying conductors. Factors such as environmental conditions,
fault impedance, and fault location affect the amplitude of the fault current.
If the ground fault protection device (GFPD) cannot clear the ground-fault
current, the fault connection leads to hazardous DC arcs and fire. The most
common type of fault in conductors is a ground fault because just one cable
is all that needs to be damaged. The most important reason for the ground
fault occurrence is the insulation failure of the cables [49]. The type of DC
systemgrounding affects the protection devices and techniques.Grounding
is an accidental or deliberate conducting connection of the DC circuit to the
ground. The basic goals of grounding are as follows:

• Fire hazard minimization
• Electrical shock minimization
• Electromagnetic interference reduction
• Equipment protection from faults

Equipment grounding is needed in all countries, that is, the conductive
parts that do not carry current must be grounded. However, system
grounding is optional among countries. Therefore, local codes specify
the type of grounding system.
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10.7.3 Arc fault protection

A PV array has many connections all over the array. An arc is created
when current is transferred through the air-informed gap between con-
ductive parts due to discontinuity and insulation failure. An arc fault is
dangerous and harmful for the PV array because conductors may be
melted from the generated intense heat and also arc fault leads to fire haz-
ards. Compared to an AC system, an arc in the DC system can lead to a
sustained arc because the current through the DC arc is not periodic
and also does not have zero-crossing [50].

In PV systems, connections aremade by connectors, soldering, and screw
terminals. Typically, arc faults occur in these connections. Series arcs hap-
pen due to discontinuity in the current-carrying conductors caused by the
corrosion of connectors, destruction in solder joints, damage by rodents, cell
damage, etc. The NEC-2014 requires a protection device to detect series arc
faults in all PV systems with operating voltages above 80V; this device is
known as an arc-fault circuit interrupter (AFCI) [51].

10.7.4 Safety of the people

Ensuring the safety of the equipment exposed to touch provides for the
safety of the people. Efficient grounding and safety testing of equipment
ensures the desired safety. For example, IEC or UL standards certify mod-
ule safety, which means that construction requirements are dictated in
order to diminish the voltage on subjected parts. The efficient grounding
of mounting structures is truly comprehended, but there is a considerable
novelty in this field to create a ground path by using mechanical connec-
tions instead of ground conductors [52].

Also, building fires with the presence of the PV systems need specific
procedures via emergency personnel. The first step in the event of a fire is
to turn off building electricity. The PV systems turn off automatically
when the utility voltage is interrupted, so the system current tends to zero.
Because the PVmodules and live equipment are always energized in day-
light, there is a potential risk if contact is created. This problem has
received much attention in recent studies as well as in the industry [24].
10.8 Conclusion

The increasing demand for PV plants in the energy market indicates the
high potential of photovoltaic technology to supply energy of the highest
quality. PV power plants are classified into small-scale PV systems (e.g.,
1–100kW) that are used for commercial and residential rooftops. There
are also utility-scale PV systems (e.g., >100kW), namely ground-mounted
systems that supply electric power for urban and industrial applications.
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The efficient implementation of a solar PV plant guarantees the reliability of
the project. The development phase consists of six steps, namely, solar
resource assessment, site selection, environmental stress assessment, prede-
sign and optimization, feasibility studies, and social considerations. Engi-
neering, procurement, and construction so-called EPC, are the main
phasesof aPVplantproject. EPCconsists ofdesigning, system layout, choice
of system components (PV module technology, inverter, transformers, the
balance of system equipment. BoS also includes combiner box, DC and
AC switching, circuit breakers, fuses, cabling, AC switchgear, substation,
grounding, and surge protection.

The design process and yield prediction are the most significant initial
actions to prevent failures and other problems such as soiling, module
mismatching, and voltage drops, which can cause serious loss during
the PV plant lifetime. Moreover, operation and maintenance are signifi-
cant keys to continue the solar PV plant performance over the long term.
It should be taken into account that the quality assurance service begins
with the site assessment, an investigation of environmental conditions,
and an energy yield assessment.

For the return on capital cost, quality in the design, safety, and opera-
tion of PV plants is very important. International standards for the certi-
fication of a component provide the first degree of quality assurance.
Typically, PV plants can be installed in all public places, hence safety
issues and fault protection in PV systems are most important.

This chapter presented detailed aspects of the implementation phases
of solar PV plants, namely development, engineering, procurement, con-
struction, operation, and maintenance. Also, this chapter provided
detailed information about quality assurance services, the norms, and
the certification procedure. Furthermore, the quality assurance services
and economic issues, namely financial models, feed-in-tariff (FiT), internal
rate of return (IRR), net present value (NPV), and payback periods (PBP),
were also discussed. Moreover, autonomous monitoring was introduced
as a novel concept for integrating various monitoring methods to enhance
the reliability and service life of solar PV plants.
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aEindhoven University of Technology (TU/e), Design of Sustainable Energy
Systems, Energy Technology, Department of Mechanical Engineering,

Eindhoven, The Netherlands, bDepartment of Microsystems Engineering
(IMTEK), University of Freiburg, Solar Energy Engineering, Freiburg im

Breisgau, Germany, cBiosystems Engineering Department, Faculty of
Agriculture, Shiraz University, Shiraz, Iran, dFederal University of Santa

Catarina, Florianopolis, Brazil, eChemical Engineering Department, Islamic
Azad University South Tehran Branch, Tehran, Iran, fElectrical Engineering
Department, Amirkabir University of Technology (Tehran Polytechnic),

Tehran, Iran, gSymtech Solar Group, Lewes, DE, United States
11.1 Introduction

Photovoltaic (PV) energy generation as a versatile technology has
numerous applications and integrations with significant impacts on world
development and the amenities of life. PVdeployment has beenmuch faster
than the anticipated value, where it is likely to be twice the expected level in
2020 [1]. What has driven this rapid deployment are the higher rising trend
of electrification and the relative energy demands coupled with the falling
costs ofmanufacturing. By the end of 2017, the total installedworldwide PV
power was measured at 403GW, mostly grid-connected [2–4]. Having a
notable diversity in the nichemarket, PV technology needs an in-depth look
through penetration in various energy sectors to meet growing energy
demands and facilitate human life. With electricity demand, particularly
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in buildings and road transportation, expected to double by 2050 due to the
rise in electric vehicles and electrified heating and cooling as well as differ-
ent appliances, it is expected to make up half of the requisite energy by
renewable energies [5].

The key feature that is reflected byPV systems is the flexibility of end-use
applications, ranging from large-scale power plants to on-device portable
gadgets. Therefore, this wide variety of applications can be categorized
under four main groups, (i) utility-interactive systems, (ii) stand-alone
systems, (iii) hybrid systems, and (iv) building-integrated systems [6]. In
the first type, the electricity generated from PV modules is connected to
the grid, and the DC is converted to AC via an inverter before the distribu-
tion network. The power can be used by electric appliances in the house
(self-consumption); otherwise, it can be supplied to the central power
network (smart grids). As the main source (solar radiation) is intermittent,
a backup system is usually integrated to keep power in the system irres-
pective of weather disturbances. Today, modern designs employ this tech-
nique to offset the energy costs in residential buildings.

The second type of PV system is a stand-alone system, which does not
rely on grid/utility connections. In this case, a battery storage unit is
always needed when nocturnal operation or constant energy supply is
concerned, and solar insulation is not sufficient. However, the third type
of design presents a hybrid mode of power generation in which PV sys-
tems are coupled with diesel or wind power generators. In an experimen-
tal study conducted by Khatib et al. [7] to optimize a BIPV-diesel hybrid
system in Malaysia, it was seen that the hybrid mode operation cost
relatively 30% less than the stand-alone PV or diesel types. Therefore, a
technoeconomical assessment is necessary to determine the viability of
PV technology integration with an application. The fourth type of PV sys-
tem is the integration of PV modules into the building envelope, which is
known as a building-integrated PV (BIPV) system. This new technique not
only provides power generation through PV materials, but also reduces
material consumption for construction as the PV materials are used as
envelope materials for the roof or façade. In recent studies, the potential
of BIPV systems has been highlighted as the annual energy collected
by the four vertical façades facing four perpendicular directions exceeds
by two times the total energy absorbed on a horizontal plate at the
same location. Data also state that in winter, the energy increases by
threefold [8].

So far, PV power generation has become a plausible technology for
remote areas where distribution lines are not affordable, or the running
costs are not justifiable. Because the cost of PV technology is decreasing,
PV use for grid-connected applications is on the rise [9]. BIPV systems are
also gaining attention as they bring benefits by replacing conventional
materials with new construction, at which monetary advantages emerge
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after the electricity consumption cost decreases. BIPV is also architectur-
ally more interesting compared to roof-mounted PV structures. Stand-
alone systems are in practice for different purposes in remote areas, such
as spatial communications, terrestrial communications sites, electrifying
villages, etc. Hybrid systems are also viable when a renewable or nonre-
newable source of energy is implemented by means of generators to
compensate for the required net energy that occurs at insufficient solar
radiation levels.
11.1.1 PV impacts on disaster relief

One of the outstanding outcomes of solar-powered facilities is the inte-
gration of natural disaster relief efforts. According to the Centre for
Research on the Epidemiology of Disasters (CRED), 281 climate-related
and geographical events were recorded in 2018, with 62 million people
affected by these disasters resulting in 10,733 casualties [10]. Power out-
ages are likely at the very beginning of every catastrophic event due to
major damage to infrastructure and power stations. This local shutdown
may last for days and leaves homes, schools, hospitals, food stores, and
other vital services without electric power. Hence, mobile stand-alone
PV systems are a boon to residents, supplying power to needed areas in
the aftermath of the disasters. The mobility of these solar-powered auto-
matic devices facilitates their displacement, which has shown consider-
able advantage. Being lightweight is another positive feature of portable
PV systems, particularly when local roads and bridges are damaged
and tools have to be carried over rough ways. In addition to providing
electricity, some compact PV systems can purify contaminated water plus
offer lighting features [11].
11.1.2 PV effects on urban development

According to one of the sustainable development goal (SDG) subsets,
energy access and sanitation are the cornerstones in improving people’s
living standards [12]. PV integration is booming and has increased
electricity access by reducing energy costs and raising energy availability.
Furthermore, the growing trends of digital applications in daily life plus
new decarburization policies are becoming tipping points for achieving
sustainable development in urban areas. Electric mobility is one of the
outcomes of this rapid change toward sustainability and has shown a sig-
nificant reduction in urban pollution. Employing PV systems to empower
electric applications has introduced new, innovative, and ecofriendly
devices and machines into the energy niche market. Alongside the pre-
mentioned applications, some new, innovative, and less-investigated
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areas are emerging as PV-related technologies become more advanced.
Solar unmanned aerial vehicles (UAVs) are light flying objects that are
used for surveillance missions that focus on agricultural, geographical,
military, and other purposes [13–17]. Utilizing a PV system extends their
flying time, which provides longer times for photography in mapping
operations, enhancing the final product [18]. In a mature technique,
the effort to power flying objects dates backs to 2015 when the first
zero-emission plane took a 5 month journey around the globe. This suc-
cessful attempt allowed the integration of PV systems, which was before
merely used for remote communications via satellites, in aviation. Road,
water, and rail transportation systems also benefited from PV technolo-
gies while electric boats, buses, passenger cars, and trains have pene-
trated into the current means of transportation. Equipping bus stations
with solar panels has brought the opportunity to recharge electric buses
while in traffic. The integration may also be applied for lightning or pub-
lic network supply. PV-integrated carports are also beneficial to con-
sumers as they offset their energy demands from the grid and
dependency on the grid [19]. One of the subsets of PV technology is BIPV,
which offers a promising solution for cleaner electricity by introducing
new integrations with different building appliances. BIPV is advanta-
geous to society because it offers both environmental and health benefits
in addition to the reduction in carbon emissions and added viability to
the economy [20].
11.1.3 Effects of PV on rural development

Access to electricity improvespeople’s living standards; however, being
deprived of energy access has resulted in various drastic health problems
throughout history. Solar electrification employing PV technology is start-
ingwhat looks like aboom.Delivering numerous social impacts, electrified
villages are on the rise andhaveevolved the residents’ lives andeconomies.
Increasing their working hours, bringing information, promoting small
enterprises, and reducing transportation costs are some of the social
impacts in rural areas. PV applications are in extensive use for solar home
systems, vaccine refrigeration, telecommunications, radio transceivers,
rural telephone and security systems, and agricultural purposes [21]. An
educational impact is also expected as the experimental data prove that
the literacy rate in solar-electrified households is higher than in nonelectri-
fied households [22]. Eliminating the frenzied use of kerosene lamps by
introducing solar-powered lights gives new impetus to mitigating
health-related problems [23]. Interestingly, the global trend of the integra-
tion of PV applications into health facilities is growing rapidly. A recent
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WHO-led reviewof sub-SaharanAfrican health facilities reported that 15%
and 43%of hospitals inUganda and Sierra Leone, respectively, use PV sys-
tems in combination with other electric sources [24].
11.2 Building-integrated photovoltaics (BIPVs)

As PV installations grow globally combined with decreasing prices in
silicon solar cells, building-integrated photovoltaic (BIPV) systems—
although still considered a niche product for the market—will play a sig-
nificant role in the near future for the solar industry. BIPV systems today
are viewed as state-of-the-art systems that offer innovative solutions for
PV integration into buildings. Different from building-attached PV sys-
tems (BAPV) that require additional components and materials to be
mounted onto existing surfaces, BIPV systems are aesthetically pleasing,
following architectural flows within their design. Although BIPV is still in
the early stages for stable mass production, in the future BIPV will repre-
sent a noteworthy share of total global solar installation. This chapter
focuses on BIPV systems and offers a general overview and description
of this type of system.

BIPVs are the result of integrating or combining building construction
materials with photovoltaic solar cells in order to make urban edification
structures (buildings) power generators, therefore sustainable [25, 26].
The building construction materials typically used in BIPV systems can
be seen in either the façade, namely walls, windows, and curtains, or in
roofs as skylights, shingles, and tiles [27]. The main objective of BIPV
installation is to achievemultifunctionality in buildings by offering energy
optimization to all users and at the same time serve as a protective, sus-
tainable, and aesthetically pleasing construction [28].
11.2.1 BIPV modules

A key component of a BIPV system is its module. These are available in
a wide range of semiconductor technologies, such as crystalline silicon (c-
Si) in both mono and poly, as well as thin films, including amorphous sil-
icon (a-Si), copper indium selenide (CIS), copper indium gallium selenide
(CIGS), cadmium telluride (CdTe), and dye solar cells (DSC). For standard
c-Si BIPV modules, their cells need to be encapsulated or adhered into the
cover material, typically glass, while in thin-film and dye-sensitized solar
modules, the semiconductor can be inserted directly into the substrate,
typically glass, metal, or plastic. All commercially available cell
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technologies will eventually influence the appearance, efficiency, and
overall cost of the finished BIPV module [25, 29].
11.2.2 Comparison of BIPV and BAPV

In urban locations, PV systems are mounted on roofs or building sur-
faces to avoid shading nearby objects. These types of systems are typically
known as building-added or attached BAPV. Both BAPV and BIPV sys-
tems share similarities. However, it is important to differentiate between
them. In BAPV systems, the use of mechanical fixtures known as mount-
ing systems allows the installer to clamp and connect PV modules on an
existing roof or surface. BIPV systems, on the other hand, are considered
materials of the building itself and for this reason, they do not require
additional materials to be fixed in a roof or building surface [30–32].When
comparing BIPV to BAPV systems, although knowing beforehand that
their main difference relates to aesthetics, the following differences are
listed in Table 11.1.
TABLE 11.1 Brief comparison between BIPV versus BAPV.

BIPV BAPV

- Few suppliers available for BIPV
modules

- Commercially available standard
manufactured modules

- Low market demand, which results in a
high waiting time for product
acquisition

- High market demand for standard
manufactured modules, which results in
fast product acquisition

- Sizes need to be matched to the
architectural design of the building

- Semistandard sizes for all components

- Higher costs due to the complex
manufacturing process

- Lower cost on modules due to mass
production capacity

- Risk of increasing cell temperature due
to material selection and inside building
environments

- Less risk of increasing cell temperature
due to exterior installation, especially in
fixed-tilt mounted systems

- Design and installation based on
communication between
multidisciplinary groups developing
the project

- Design and installation standards
available

- Superior and elegant aesthetics - Not very pleasing appearance
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11.2.3 BIPV design

There have been multiple discussions for the design of BIPV systems in
the architectural and construction communities that aim to set parameters
that can define the commonalities of a BIPV project. Most of these have a
goal to balance energy efficiency, aesthetics, and environmental and eco-
nomic contemplations [30]. Typically, designs form part of the roof mate-
rials, for example, a skylight, a roof tile, a shingle, or the façade of the
building. The main purpose of BIPV is to integrate solar materials into
existing building materials, which can then generate power while achiev-
ing aesthetically pleasing views and architectural sense [33]. Selecting the
type of PV module to use for the BIPV project can help improve the aes-
thetics of the design because some materials are offered in transparent or
opaque glazing covers. Thesewill eventually need to be considered for the
visual appearance of the project.
11.2.4 BIPV building codes and regulations

BIPV components require certification because they are used for elec-
trical and construction purposes and need to be reliable. In the United
States, for example, BIPVmodules complywith basic electrical safety stan-
dards related to the IEC 61730 and UL norms [34]. For other standards,
because BIPV modules are still to some extent novel and because their
level of installation requires a more complex process, agreeing on a
generic standard for these modules might be challenging at present,
and the building regulations may vary from country to country. In the
European Union, thanks to the adoption of the Energy Performance of
Buildings Directive (EPBD), more institutions and countries are setting
compliant regulations for BIPV [29, 35].
11.3 Luminescent solar concentrator photovoltaic (LSC PV)

The integration of PV modules has been beset with difficulties through
adaptation in several applications. PV cells are still not the most cost-
effective alternative to conventional energy providers, and they also lack
flexibility in shape, color, and weight. On the other hand, solar energy
intensity is generally low and solar facilities are recommended to be incor-
porated with concentrators to augment their optical efficiency. These
acute challenges have abated the growing interest in PV in the market.
However, several techniques have been employed to break down techni-
cal barriers toward PV flexibility in terms of integration with other appli-
cations. A luminescent solar concentrator (LSC) is a new device that brings
a number of benefits over other alternative solutions such as color
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reflecting films or organic cells, which result in low efficiency and a short
lifetime, respectively [36, 37]. In addition, LSCs are able to concentrate
solar insulation, avoiding sun-tracking devices or dish-type reflectors,
particularly for utilization in an urban environment. This technology
has shown significant improvement in PV integration with buildings
and the architectural sector, offering a wider range of design choices [38].
11.3.1 LSC description

Typically, the LSC is a planar transparent plate comprised of plastic or
glass waveguides as the host matrix (with refractive index n) embedded
with dispersed organic dyes, inorganic phosphors, or quantum dots
(guests). As Fig. 11.1A illustrates, when the light penetrates the transpar-
ent material, the guests (luminescent molecules or luminophores) absorb
photons and isotropically reemit them at longer wavelengths as the result
of the difference between the absorption and emission wavelengths,
known as the Stokes shift (Fig. 11.1B). The emitted lights are trapped
within the enclosure and concentrated toward the edges, where PV mod-
ules are located to receive the solar incident. According to Snell’s law,
when lights reach the interface between air and material at the angle
within the cone angle (critical angle), the fraction will be lost from the
FIG. 11.1 (A) A conceptualized diagram of the operation of a luminescent solar collector,
(B) Stokes shift, and (C) the principle of escape cone loss [39, 40].
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surfaces of the luminescent concentrator (Fig. 11.1C) [38–40]. The critical
angle (θC) and the fraction f of photons trapped in the LSC are given as:

θC ¼ sin�1 1

n

� �
(11.1)

f ¼ cosθC ¼ 1� 1

n2

� �1=2

(11.2)

Solar cells absorb photons that are the results of internal reflections,

therefore, the photon flux gain or geometry gain Gp of the LSC can be
defined as [40]:

GP ¼
Aface

Aedge
QAηf (11.3)

where Aface is the aperture area to the solar incident, Aedge is the area of the

LSC edge that is exposed to the PV,QA is the fraction of absorbed photons,
and η is the quantum efficiency.

11.3.1.1 LSC performance

LSC performance is dependent on several loss mechanisms, as shown
in Fig. 11.2. As the light reaches the top surface of thewaveguide, a portion
is reflected due to the Fresnel reflection. Photons that penetrate the host
material result in light emission by luminophores and the lights lie under
the cone angle and refract out of the waveguide (escape cone loss). The
other loss refers to the reabsorption of emitted photons by other lumino-
phores. In this case, the overlaps between the absorption and emission
bands of luminophores (insufficient Stokes shifts) lead to an incomplete
reemission by the adjunct luminophore. The other absorption degradation
stems from the luminophore’s inability to absorb all incidents due to the
limited absorption band range, which causes a portion of the penetrated
lights to leave the waveguide medium from the bottom surface and with-
out being absorbed by the luminescent materials.
absorption
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FIG. 11.2 Configuration of a waveguide and doped luminescent dyes with different loss
mechanisms associated with dye functions [41].



358 11. New concepts and applications of solar PV systems
The other loss comes from the strong UV photons that degrade the
luminophore’s molecules and result in malfunctioning in a certain part
of the LSC. In this case, high energy photons break down the molecules,
resulting in energy loss in forms of heat or vibration instead of photon ree-
mission (quantum yield loss). There are still some other losses such as
self-absorption, light scattering, and surface scattering that indicate the
transmission efficiency of the light through thewaveguidematerial. There-
fore, the efficiency of an LSC (ηLSC) not only relies on the optical efficiency
(ηopt), but also is a function of PV efficiency (ηPV) and can be expressed as:

ηLSC ¼ ηopt�ηPV (11.4)

where
ηopt ¼ f 1�Rð ÞηabsηLQEηsηmat 1�ηself

� �
ηTIR (11.5)

where R denotes surface reflection coefficient, ηabs is the fraction of light

that is absorbed by luminophores, ηLQE is the quantum efficiency by the
luminescent species, ηs is the Stokes’ efficiency, ηmat is the light transmis-
sion efficiency in the host matrix, ηself is the self-absorption of the lumines-
cent species, and ηTIR is the efficiency of the total internal reflections.

The photon concentration ratio (CP) can also be defined as:

CP ¼ ηopt�GP (11.6)

The power conversion efficiency of the LSC is another important factor

that can be determined as [42]:

PCE¼VOCISCFF

AedgePin
(11.7)

where VOC is the open-circuit voltage (V), ISC is the short-circuit current

(A), FF is the fill factor, and Pin is the total flux density of the solar radiation
(W/m2 nm).

11.3.1.2 LSC developments

Scientists have conducted numerous studies to develop LSC technol-
ogy and augment the optical efficiency. It has been proven that the growth
of geometric gain raises the probability of reabsorption by luminescent
material [43]. Distinctive research findings also demonstrated that the
LSC loss mechanisms are dependent on the device’s size. As the dimen-
sions grow, the efficiency diminishes, which results in being less favorable
to be adopted by BIPV systems [44]. Using luminescent species with
higher quantum efficiency and larger Stokes shifts has yielded fewer opti-
cal losses [42].

In 2007, there was an attempt by Gallagher et al. [45] to introduce sev-
eral tandem LSC devices, being covered by PV cells from one edge, in
which polymethylmethacrylate (PMMA) was used as the host matrix
doped with cadmium selenide/cadmium sulfide (CdSe/CdS) quantum
dots (QDs) and Lumogen F Red-30 (BASF) organic dye. The results
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showed that the high fluorescence quantum yield of the dye material
increases the PCE to 3.3% compared to 2.1% of the QD-based LSC while
both materials suffered from high self-absorption due to the short Stokes
shifts. One year later, Slooff et al. [46] developed tandem LSCs equipped
with backside mirrors and used a PMMA material with a mixture of
Lumogen Red-305 and Yellow-CRS040 organic dyes. They also investi-
gated the device performance for different PV cells with the same size
and configuration. The results suggested that the higher the number of
solar cells, the better the power conversion efficiency.

In 2009, Goldschmidt et al. [47] proposed an LSC device incorporated
with a photonic structure as a reflective filter to prevent the escape cone
loss, which accounts for a 26% reduction in the total solar radiation
absorption. In this work, they applied two approaches to increase the
LSC efficiency. First, they investigated the effects of the combination of
different dyes, which is expected to broaden the used spectral range. As
a result, the system enjoying two different dyes had a higher efficiency
at 6.7%. The second approach referred to the use of a commercially avail-
able filter, as shown in Fig. 11.3, where the technique increased the optical
efficiency by 20% with a 3.1% concentration ratio. Incorporating a white
bottom reflector was also beneficial in the performance augmentation
and is well analyzed in this study.

Another technique to prevent surface loss is to control the alignment of
organic luminophores. This effort enables control over emitted light dis-
tribution by managing the physical ordering of dyes in a macroscopic
scale. Several techniques have been proven for aligning luminophores,
such as employing self-aligning fluorescent nanorods [48] or using an
alignment layer and additives to align guest molecules with liquid
crystals [49].

Later in 2012, Chandra et al. [50] introduced an enhanced quantum dot
solar concentrator (QDSC) using plasmonic interaction between QDs and
metal nanoparticles (MNPs). In this work, it was premised that the plas-
monic interaction causes a growth in the excitation and emission rates of
QDs, which presumably increases the QDSC efficiency. Moreover, using
FIG. 11.3 (A) The schematic of the photonic structure used as a bandstop reflection filter,
and (B) the photograph on the stack system used in this study [47].
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QDs as the luminescent species brings a significant advantage over
organic dyes. Using QDs offers the ability to tune the absorption threshold
as a function of different dot diameters in addition to their stability and
lesser vulnerability than organic dyes [51]. In results, scientists concluded
that using the plasmon-induced electromagnetic field of AuNPs can boost
the fluorescence properties of CdSe/ZnS quantum dots. Experiments also
revealed that an increase in Au NP concentration enhances the optical
absorption. Moreover, since the fluorescence emission is a function of
Au NP concentration, the maximum emission efficiency was achieved
in a certain NP concentration where a further increase in concentration
reduced the emission efficiency. The reason was attributed to the nonra-
diative transfer of the excited carriers from the QDs to adjunct Au NPs
[50]. In another study, El-Bashir et al. [52] developed an LSC with a plas-
monic thin-film coated by polycarbonate substrates in addition to fluores-
cent PMMA film doped with coumarin dyes, nanogold, and nanosilver
molecules, as shown in Fig. 11.4. Experimental data proved that the use
of AuNPs extends the LSC lifetime and the maximum PCEwasmeasured
as 53.2% for amorphous silicon (a-Si) cells. This study puts forth the high
potential of plasmonic applications in LSC technology.

Recently, Aghaei et al. [53] presented a novel configuration for lumines-
cent solar concentrator photovoltaic (LSCPV) deviceswith vertically placed
bifacial PV solar cellsmade ofmonocrystalline silicon (mono c-Si). This LSC
PV device comprisedmultiple rectangular cuboid lightguidesmade of poly
(methyl methacrylate) PMMA containing Lumogen dyes, in particular,
either Lumogen red 305 or orange 240. The bifacial solar cells are located
between these lightguide cubes and can, therefore, receive irradiance at
both their surfaces. Ray tracing simulations by the LightTools software
resulted in a maximum efficiency of 16.9% under standard test conditions
(STC) for a 15�15cm2 LSC PV device consisting of nine rectangular cuboid
5�5�1cm3 PMMA lightguides with 5ppm orange 240 dye with
12 5�1cm2 vertically positioned bifacial cells between the lightguides
and nine 5x5 cm2 PV cells attached to the back of the device. If not applying
cells to the back of this LSC PV device configuration, the maximum PCE
FIG. 11.4 The schematic and the photograph of this film double-layer plasmonic-LSC
reported in [52].
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will be 2.9% (at STC) where the LSC PV device consists of 25 cubical
1�1�1cm3PMMAlightguideswith 110ppmred305dyewith 40vertically
oriented bifacial PV cells of 1�1cm2 between the lightguides. This study
shows the future potential for LSC PV technologies with higher perfor-
mance and efficiency than the common threshold PCE of 10%.
11.3.2 LSC applications

The current state-of-the-art LSC offers a wide and diverse set of appli-
cations by employing numerous shapes, colors, and materials. In this sec-
tion, some of the latest advances are presented.

11.3.2.1 LSC integrated with houses

A. Colored windows

Having brightness and a fluorescent coloration makes the LSC devices
a unique and adaptable technology to be employed in window areas of a
house due to transparency and the value it adds by power generation.
Fig. 11.5 represents different statues of a room affected by LSC integration,
FIG. 11.5 Photographs of an office room integrated with different percentages of the col-
ored window: (A) no LSC covering, (B) 25% LSC covering, and (C) 75% LSC covering [54].



FIG. 11.6 Photographs of experimental test set-up and final product of LSC-integrated
colored glass [55].
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proposed by the investigation conducted by Vossen et al. [54]. Despite the
benefits, there are still some legitimate concerns with visual comfort for
both indoor and external users. Experimental results have indicated that
the application of LSC to at least the top 25% of an office window brings
electricity generation with minimum impact on the user’s comfort level.

Incorporating small colored glass will also provide amenities for some
on-the-board applications such as small-scale power provision proto-
types. In a concept proposed by Fathi et al. [55], a luminescent window
for supplying LED lighting and a USB port was tested; Fig. 11.6 depicts
the photograph of this device.

B. Leaf roof

The “leaf roof” concept proposed by a collaboration between the Eind-
hoven University of Technology and the University of Twente in the
framework of the Dutch Lighthouse program of 3TU [56] integrates
LSC roof tiles with the roof areas of residential houses where the design
is inspired by the leaf of a European birch. Fig. 11.7 illustrates the new roof
tile including solar cells and the LSC in addition to an example of a leaf
roof configuration. Considering this novel design, in contrast to conven-
tional solar collecting roofs, the roof has full freedom to be faced toward
any direction and inclined with any angle, leading to better urban plan-
ning and a more natural environment [58].

C. Smart windows

The term “smart window” is defined as an advanced window that par-
ticipates in the energy performance of a building, offering a set of func-
tions from energy saving to energy production by exploiting renewable
energies [59]. LSC is one of the main components of smart windows
(SWs) and provides electric energy to power the moving components,
making it a stand-alone device. Fig. 11.8 depicts the main parts of an
SW, which has some features such as solar electricity production, indoor
daylight control, and energy control scenarios [60]. This window can be



FIG. 11.7 (A) The photograph of an LSC roof tile, and (B) the concept of leaf roof utiliza-
tion in urban planning [57].
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mounted in new or retrofitted buildings where there are several consider-
ations for controlling artificial lights, solar lights, thermal energy, and
visual comforts. In the upper part, a fanlight with LSC devices embedded
inside double glazing is located to provide energy supply and to improve
the indoor daylight by its coloring. In the middle, the window is divided
by an aluminum light shelf that prevents unwanted direct sunlight and
reflects it to the ceiling, minimizing glare effects and boosting indoor light
conditions in addition to diminishing the heat that enters the space. In the
lower double glazing section, several metal reflective Venetian blinds are
employed to operate by preprogrammed conditions (i.e., achieving differ-
ent levels of transparency with regard to desired solar absorption, climate,
and seasonal condition, which is done by displacing inside the section).
These blinds are driven by electric motors that are powered by LSC
PVs. A battery package embedded inside the frame is prepared for energy
storage while a light measurement sensor is used to monitor dynamic
solar changes and send the appropriate response.

11.3.2.2 LSC integrated with urban facilities

A. Noise barrier LSC

The solar noise barrier (SONOB) project was done by Kanellis et al. to
study the feasibility of the integration of two large-scale LSCs as noise bar-
riers; one facing north/south and the other east/west (shown in Fig. 11.9).
Experimental data showed that the east/west facing panel culminates in
more varied performance where structural elements interfere with the



FIG. 11.8 (A) The main components of a smart window, (B) general wiring of the device, (C) inside, and (D) outside views of the installed pro-
totyped with yellow LSC [60].



FIG. 11.9 Photographs of the noise barrier prototypes [61].
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absorption efficiency by shading effects [61]. This work demonstrated the
concept of LSC utilization in more and larger noise barriers.

B. Parking shed with integrated LSCs

In this concept, colorful LSCs are placed in the roof area to provide
power for lighting facilities during the night. It is also assumed that
e-bikes can benefit from the station by receiving electric charges produced
by LSCs [62].

C. Outdoor LSC-integrated amenities

There are still some other concepts that arise from LSC integration in
urban facilities to promote green development. In suggestions proposed
by the University of Twente, outdoor street furniture equipped with
LSC devices, a self-powered table, and a beach shelter can be introduced
as examples of LSC-integrated facilities [62]. Furthermore, several other
designs have been conceptualized so far such as an LSC-sustainable tent,
LSC safety strips, an LSC garden fence, an LSC labyrinth, etc. [63], where
the main aim is to generate electricity for self-consumption or to supply
the gird.
11.4 Solar PV in mobility

Due to the current global concerns about CO2 emissions and depen-
dency on fossil fuels, electric vehicles are seen as an alternative to tradi-
tional vehicles. However, they increase the load on the power grid,
creating a need for changes in the power system, which is a major source
of greenhouse gas. Thus, the benefits of electromobility to the environ-
ment are strictly dependent on the use of renewable sources of energy [64].
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At the same time, because of the cost reduction of PV systems and their
flexibility, the integration of PV systems with electromobility is seen as a
perfect solution for achieving CO2 reduction goals. The next subsections
will explore the integration of PV with different types of mobility.
11.4.1 Vehicle-integrated photovoltaics (VIPVs)

The integration of PV with vehicles has many advantages such as the
improvement of PV power generation and the demand for charging,
the reduction of peak loads on the electric grid, and optimization of the
grid energy balance. Another potential benefit is the reduction of risks
associated with fuel shortages and price spikes [65]. However, obtaining
viable commercial ViPV solutions still faces many challenges such as the
costs of the technology, standards and safety regulations to be developed,
and the correct estimation of travel autonomy. The balance between
design and PV energy production is a complex optimization problem that
depends on the development of highly efficient, colored, and flexible PV
cells; the vehicle roof area; and techniques for reducing cell mismatch dur-
ing shadowing.

The first vehicles with solar panels on the roof appeared at the end of
the last century, mostly in two-, three-, and four-wheeled vehicles. They
use rigid solar modules to power small vehicles without the necessity
of high velocity or propulsion. These are used to transport people and
materials at universities, golf courses, parks, and companies. An example
is shown in Fig. 11.10, which shows an electric vehicle developed in 2003
by Universidade Federal de Santa Catarina, located in Florianópolis, Bra-
zil. The quadricycle is used to transport people and materials inside the
university campus and has 192Wp of PV installed capacity of a-Si.

For passenger vehicles, most of the development in the area began
decades agowith solar car challenges, such as theAmerican SolarChallenge.
FIG. 11.10 Electric solar quadricycle developed by the Universidade Federal de Santa
Catarina in 2003 [66].
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The challenges gathered many university engineering teams that have been
building and designing solar-powered cars that are not intended for broad
commercial applications, but ended up preparing the market that is now
emerging [67].

In recent years, using the knowledge obtained from the solar car chal-
lenges, some passenger commercial solutions have been developed. One
example is the Prius Plug-in Hybrid Solar that was brought to the market
by Toyota in 2017, with an installed solar capacity of 180W. In 2021, two
companies are expected to deliver their first units of solar-powered elec-
tric cars, using solar cells of silicon-type IBC (interdigitate back contact):
Sono Motors (1204W of PV capacity and around 34km of autonomy
per day) and Lightyear (1000Wof PV capacity and around 50km of auton-
omy per day). The last one, Lightyear, in spite of having a smaller PV
installed capacity, has invested in better aerodynamics to obtain a larger
travel range.

For larger vehicles, a wider roof area and the design of trucks and buses
facilitate the integration of PV modules. Kronthaler et al. [68] demon-
strated that up to 17,000L of diesel over a 10 year vehicle lifetime could
be saved with the deployment of VIPV in trucks and buses.

A. Solar cars

Solar cars convert sunlight into power by PV cells in order to drive the
electric motor. The amount of energy imported into the car severely limits
the solar car design. Solar cars are mainly constructed for public use and
car races. Solar cars have to use ultralight bodies in order to reduce weight
because they only obtain limited power. Unlike conventional vehicles,
solar cars suffer from the lack of convenient charging facilities and safety
issues [69, 70].

B. Solar buses

Solar energy moves solar buses, and this energy is completely or signif-
icantly obtained by stationary solar modules. In order to decrease the
energy consumption and extend the researchable battery’s life, bus ser-
vices use electric buses that are supplied by solar modules installed on
the bus roof [71].

C. Solar-powered spacecraft

Satellites and spacecraft often use solar energy to supply power for
operating within the solar system because solar energy is able to supply
energy for a long time. It should be noted that satellites consist of several
radio transmitters that work constantly throughout their lives. Using pri-
mary batteries or fuel cells for such vehicles is not economical because
they may orbit for years. Also, satellites do not use solar energy to adjust
their position [72].



FIG. 11.11 Example of a solar boat with social purposes, the “Barco Amazônia” [66].
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D. Solar boats

Until 2007, solar boatswere used in rivers, but the first solar boats sailed
the Atlantic from Seville to Miami in 2007. To date, different systems of
solar boats have been built. None have been able to benefit from the cooling
power ofwater. Using solar vessels is limited due to the lowpower density
in the solarmodules. Also, boats that have sails and do not use combustion
engines to generate electricity depend on battery power for general uses
such as lighting, communications, and refrigeration. Therefore, solarmod-
ules are very popular for recharging batteries because solar modules don’t
need fuel, don’t make noise, and can be easily added to the deck space [73].
Fig. 11.11 shows an example of a solar boat that also serves social purposes.
The “Barco Amazônia” is a catamaran with 4.4kWp of PV installed capac-
ity and 36kWh of storage; it can transport 20 passengers (plus two tripu-
lants). It is used for school transport of kids in Belem, Brazil.

E. PV-charged electric vehicles

Electric vehicles can be charged at PV stations. These vehicles canmain-
tain their batteries’ energy by using PV sources so that solar cells are
added to the roofs of the electric vehicles. The triple hybrid vehicles are
an interesting type of electric vehicle. Also, other vehicles can be charged
by using PV stations [74].

PV applications in transport can include auxiliary units or motive
power, in particular, when using combustion engines is prevented due
to maintenance, fuel, or noise. However, speed can be limited when
applied for motive power due to the limited space on vehicles [75].

F. Solar-powered unmanned aerial vehicles (UAVs)

UAVs have received considerable military attention. UAVs can stay
overhead for months by applying solar energy. They are much cheaper



FIG. 11.12 Example of a solar-powered unmanned aerial vehicle [77].
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devices for doing some functions that are performed by satellites today.
The first solar-powered UAV flight took place for 48 hours under fixed
power in September 2007 [76]. Fig. 11.12 depicts an example of a light-
weight solar-powered unmanned aerial vehicle [77].

G. Solar-powered train

In addition to all the above-mentioned examples, railroads have an
enormous potential to be integrated with solar PVs. In an experiment
conducted in India, an electrified rail coach was implemented with PV
modules mounted on the rooftop to introduce an alternative for diesel-
powered trains (Fig. 11.13). Results indicated that the coach is able to
run at speeds up to 120km/h and it was estimated that one solar coach
can generate 18kWh of electricity in a day [78].

H. Solar-powered hybrid airship

Unlike conventional airships, hybrid airships, which are viable as high-
altitude detection platforms, can be fabricated in unconventional shapes
to improve aerodynamic characteristics, as shown in Fig. 11.14. Possessing
a photovoltaic module array can provide the required energy for all air-
borne systems and make long-distance transportation achievable [79].



FIG. 11.13 The PV roof-mounted coach: (A) module mounting structure, (B) flexible PV
modules mounted on a rooftop, (C) the diagram of the electric powering, and (D) the coach
during the operation [78].

FIG. 11.14 A model of the high-altitude hybrid airship [79].
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I. Solar-powered autonomous undersea vehicle (AUV)

Oceanography is highly dependent on undersampling. Despite the
promising achievements in sampling technology, there are still some
hardships such as energy, navigation over long distances, and communi-
cations with remote platforms that must be addressed in this way. Solar-
powered autonomous undersea vehicles (SAUVs) can be a boon to scien-
tists in conducting long-endurance sampling of oceans by solving the
three mentioned problems. This device must surface to recharge the
onboard energy system. A real example that was tested for long endur-
ance missions (depicted in Fig. 11.15) has shown the ability to submerge



FIG. 11.15 The solar-powered AUV employed for long-endurance missions, Falmouth
Scientific Inc [80].
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to 500m, to transit to designated waypoints, and to surface for power
charging and storing via a battery unit [81].

J. Solar-powered bikes

PV integration with electrified bikes (e-bikes) is usually defined in two
ways: solar e-bikes and solar-charged e-bikes. The first term deals with
electric bikes that carry PV solar cells mounted on wheels or other parts
of the bike’s structure. This design brings on-the-go charging opportunity
as well as parked mode charging. However, in the second model, the elec-
tric power generated by PV is supplied via the special charging systems
that might be found in charging stations; it merely works when e-bikes
are parked [82]. In this respect, the value added to the previous e-bike
designs is the leapfrog from conventional designs to more sustainable
technologies in urban transportation systems.
11.4.2 Transportation facility integrated PVs

11.4.2.1 Solar PV lights for streets and roadways

Another mobility application of PV systems is their use to power urban
illumination and roads. Solar lights that are mostly combined with LED
lighting have great advantages, such as their easy installation in remote



FIG. 11.16 Example of solar light system installed in Fotovoltaica/UFSC solar lab [66, 71].
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areas and their low maintenance. Besides their higher initial investment,
they are not dependent on the utility grid so they still work in the case of a
grid shortage, which is a great benefit also for public security reasons [83].

The system is normally composed of a PV module that charges a self-
contained battery during the day and the charger battery powers the LED
light during the night. The battery is normally oversized in order to give
autonomy to the system up to 3–5 days, even in low-light conditions [84].
An example of such a system is shown in Fig. 11.16. The system consists of
a 30W LED light, a 60-cell PV module, charging controllers, and three
second-life batteries taken from old electric cars. The system has auton-
omy of more than 3 days.

The social impact of PV lights is also very important. An example is the
project Litro de Luz (Liter of Light), which uses a PVmodule and a battery
that powers small LED lamps that are located inside PET bottles and are
attached to PVC poles. The systems are installed in public areas that are
remote and have been highly impactful, improving the quality of life
and bringing safety to the communities [85].
11.4.2.2 PV charging stations

Given the need for high-efficiency cells and complex power electronic
devices for ViPV, a solution to fuel electromobility with renewable energy
is the use of charging stations powered by PV energy. An example of this



FIG. 11.17 The Fotovoltaica/UFSC solar lab, the 110kWp PV systems, and the eBus [66].
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is the project eBus [86, 87], which travels 250km per day and has its energy
needs totally fulfilled by the PV systems installed on the roofs of the Foto-
voltaica/UFSC solar energy laboratory at Universidade Federal de Santa
Catarina (see Fig. 11.17).

The integration of PV to a parking/shade structure equipped with a
charging connection has many advantages, such as PV systems using
existing structures to generate energy and provide shade and shelter to
vehicles. They tend to be cheaper than ViPV integration because the
weight and area occupied by the equipment is not a problem and the
maintenance of fixed installed PV systems is simpler. The benefits are
even higher when charging is combined with load management
strategies, favoring self-consumption and increasing energy use during
mid-day [88].
11.4.2.3 Integrated PV bike path

Harvesting abundant solar PV energy shed on the roadways can bring a
considerable amount of energy, which reduces the grid dependency of
road energy providers. Fig. 11.18 displays a practical example of a solar
road (SR) in urban areas such as a bike path. A model tested successfully
in the Netherlands used a transparent antiskid layer to improve traction
force by increasing friction between the surface and themoving object [90].
This concept puts forth the idea of maximized land utilization in parallel
with power generation.



FIG. 11.18 Solar bike pathway [89].
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11.5 Solar PVs in life

The new arising benefits for life from solar photovoltaic systems are
becoming incentives for more technology deployment. The dissemination
of solar PV applications is rooted in the development of human living con-
ditions, both in rural and urban areas. Although the implications are dif-
ferent, both developing and developed communities are benefiting from
PV implementation. Economic profits and health-related promotions are
two important outcomes of PV applications for developed communities.
However, developing nations are reaching higher standards of living plus
getting new amenities within their living places, in addition to new san-
itation and health treatment levels. Being highly influential in both com-
munities has led to new concepts for PV system development with wider
applications throughout more aspects of life. PV systems not only offer
new and alternative ways for energy generation, but also have become
the only source of power in emergency cases where other conventional
fuels are out of reach. Thus, in this section a wide variety of applications
that have emerged from creative concepts are presented.
11.5.1 Solar PV in buildings

11.5.1.1 Solar PV in smart buildings

With the rise of global awareness about energy efficiency in buildings,
there are still some concerns with comfort and safety for the building
occupants that should be considered together, despite their conflicting
relations. The only panacea for achieving these three criteria is the utiliza-
tion of automation systems. A smart building uses modern information
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and communication technology to manage energy consumption automat-
ically. PV integration into the energy management program of a smart
building offers a reliable source of energy with minimum detrimental
impacts on the environment. Because most smart buildings incorporate
a building energy management system (BEMS), the balance between
energy consumption and comfort levels is maintained [91]. Therefore,
including PV systems in the BEMSs will result in a huge reduction in
energy costs without affecting overall user comfort [92].

In the literature, smart buildings can bemanaged in two scales: individ-
ual or cluster types. In the second mode, several neighboring smart build-
ings are electrically interconnected via the same microgrid, which is the
predominant consideration in renewable energy integration. This is due
to the ability to reduce the uncertainties associated with renewable energy
power generation on the power grid [92]. Fig. 11.19 illustrates the diagram
of a smart building cluster (SBC) in which the PV source of each building
and the load are connected to an intelligent electric meter to form one
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FIG. 11.19 The schematic of a cluster smart building [92].
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individual smart building (SB). Connecting these individual SBs to the
neighbors results in a cluster formation that is controlled with a smart
building cluster operator (SBCO) to share the power generated via PV sys-
tems; it is also connected to the power grid networks. In this design, the
primary source of energy is the PV source of each SB; however, when
the load exceeds the generated amount of electricity via PV, the system
purchases electricity through the SBCO. On the contrary, if the generated
power runs over the load demand, the redundant powerwill be sold to the
other SBs or transmitted to the grid power network at a different price. The
SBCO is the main implement to control these power transitions, which
ensures the maximum utilization of PVs in smart buildings [92]. More-
over, this datalogger also speculates on the future behaviors of PVs based
on the models developed in past years to respond appropriately to
weather disturbances [93].
11.5.1.2 Solar PV in zero/low-energy buildings

Bioclimatic architecture offers innovative designs that provide both
visual and thermal comfort for users. This concept is globally accepted
as a new approach to build energy-efficient buildings, where the remain-
ing energy demand can be met by the utilization of renewable energy
sources [94]. So far, several zero energy buildings (ZEB) have been devel-
oped by passive and active solar thermal applications to be the most effi-
cient design while PV integration is necessary for electric energy demand.
Connecting ZEBs to the utility power grid has been demonstrated as a
boon for delivering storage energy to the grid. In this concept, although
the first aim is to apply the passive strategies to diminish the entire load
for cooling and heating, the PV power is used for the remaining energy
demand [95]. Fig. 11.20 shows a diagram of the interconnections between
different parts of a ZEB and a photograph of a proposed model.
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11.5.1.3 PV-powered air-conditioning systems

Air-conditioning devices consume the most energy in offices and resi-
dential houses in hot climate regions [96]. Experimental analyses state that
air-conditioning equipment has the capacity to consume up to 80% of the
total energy needed for residential, public, and commercial buildings [97].
Regarding the increasing trend of energy prices, coupling PV technology
as an alternative source of electricity creates a drastic momentum toward
both a noncarbonic lifestyle and economic benefits. Scientists have dem-
onstrated the viability of PV-powered air-conditioning systems for large
commercial buildings. In an attempt conducted by Al-Ugla et al. [98],
three different cooling systemswere tests for a 41,016m2 building in Saudi
Arabia. Results showed that the feasibility of solar-powered systems
improves as the size of the commercial building and the electricity rate
increase. Additionally, it has been stated in the literature that a
PV-powered air conditioner can conserve grid electricity by more than
67% and 77% during summer daytime and summer nighttime, respec-
tively [99]. Fig. 11.21 shows a typical PV-powered air-conditioning system
with its connections to other utilities.

11.5.1.4 PV windrail technology

One of the distinctive advantages of PV technology is its flexibility in
combination with other power conversion systems. PV windrail technol-
ogy is a hybrid energy harvesting system that exploits both solar PV and
FIG. 11.21 The diagram of a PV-powered air-conditioning system [100].
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wind energy simultaneously to meet the electric demand of a large build-
ing. This device is usually located on the side or corner of the rooftop of a
building in order to capture the high-speed wind. As Fig. 11.22 illustrates,
the pressure difference between the façade, the flow surface, and the roof-
top out of the flow area is employed by the windrail channel to overspeed
the wind velocity and generate electricity via turbine generators inside the
channel and driven by the wind [101]. Using PV panels as the shelter is
inclined toward the solar incident may contribute to a considerable
amount of the total energy generationwith improvements in the aesthetics
of the building structure.
11.5.2 Solar PV applications in society

11.5.2.1 PV trees

The installation of PV modules is hindered by the difficulties of land
requirements in land restricted areas. Furthermore, most of the installed
PV systems suffer from poor public perception originating from a lack
of aesthetics, which is a crucial factor when PV is an element in the envi-
ronment. A solar PV tree is a concept in which art and technology are
amalgamated together to form a solar PV sculpture [102]. In this decora-
tive design, solar panels are arranged as leaves stretched in different direc-
tions to utilize solar energy despite the hourly changes in the incident
angle. The structure is composed of a steel stem to support the solar
panels, which generate electric energy to charge mobile phones, laptops,



FIG. 11.23 Two lift solar tree project, Spotlight Solar Inc. [105].
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and other small gadgets [103]. Also, there are still more applications such
as street lighting, household supply, industrial supply, charging of electric
vehicles, and supplying the grid that can be met by this device [104].
Fig. 11.23 represents two lift solar trees installed near the Frost Museum
of Science in Miami, Florida.
11.5.2.2 PV pavement

Respecting sustainable developments in urban areas, PV pavements
have emerged as a promising solution for both green power generation
and urban heat island mitigation. As pavement has covered 30–40% of
the urban surface [106], there is a notable potential behind PV pavement
integration while it is also able to provide electricity for peak energy
demands. In a model proposed in the literature [107], the impact of PV
pavement onmitigating heat islandswas investigatedwhere experimental
data revealed that this technique is, directly and indirectly, influential on
the local microclimate. It was also found out that PV pavement has 8K
lower surface temperatures than conventional pavement, which decreases
the ambient temperature by 0.8K. Developing walkable PV floor tiles puts
forth the promotion of PVpavement integration into urban areas. Fig. 11.24
shows the layout of a PV floor tile inwhich the solar cell is encompassed by
two PVB/EVA foils surrounded with two thick antislip tempered glasses.
Experimental tests have reflected the features of efficient energy conver-
sion, antislip, heat resistance, durability, and compressive strength,



FIG. 11.24 (A) An example of PV pavement tested under outdoor conditions [107], (B) the
photograph of a developedwalkable PV floor tile, and (C) the layout of the proposed floor tile
components [108].
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demonstrating that such PV floor tiles can be used as replacements for
pavement and cycling tracks [108].

11.5.2.3 Landscape PV integration

PV integration with natural landscapes is becoming an innovative path
in urban architecture and is removing barriers for PV installation in green
areas, specifically green roofs. A vertical bifacial PV system plays a signif-
icant role in this technology adaptation, which outperforms the typical
mono facial installations on flat grounds. In an experiment conducted
in Switzerland, vertical bifacial PV panels were installed on a flat green
roof (Fig. 11.25) [109]. Scientists reported that the total output was highly
dependent on the albedo, where plants with higher silvery leaves improve
power generation due to the higher andmore stable albedo at the unfavor-
able conditions. The other significant achievements of vertical orientation
can be fewer soiling effects and in winter, minimum snow covering and
the higher albedo factor of snow, which leads to power augmentation.
The remarkable advantage of this concept is to lower the burden of cumu-
lative covering with imperious material by artificial structures.
11.5.3 Product-integrated PVs (PIPVs)

PIPV has the advantage of offering users and designers the possibility
to integrate PV into products that can satisfy consumer expectations,
reduce primary battery consumption and waste, and serve as portable
devices that are grid free. PIPV can be seen in indoor and outdoor
applications such as watches, lamps, scales, phone chargers, keyboards,
andmanymore. PIPV also utilizes awide variety of solar cell technologies,



FIG. 11.25 (A) The vertically bifacial PVmodules installed on a green roof in Winterthur,
Switzerland, and (B) an individual module of a vertical bifacial PV [109].
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which will eventually serve as the main power source of the device [110,
111].

According to a recent consumer-related solar-powered product study,
PIPV seems attractive to lead users due to the design, aesthetics, usability,
and performance [112]. These basic principles will determine the level of
customer satisfaction and eventually will act as the decision factors in
acquiring these products. Because PIPV seems to be at an early stage, even
though calculators and watches have been using this technology since
1960, the design parameters and guidelines are still under development.
However, optimized design methods for these types of products are pro-
posed by offering basic guidelines, which associate the industrial design
features of the product to their optimal cell efficiency in order to gain
higher power yields to reduce their environmental impact [113].



FIG. 11.26 Some of the instances of PV-integrated gadgets: (A) PV-powered computer
mouse [114], (B) PV-powered luminaire [114], (C) PV-powered keyboard [114], (D) solar
parking meter in New York [115], (E) automated solar trash bin Big Bell [115], (F) solar-
powered tent [115], and (G) garden light [115].
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11.5.3.1 PV-integrated gadgets

PV solar cells have been utilized in different types of products and
gadgets for years, beginning vigorously in the 1970s (some examples
are shown in Fig. 11.26). PV utilization with consumer products has
culminated in several benefits such as environmental advantages [116]
resulting from the elimination of primary batteries and efficiency augmen-
tation by employing rechargeable batteries. Based on the applications,
PV-integrated gadgets can be categorized into three main groups as
follows.
11.5.3.2 PV-powered products

There are still other versatile products that have the ability to exploit
solar PV energy in both indoor and outdoor conditions. Having the same
structure as the other PV integrated products, they require an optimal
design to work on low irradiance conditions. Some of the explicit designs
are solar-powered toys, watches, calculators, mobile phones, PV chargers
used for electric gadgets, etc.

PV-integrated products can also be classified by other factors such as
the size of the product, where it gives small and thin or large and thick
categories [111]. However, the other classification is aimed at the function-
ality and application of these products, which are given as consumer
products, lighting products, business-to-business products, recreational
products, vehicle and transportation products, and artistic products [115].
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11.5.4 New horizons in PV utilization

11.5.4.1 Floating PV systems

Floating PV systems (shown in Fig. 11.27) bring new opportunities to
increase the power generation capacity, particularly in countries with
severe restrictions on limited land use and highly populated regions.
One of the predominant abilities that emerged from this technology is
the utilization of existing electricity transmission infrastructure at hydro-
power sites. Moreover, several advantages come after floating PV integra-
tion, such as the following [118]

• Providing shade on the below water body, leading to a reduction in
water evaporation from water reservoirs

• Diminishing algae growth and improving water quality
• Avoiding the installation foundation and leveling structure, which are

necessary for land-based installations
• Easy and fast installationwith flexibility in deployment at different sites

This technology has accelerated during recent years and is nearly
mature, beginning in 2007 where the first plant was commercialized in
California in 2008 with a 175kWp capacity. Analogous to ground-
mounted PV plants, the floating PV systems enjoy the same components,
other than the fact that the inverters are usually floated. Basically floated
PV plants are mounted on a platform that is made of floats designed as
self-buoyant bodies to which PV panels can be directly affixed [118].
FIG. 11.27 Floating PVs; (A) incorporating a cooling mechanism (patent 2008), (B) an
artist’s view of a full plant, (C) oselic system in PVC (France), and (D) mooring cables [117].



FIG. 11.28 The concept of PV integration with swimming pools: (A) PV on the pool edge,
and (B) PV on the pool floor [119].
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Mooring cables are used for both fixed and tracking floating PVs [117];
however, the floating platform can be anchored to the bottom or banks
within shallow ponds [118].

11.5.4.2 Submerged PVs

The novelty behind the utilization of water as the operating ambient for
PV arrays may result in some beneficial outcomes that are influential on
power generation efficiency. In a concept proposed by scientists [119], the
integration of PV panels with a swimming pool was introduced with the
least environmental impact. Avoiding cleaning and overheating prob-
lems, the solar panels perform efficiently compared to conventional PV
arrays. Water also behaves as a filter that blocks the long-wavelength pho-
tons and transmits lights within the visible spectrum, the optimum condi-
tion for PV cells. In this concept, a part of the PV panels was positioned on
the pool edge and the others were placed on the pool floor, as shown in
Fig. 11.28. In the first configuration, PV panels were protected by the glass
and cooled by the water recirculating in the skimmer. A feasibility study
suggested the viability of the design for integration with existing swim-
ming pools while recreational and aesthetic provisions are maintained.
11.6 Conclusion

Renewable electricity provided by photovoltaic conversion technology
is driving the world’s development and improving public health, tackling
air and water pollution and consequently premature death. With the
advent of new integrations by different sorts of life sectors, this inexhaust-
ible energy is becoming more reachable and is expanding energy access.
Rural and urban areas, developing and underdeveloping countries, oil-
dependent and nonoil-dependent economies, all embrace the increasing
deployment of PV applications for local users to enhance the quality of
life. Scientists are also developing new concepts to augment the efficiency
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of PV-integrated systems and expand their lifespan as well as preserve
architectural aesthesis and prevent environmental impacts. New
advances in PV cell technology have yielded pragmatic results for the flex-
ibility of PV technology adaptation in daily applications.

Incorporating BIPV technology into a building façade combines energy
strategy with modern architecture as an ecofriendly solution that enumer-
ates several functions as well as energy generation. In the case of BIPV
design, the performance is affected by some factors, including the installa-
tion angle and the surrounding objects that must be considered in the pre-
liminary stages. LSC technology is also pacing with advances in material
science, where several designs, shapes, and configurations have been
developed to deploy this technology to numerous applications. The fabri-
cation process is quite straightforward and displaying high quantum effi-
ciency and low reabsorption loss are necessary to advance the current
technology for higher mass production, commercialization, andmore cost
reductions. Introducing PV technology to mobile apparatus has brought
significant opportunities for more sustainable means of transport and a
less-polluted environment. This technology not only affects manned and
unmanned vehicles, but also has considerable influence on the infrastruc-
ture involved in transportation systems such as parking lots and stations.
More than roads and railways, there are buildings, gadgets, and life com-
modities that have absorbed PV applications, enabling a cleaner living
environment with higher accessibility to electric energy and consequently
more facilitated life. Therefore, the current trendwill leadus toa severe reli-
ance onPV technology integratedwith smart, portable, andhandydevices.
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12.1 Introduction

In the new energy sector, solar photovoltaic (PV)-based electricity gen-
eration is increasing, due to which the PV industry has also seen tremen-
dous growth over the years. The commercial use of solar PV systems
began in early 2000 with an installed capacity of 1.3GW. From 2001 to
2007, the growth rate was considerably high, and the cumulative installa-
tion reached a value of 9.2GW by the end of 2007. By the end of 2008, the
installations saw exponential growth to a value of 16GW. In 2009, PV
installation rose to 23GW. In 2010 alone, PV installation saw tremendous
growth, and this was due to the various benefits offered by national and
local organizations. These benefits include subsidies, viable tariff policies
for energy trade, and affordable PV technology prices [1–3]. All these ben-
efits collectively contributed to PV growth, which finally resulted in a
cumulative PV installation capacity of approximately 40GW by the end
of 2010. In subsequent years, there have been ups and downs in the growth
rate, but the overall PV installation capacities are higher when compared
to the preceding years. By the end of 2011, the installation rose to approx-
imately 70.5GW and in later years, PV installations reached a cumulative
value of 101GW, 138GW, 179GW, 230GW, 308GW, and 407GW for the
391ersion
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392 12. Life cycle assessment and environmental impacts of solar PV systems
years 2012, 2013, 2014, 2015, 2016, and 2017, respectively. By the end of
2018, solar-powered solutions had ramped up, and the cumulative instal-
lation reached approximately 509GW [1, 2]. The roles played by many
government organizations that enforce renewable portfolio standards,
policies, regulations, and governance related to solar and other renew-
ables favored this growth. Consequently, large-scale solar PV plant
deployment is seen all over the world. On the other hand, solar PV tech-
nology has matured as well as created novel installation methods that
harness solar power so effectively. As a result, the growth rate of solar
PV installation seems to continue to increase. Looking at PV installations
by region, it is observed that Asia is themost happening place for solar PV,
with China, India, and Japan the leaders [1, 2].

Fig. 12.1 shows that the European Union is no longer a solar-centric
region worldwide. Countries such as China, the United States, India,
and China have already surpassed the annual installation capacities of
Germany, Italy, and France. Even in the case of cumulative installation
capacities in 2018, Japan, the United States, and China had already sur-
passed the European Union PV market [2, 3]. From this, it is understood
that solar is a key player in the modern-day electric utility sector. But
recently, there have been many concerns raised over the environmental
impacts associated with solar PV systems. The energy produced from
solar PV plants seems to be clean and comparatively free from carbon
emissions concerning conventional fossil fuel-based power plants [4].
Even though solar panels do not produce any harmful chemicals or noise
in the operational stage, they seem to have potential environmental
impacts while in the production process [5]. Also, in most situations,
the expected life for PV panels appears to be 25 years, and afterward
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their end-of-life management is not guaranteed with current practices
[5, 6]. This also raises concerns over the environmental impacts due to
improper management of solar power plant waste. Finally, this has
resulted in many potential environmental, health, and safety hazards
[6]. One of the best ways to understand these environmental impacts
is by diving deep into the solar PV system life cycle. This allows us to
understand the exact environment impacts possible with solar PV
technologies.

In this context, this chapter highlights these topics:

• Methods to assess the environmental impacts both in a conventional
way and by using advanced life cycle assessment (LCA) simulation
tools.

• Summarizes the environmental impacts of PV systems in
manufacturing, operation, and the end-of-life stage of the PV plant life
cycle.

• Discusses how business models would have a role in mitigating
environmental impacts.
12.2 Methods to assess environmental impacts

The environmental impacts associated with PV systems can be esti-
mated in two different ways. The first is by using conventional methods
that deal with energy balance and carbon footprint calculation. The sec-
ond is the use of advanced simulation tools that have the entire life cycle
data inventory support. These two methods are discussed in the below
sections. In addition to these methods, various indicators used for envi-
ronmental impact assessment are listed. A few advanced concepts such
as the Internet of Things (IoT) and blockchain that support the LCA are
also discussed.
12.2.1 Conventional method

In the traditional method, an energy balance-related indicator is used
for LCA studies. This is used to estimate the total amount of greenhouse
gas (GHG) emissions possible with the product [7].

AnnualCO2 emission¼ Embodied energy�Emission factor
� �

=

PVplant lifetime

The emission factor can be of any source that is used for power gener-

ation, in the absence of solar power plants.

The conventional method does not accurately account for life cycle
emissions. Hence, the use of advanced simulation tools is advised.
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12.2.2 Life cycle assessments using industrial tools

This section deals with the brief introduction of a few commercial LCA
simulation tools and the challenges associated with them as well as the
scope of new technologies that support LCA.

In general, a product follows the life cycle stages, as shown in
Fig. 12.2A. These life cycle stages include raw materials, manufacturing,
distribution, use, and end-of-life management. For carrying out the
LCA studies on such products, a framework is needed. Fig. 12.2B depicts
the general framework for LCA. The standard LCA system has four main
stages: goal and scope definition, inventory analysis, impact assessment,
and interpretation [8].

LCA studies mainly need the system level of quantitative data. In LCA
studies, more emphasis is put on quantitative data for analyzing environ-
mental releases from the particular system, considering its overall life
cycle. The required data include the rawmaterials used formanufacturing
the product, the required embodied energy, and the process outputs [7].
As mentioned earlier, the LCA studies have three main stages, which are
clearly described in Table 12.1.

In the LCA study, the interpretation stage, which is considered in each
of the LCA stages and mainly helps in understanding data sensitivity,
results in variation. Results communication will become much more
comfortable with the help of the interpretation stage. The consistency in
LCA resultsmainly depends on the type of data aswell as the quality of data
used in the analysis. The LCA study covers a wide range of the product
cycle; it always becomes difficult to have detailed data [9]. In some
situations, assumptions are made that lead to uncertainties in the results
[9, 10]. Hence, it is suggested to have a reliable and robust database for
LCA studies. However, the collection of reliable data is not so easy [11].
End-of-life
management

Raw materials

(A) (B)

Goal and
scope

definition

Inventory
analysis

Impact
assessment

Interpretation ApplicationsManufacturing

Use phase Distribution

FIG. 12.2 (A) Life cycle stages of a typical product; and (B) the general framework of life
cycle assessment.



TABLE 12.1 Description of stages in the LCA framework.

Stages in

the LCA

framework Description Tasks

Goal and
scope
definition

- This is the first stage in the LCA study.
- Outlines the method selection, functional
unit, assumptions, and targeted scope.

- Selection of an intended
application.

- Selection of methods.
- Note of assumptions and
limitations for an impact
study.

- The decision of the
targeted audience.

- The decision onwhether it
is a comparative study.

- Selection of the
functional unit.

Inventory
analysis

- This is the second stage in the LCA study.
- Process modeling considering all the
material data in the entire life cycle of
the product, starting from the raw
material to the end-of-life management.

- It mainly deals with the type of data
required for the study, the collection
procedures used, and validation.

- Identifying the system
boundary.

- A decision on cut-off
criteria.

- Primary and secondary
data collection.

- Modeling the process.
- Evaluation of life cycle
inventory results.

Impact
assessment

- This is the third stage in the LCA study.
- This step is mainly based on inputs
and data used in the inventory analysis
(i.e., second stage).

- Outlines the various environmental
impacts and the type of resources used in
the study.

- Results classification.
- Characterization of the
results.

- Studies on normalization
and results grouping.
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For example, with new products it is a challenge to collect data. Hence, we
suggest the use of modern tools that have a reliable database and also the
flexibility to design a new process with the available data. Below are the
three most popular LCA tools used by environmentalists working in indus-
tries, academia, and research institutes.

SimaPro: This is a widely used LCA tool for industrial applications,
and in most cases, it is considered to be one of the expert versions for use-
ful LCA application. With this tool, decisions related to the product life
cycle and design can be made effectively. Overall, these decisions will
boost companies to meet the requirements of regulatory bodies. This tool
was developed considering the scientific information related to almost
every product and material. The information provided in this tool is
transparent to an extent and mostly avoids the black-box process [12].



FIG. 12.3 Explorer window in SimaPro showing all the LCA framework stages [12].
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In Fig. 12.3, the LCA explorer window highlighting the stages in LCA
modeling is shown [12].

By using SimaPro, any user canmake appropriate decisions by carrying
out the analysis, based on the accuracy of obtained results. SimaPro offers
the following applications and functions [12].

• Any complex life cycle process can be modeled more easily in SimaPro
due to the systematic and transparent approach that is followed
while modeling.

• The possibility of measuring environmental impacts as per the
impact categories throughout the product life cycle.

• It offers a solution in the collection, analysis, and monitoring of any
product data, along with its sustainability performance.

• In every supply chain, there exist numerous hotspots, and they
might be critical depending on the product and its life cycle. Identifying
them is crucial and needs expert modeling such as with SimaPro.
SimaPro will make the process look more straightforward in an
understandable way, which enables hotspot identification.

OpenLCA: This is an open-source LCA tool widely used in academic
communities. Its performance and functionalities are almost similar to
the commercially available LCA tools, with some exceptions. It allows
users to have sustainability analysis reports of any product; a typical
LCA explorer window of OpenLCA is shown in Fig. 12.4 [13].



FIG. 12.4 LCA explorer window in the OpenLCA tool [13].
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The various functionalities offered by OpenLCA are [13]:

• It provides a detailed LCA calculation report along with the results.
• It helps in identifying the main drivers and key parameters that

influenced the LCA results throughout the product life cycle.
• It offers the service of visualizing the LCA results.
• Model sharing is more comfortable in OpenLCA due to its import and

export capabilities.
• It also offers an analysis related to life cycle cost.
• Social assessment related to the product life cycle can also be carried out

using OpenLCA.

GaBi: Like the other two LCA tools, GaBi also used for the sustainabil-
ity assessment of any product. It is not an open-source tool, and it ismostly
available on a subscription basis. GaBi offers various functionalities, and it
mainly helps in database creation and management. Fig. 12.5 shows the
database management option in the GaBi LCA tool version 4 [14].

Various business applications that are possible with the GaBi tool are
briefly listed along with a description in Table 12.2.

12.2.3 Impact categories

For assessing environmental impacts, indicators are a must. In general,
the LCA practitioners have a clear indicator, that is, tCO2e/year, with
respect to the unit for greenhouse gas (GHG) emissions. Similar to
GHG emissions, there exist numerous other environmental impact catego-
ries, which are listed and described in Table 12.3.



FIG. 12.5 Database management in the GaBi LCA tool [14].

TABLE 12.2 List of business applications possible with the use of the GaBi tool [14].

Name Abbreviation Descrption

Design for
environment

DfE Offer solutions to develop products using numerous
methods by limiting the overall energy consumption
as well as the material required. Besides, it also helps
in meeting the regulatory body standards in terms of
product design. Overall it promotes ecofriendly
design and the efficient use of existing resources.

Ecodesign ED It helps in designing products with minimal carbon
footprints aswell asminimum resource consumption.

Efficient value
chains

EVC The value chain represents the involvement of
various stakeholders in the product life cycle. GaBi
provides detailed LCA results that enable the value
chain by enhancing efficiency.

Life cycle
costing

LCC Reduction in cost is possible with the help of process
optimization using the GaBi tool.

Sustainable
product
marketing

SPM Based on the LCA results, SPM is possible by the use
of sustainable labels. This is possible only when the
product meets regulatory body declarations.

Life cycle
working
environment

LCWE GaBi also offers solutions to the development of a
product life cycle process based on social
responsibilities.
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TABLE 12.3 Indicators and their descriptions used in LCA [15–19].

Indicator Description

Acidification Soil Nitrogen and sulfur oxides are considered the most
harmful chemicals, whose release into the soil could
potentially have intense impacts. This results in the
acidification of soil.

Water Like soil, water bodies are prone to acidification due to the
release of harmful chemicals such as nitrogen and sulfur
oxides.

Aquatic
ecotoxicity

Freshwater Marine life in freshwater bodies is affected due to water
contamination with toxic substances. Aquatic ecotoxicity
is one of the indicators used to measure the overall impact
of these poisonous substances on freshwater organisms.

Marine Similar to aquatic ecotoxicity in freshwater, there is a
possibility for it in the marine ecosystem. The impact of
toxic substances on marine aquatic life is measured using
this indicator.

Depletion of
resources

Elements There are many naturally available resources, and they
also seem to be depleting. Hence,measuring such trends is
necessary.

Fossil fuels Fossil fuels are being depleted due to excessive use, and
this measurement is essential.

Eutrophication With the release of nitrogen and phosphor-related
compounds into the aquatic ecosystem, nutritional levels
are increasing. Eutrophication is one such indicator that
measures the possible enrichment of nutritional elements.

Global warming The release of various greenhouse gas emissions into the
air is measured using a global warming potential
indicator.

Human toxicity The release of toxic elements into the environment has a
very strong impact on human beings. An indicator that
measures the effects of such chemicals on humans is called
human toxicity.

Ozone depletion Due to the release of emissions, the ozone layer is effected.
This indicator is used to measure the impact of various
emissions responsible for ozone depletion.

Ozone creation Specific gas emissions have a negative effect on the ozone
layer creation. This indicator is used to measure the
impacts of such emissions.

Terrestrial ecotoxicity Due to the release of toxic elements, there is a possibility of
terrestrial ecotoxicity. It generally happens only with the
release of such elements onto a land surface. In such cases,
this indicator is used to measure the impact of toxic
elements on land organisms.

Continued
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TABLE 12.3 Indicators and their descriptions used in LCA [15–19]—cont’d

Indicator Description

Pollution Air Chances of air pollution are very high due to the release of
toxic elements. This indicator represents the quantification
of the amount of air required to dilute the poisonous
elements released.

Water The release of toxic chemicals intowater bodies is common
in current industrial systems. Water pollution is an
indicator that measures the amount of water required to
dilute poisonous chemicals.

Soil Soil pollution generally happens with the accumulation of
various toxic elements. Usually, the mix of these elements
will happen with the water. Hence, to measure soil
pollution, this indicator is used. It involves the
quantification of the amount of water required to dilute
the released toxic chemicals into the soil.
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12.2.4 Challenges in LCA and technical advances that
support LCA

The conventional LCA method based on embodied energy and emis-
sion factors is subjective to uncertainty due to a lack of quality data. This
leads to judgments on LCA outputs. In similar passions, LCA studies
using simulation tools such as SimaPro, OpenLCA, and GaBi also have
some uncertainty in the results. These studies mainly work based on
the set boundaries for the environmental impact assessment. These
boundaries are generally referred to as system boundaries, and the judg-
ment on the boundary would vary based on the system, which leads to
some uncertainty. While modeling the complex process, the LCA studies
must account for detailed process data, but in practice, this is not valid.
Even in the situation where accurate process data is considered for
LCA, there exists uncertainty due to the data quality [9–11].

It is understood that data is the most challenging in LCA studies, and
getting real-time quantitative data would solve the issue of uncertainty. In
this regard, a real-time monitoring system that collects data should be
used in LCA studies. Digital technologies such as the Internet of Things
(IoT) can be used for collecting the data of any complex system [20].
The collected data using IoT systems can be stored in blockchain-based
distributed ledgers [21]. This sort of monitoring system is called the
blockchain-based Internet of Things (B-IoT). A B-IoT system integrated
with data visualization will provide real-time data that can be used as a
reliable source for the sustainability reporting of any product or
process [22].



FIG. 12.6 Blockchain-based LCA [22].
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In Fig. 12.6, the blockchain-based LCA framework is shown [22]. The
framework is based on the general framework of LCA, which is shown
in Fig. 12.2B. The goal and scope definition stage of LCA studies is further
improved based on the two essential blockchain features, traceability and
transparency. These two features enhance the overall product supply
chain. The second stage of the LCA, is the inventory analysis where data
is given more priority, at this stage based on the data needs the B-IoT sys-
tem will operate. This system allows real-time data collection, which
improves the input data quality as well as avoids uncertainty. In the third
stage, impact assessment, the role of analytics would help in understand-
ing the overall impact categories. Data visualization tools integrated with
B-IoT systems can help in the interpretation of the data and the results.
12.3 Life cycle assessment of photovoltaics

Based on the methodology discussed in the previous section, life cycle
emissions from the PV plant can be quantified. A few studies that involve
such estimates are summarized in Tables 12.4 and 12.5 for silicon and
thin-film PV systems, respectively. Also, a brief discussion on the studies
shown in Tables 12.4 and 12.5 gives more understanding on how the
overall environmental impact would vary depending upon the PV tech-
nology. It is a known fact that PV systems would perform differently for
different locations. Apart from this, the type of technology chosen for
installation will also have a significant influence on the overall



TABLE 12.4 Summary of LCA studies conducted on silicon PV systems [8].

Location PV system type

Functional

unit Boundaries

Energy payback

time

CO2 mitigation

or global

warming

potential Reference

Multiple
locations

Polycrystalline
silicon

0.65m2 PV
panel area

Manufacturing and
operational phase

3.5–7 years 50–800g/kWh [23]

United States Monocrystalline
silicon

1kWh Manufacturing, including
the balance of system and
operational phase

3.8 years 10.2g/kWh [24]

Switzerland Poly- and
monocrystalline
silicon

3kWp Manufacturing, including
the balance of system and
operational phase

3–6 years 136–100g/kWh [25]

Italy Monocrystalline
silicon

1MWh Manufacturing and
operational phase

5.5 years 44.7g/kWh [26]

Few locations in
South European
Countries

Poly- and
monocrystalline
silicon

1kWp Manufacturing and
operational phase

1.7–2.7 years 30–45g/kWh [27]



TABLE 12.5 Summary of LCA studies conducted on thin-film PV systems [7].

Location

Thin-filmPV

system type

Installed

capacity

Energy

payback

time

CO2

mitigation Reference

Malaysia CdTe 100kW 0.94 years 0.76g/kWh [28]

Italy CdTe 1m2 1.30 years – [29]

United
States

a-Si 33kW 3.2 years 34.3g/kWh [30]

Germany CdTe 1m2 1.1 years 30g/kWh [31]

China a-Si 100MW 2.2 years 15.6g/kWh [32]
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performance. In a similar way, the LCA results of a PV system in differ-
ent locations seem to be varied.

From Table 12.4, it is understood that crystalline silicon modules
have shown different energy payback times and global warming poten-
tial for different locations. On the other side, there is a clear observation
of the variation of the results with respect to the boundary chosen. Like
the crystalline silicon PV systems, the variation in LCA results of
numerous thin-film PV modules is also observed. For example, a 1m2

area of CdTe PV module energy payback time in Italy and Germany
is different.
12.4 Environmental impacts associated with PV systems

This section briefs the environmental impacts associated with PV sys-
tems in three broad categories of its life cycle: manufacturing, operational,
and end-of-life management.
12.4.1 Manufacturing

The manufacturing stage of PV modules is the one crucial life cycle
stage. It is considered one of the complex processes that involves the
use of chemicals to process the material, depending upon the chosen tech-
nology. In current markets, the most commonly used PV module uses
crystalline technology, which is silicon-based. The second most popular
is the cadmium telluride (CdTe) module. In this section, various environ-
mental impacts associated with crystalline silicon-based and cadmium-
based PV modules are briefly given in Boxes 12.1 and 12.2, respectively
[6, 33, 34].



BOX 12.1

E n v i r o n m e n t a l i m p a c t s d u e t o
m a n u f a c t u r i n g o f c r y s t a l l i n e PV m o d u l e s .

Crystalline silicon PV modules are formed by combining the PV

cells in series and parallel configurations. These cells mainly consist

of silica, which is a natural resource abundantly available on Earth.

But only a minor share of this silica material is used in the electronic

industries, especially in PV modules. The extraction of silicon from

sand is a complex process that involves different stages. At first, silica

is mined and then converted into crystals. But when we visualize the

process of silica mining to a PV cell wafer, the most dangerous and

harmful substance that is released into the environment is dust.

The generated silica dust has severe effects on theworkforce involved

in cell fabrication. The main problem associated with silica dust is

lung disease.

On the other side, in themanufacturing stage, a few harmful gases

and other substances are also released. These include silane gas, sil-

icon tetrachloride, and other wastes in the form of solids and liquids.

These have a very strong impact on the environment as well as on the

health conditions of the workforce.

BOX 12.2

E n v i r o n m e n t a l i m p a c t s d u e t o
m a n u f a c t u r i n g o f C d T e PV m o d u l e s .

CdTe is on thin-film technologies, which have become the most

popular in recent years. These modules have very high chemical sta-

bility. It is a cost-effective and very efficient technology. A solar PV

module using this technology has thin layers that contain materials

such as CdTe and CdS. Here, Cd is the most toxic substance. It has

substantial environmental impacts and its release into the atmo-

sphere causes health impacts. Cd emissions from CdTe are around

0.26g/GWh. This is quite less when compared to fossil fuels such

as natural gas, coal, and oil, whose Cd emissions are 0.3g/GWh,

3.7g/GWh, and 44.3g/GWh, respectively [33].
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12.4.2 Operational

The operational stage of the PV system is a prolonged run activity and
typically ranges 20–25 years, depending upon the PV technology. The
operational stage has considerably fewer environmental impacts when
compared to the manufacturing and end-of-life stages [5, 6, 34]. The fol-
lowing are the environmental impacts:

• Land use is one of the significant problems in the operational stage.
Small-scale PV installation generally does not require much land area,
but large-scale PV installation requires a vast land area. At present, a
typical utility-scale power plant requires around five acres of land for a
1MW installation. Inmost cases, agricultural land is used for PV system
installation, which in turn disturbs the energy-water-food nexus.
The best area suitable for PV installation is one without agriculture
[5, 34–36].

• Habitat issue is another impact. These issues arise due to the installation
of PV plants in remote areas or in faraway locations that disturb nature
[34, 35].

• In solar PV plants, the use of electrical and mechanical equipment is
most common. For example, a transformer is the best electrical
equipment used.Most times, there is a leakage of transformer oil, which
has an environmental impact. Also, the regular maintenance of
transformers results in vast amounts of transformer oil as waste.
12.4.3 End-of-life management

The lifetime of PV modules is usually 20–25 years. Depending upon
the PV technology, the lifetime would vary. Once the lifetime is over,
these modules turn out to be waste. But these waste PV modules contain
many useful materials such as aluminum, silver, steel, and copper, and
they have commercial value in the market. Based on the current cumu-
lative installation capacities, the overall estimated PV panel waste would
be huge. The cost associated with the materials present in the waste is
also very high. The statistics related to PV panel waste are shown in
Fig. 12.7 [37].

Based on the data shown in Fig. 12.7, it is estimated that cumulative PV
capacity could increase up to 4500GW by the end of 2050. The associated
PV waste would be increased to a value of 70–80 million tons under the
early loss scenario [37]. Dumping the generated PV waste in landfills
would have many environmental issues. Hence, recycling and proper
end-of-life management are the only options to avoid environmental
impacts. If solar PV panels are not treated effectively, they will release
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FIG. 12.7 Global estimated PV panel waste [37].
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toxic materials into landfills, where they can percolate into groundwater
and the air. However, there also exist a few environmental impacts due to
PVwaste recycling [38]. Considering the crystalline silicon solar cells, they
generally contain a few materials that have a direct impact on human and
animal health. In recycling, careful observations have to be made so that
the treatment of harmful metals such as lead and chromium is effective
[6, 33]. In recent years, thin-film PV technology has been widely used,
and CdTe technology in particular has become very popular. The waste
generated with CdTe PV modules contains cadmium-related toxic sub-
stances. These types of PV modules can be recycled based on the methods
used for electronic waste such as cathode ray tubes and batteries. The best
approach to recycle these PVmodules is by using strong acids that help in
the stripping of metals [6, 33, 39]. Two other thin-film modules that have
become very popular in recent years are copper-indium selenide (CIS) and
copper-indium gallium selenide (CIGS). These PV modules contain rare
metals and recycling such PV modules would give valuable materials.
The recovered materials from CIS and CIGS waste can be used in
manufacturing television screens. In the end-of-life management of CIS
and CIGS modules, elements such as selenium, gallium, and indium
can be recovered [37, 40].

A case study given in ref. [41] reveals that the material recovery poten-
tial is high with the use of thermal and chemical treatment methods. The
recovered materials from a 24W PV module are shown in Fig. 12.8. The
most dominant material in the PV module is glass, and its contribution
is approximately 59.51%, s equal to 5474.92g. Using the thermal and
chemical treatment methods, around 5365.42g of glass material is recov-
ered. Aluminum is also another valuable material whose share in the PV
module is 16.71%, which equals 1537.32g and out of which, 1322.09g is
recovered. Similarly, 98% of the steel and 85% of the copper are
recovered [41].



FIG. 12.8 Estimated material recovery potential from a 24W PV module [41].
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12.4.4 Business models and their impact

PV technologies that are currently in the market are mostly under the
linear business practice, which generally follows the take-make-use-waste
principle shown in Fig. 12.9.

As per the cumulative PV installation that is estimated and shown in
Fig. 12.7, it is understood that PV waste is also increasing. But with the
current linear business model practice, effectiveness and value creation
from PVwaste are not possible. PV waste contains many useful materials,
offering extraordinary opportunities for manufacturing industries with
material supplements in a cost-effective manner. But with the current
business model, huge waste is created, becoming a severe threat to the
environment.

In this context, there is a strong need to change the PV business model.
The change should include research and development activities toward
waste management. Measures that are most suitable for the demanufac-
turing of PV modules should be considered. Also, activities that push
the recycling, end-of-life material recovery, and reuse of decommissioned
PV modules for various other functions should be explored. Such activi-
ties allow material circularization and ensure that PV waste is treated
effectively [42]. In Fig. 12.10, a circular business model of a PV system
FIG. 12.9 The linear business model for PV modules and PV systems.



FIG. 12.10 The circular business model for PV systems.
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is shown, which generally follows the linear business model principle
coupled with end-of-life management principles.

The circular business model of the PV system allows us to tackle envi-
ronmental impacts when compared to the linear business model. In a cir-
cular business model, the PV module is subjective to various end-of-life
management methods for recovering valuable materials that can be used
in themanufacturing of PVmodules. In some cases, these recoveredmate-
rials can also be used in the manufacturing of other products. Both the
above-discussed business models have a few environmental impacts,
which are clearly highlighted in Table 12.6.
12.5 Conclusion

There is considerable growth for PV systems in the future. This growth
has been accelerated in recent years due to the continuous efforts taken on
cost reduction and technical advancements seen in PV systems. On the
other side, the environmental concerns of the PV system are really fear-
some when their growth rate and cumulative installation capacities are
considered. The total PV waste could reach up to a million tons by the
end of 2019. Dumping PV waste in landfills and that long-term exposure
towater, air, and landwould cause severe health and environmental prob-
lems. Hence, the assessment of evaluating environmental impacts is
necessary. Variousmethods used for assessing the environmental impacts
associated with PV systems in both the conventional way as well with
advanced simulation tools are given in this chapter. In addition, a



TABLE 12.6 Environmental effects due to business models followed in PV systems.

Business

model

Environmental effects

Manufacturing

stage Operational stage

End-of-life

stage

Material

recovery

stage

Linear
business
model

- Environmental
impacts due to
material
processing.

- Use of
chemicals in PV
cell fabrication.

- Emissions due
to the
embodied
energy.

- Emissions
related to
module
making.

- The leak of
materials such
as cadmium in
oxide form.

- Pollution
related to land
is also one of the
considerable
environmental
impacts.

- Effect on
aquatic life due
to floating and
submerged
photovoltaics.

Contamination
of water, land,
and air due to
harmful
emissions.

NA

Circular
business
model

No Harmful
acids and
other
chemicals
are used.

NA—not applicable.
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sophisticated framework that supports the LCA considering realistic data
is presented. The environmental impacts of PV systems considering the
life cycle stages of PV systems as per real-time conditions are given. Envi-
ronmental impacts associated with PV systems are discussed in three
broad categories: the manufacturing, operational, and end-of-life stages.
This chapter has introduced two different business models: linear and
circular. In addition, the environmental impacts due to the current linear
business model in various life cycle stages are also presented. The circular
business model implementation for PV systems and its role in mitigating
environmental impacts were discussed.
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13.1 Introduction

13.1.1 Dynamics of the photovoltaic sector and economic issues
associated with its development

The Paris Agreement defined international climate objectives to keep
the mean global temperature rise to well below 2 degrees above preindus-
trial levels and to limit the temperature rise even further to 1.5 degrees
above preindustrial levels [1].

Photovoltaic (PV) energy has been identified as a solution for achieving
these goals. The prices of PV modules have fallen rapidly over the past
decade due to the globalization of the sector, which has greatly improved
the competitiveness of this technology.

PV installations have grown significantly, from less than 1GW peak
power (GWc) in 2000 to more than 0.5TW in 2018. PV prices have been
divided by about a factor of 10 since 2005, falling to below 0.30 €/Wp.
Though European countries paved the way in the 2000s, it is now Asia
(China, Japan) and the United States that are driving PV market growth.
There is also great growth potential in emergingmarkets such as India and
the Middle East.

The share of renewables reached about 25% of global electricity gener-
ation in 2017, of which solar PV accounted for 7% (see Fig. 13.1). However,
the share of solar PV in the world’s power supply is expected to increase
rapidly in the coming decades. According to the IEA Sustainable Develop-
ment Scenario, solar PVwill account for 17% of the global power supply in
2040.
413ersion
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FIG. 13.1 Breakdown of renewables in 2017 and in 2040 [2].
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However, the development of PV combinedwith the industrial dynam-
ics of the sector have raised new economic issues. The PVmarket has been
suffering from overcapacity since 2008 and serious trade disputes among
major PV countries are still under way. In addition, there are increasingly
more questions about systemic effects (deoptimization of the mix, impact
on electricity markets) led by the large-scale integration of PV into existing
energy systems.

In this chapter, we thus discuss the major economic issues affecting the
solar PV market and the role of policies for its sustainable growth in the
future.
13.2 Current global solar PV markets

13.2.1 Demand-side: PV installations

The global PV supply has demonstrated exponential growth in the last
20years.Theworld’s cumulativePVinstalledcapacityhas increasedsharply
from amere 1GWp in 2000 tomore than 0.5TWp of solar power capacity in
2018. The winning bids of recent tenders around the world are now com-
monly less than €50/MWh (including Europe), and the lowest PV prices
without support have fallen below 3c$/kWh in 2016 (i.e., Abu-Dhabi).

The solar industry has undoubtedly undergone a paradigm shift dur-
ing its growth from a niche market to a primary electricity source in the
energy system (Fig. 13.2).



FIG. 13.2 Demand-side: cumulative installed PV capacity in the world [3].
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Japan was the PVmarket leader in the early 2000s, accounting for more
than 50% of the world’s cumulative installations and more than 40% of
global annual growth. However, Europe took the leading position in
the global PV market from the mid-2000s, with Germany in pole position;
it accounted for around 70% of the world’s newly installed capacity in
2005. In addition, there were installation peaks in Spain (2008) and Italy
(2010). In 2013, Europe represented almost 60% of the global cumulative
PV capacity with 81GW.

However, Europe has since been losingmarket share after the economic
recession in 2008 and the entry of cheap Chinese products into the global
PVmarket. The PV paradigm change started in 2013 as new growth began
in non-European countries (China, Japan, United States, India). More than
60% of all new installations in 2013 were from China, Japan, and the
United States. Asian countries, with China, Japan and India at the fore-
front, are currently developing the PV market faster than any other
European market.

China has been the largest PV installer in the global PV market. China
alone represented about 35% of the cumulative capacity of PV installa-
tions in 2018 (Fig. 13.3) while the sum of PV installations in Europe
accounted for only 23% in 2018. In addition, the top three countries
(China, Japan, and the United States) accounted for almost 50% of the
world’s cumulative PV installed capacity in 2018. Other regions such
as Africa, the Middle East, Southeast Asia, and Latin America began
making an effort in PV market development. PV has great potential in
these regions with respect to the increasing demand for energy and
the energy poverty problem.



FIG. 13.3 Cumulative installed PV capacity in the world [3, 4].
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13.2.2 Supply side: PV industry (PV cells and modules)

China has the largest manufacturing industry capacity for PV cells and
modules in the world. In 2017, China accounted for almost 70% of total
world production (72GW, Fig. 13.4); this was almost equivalent to the
world’s annual PV installation in 2016. However, China was a latecomer
to thismarket, having only started in themid-2000s. The Chinese share has
since rapidly increased, occupying almost 60% of the world’s total
FIG. 13.4 Share of PV module production in 2017 [5].
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production in 2012. Other Asian countries such as Taiwan, South Korea,
and Malaysia have also increased their production. Before China, Japan
and Germany played important roles in PV manufacturing from the early
2000s.

In the current PVmarket, wafer-based crystalline silicon PV production
remains dominant (>90%), even though other technologies have appro-
priate advantages, such as building integration. However, the technology
that enters a market first can take advantage of the inertia created in the
market by past investment. It can be favored due to accumulated experi-
ence, economies of scale, established infrastructure, culture, and organiza-
tion of stakeholders (technology lock-in).

The production of a thin-film module only accounts for a small portion
of the global solar cell markets (Fig. 13.5). For example, around 5GW of
thin-film modules (CdTe, CIGS) were produced in 2016 [5]. Malaysia,
Japan, Germany, Italy, and the United States are the major producing
countries of thin-film technologies. The world’s largest thin-film PV pro-
ducer is First Solar, which is based in the United States. It produced
around 3GW of CdTe thin-film PV modules in 2016 via its production
lines in the United States and Malaysia. In Japan, Solar Frontier produced
around 1GW of thin-film PVmodules in 2016. There are few incentives to
make long-term investments in other technologies due to the high risks
and barriers (commercialization, systemic, cultural, and institutional).
Moreover, some risks (toxicity and raw material supply) related to these
technologies hinder market development. To overcome this technology
lock-in, policies play an essential role in supporting the development of
these technologies.
FIG. 13.5 PV production by technology [6].
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13.3 Solar PV policy mechanisms: a multicriteria decision
analysis

In this section, we present an approach for analyzing solar PV policy
success based on a multicriteria decision mechanism.
13.3.1 Overview of solar PV policy mechanisms

An approach based on a schematic map can help us to visualize better
how policy inputs and resources turn to specific outputs with a long-term
impact to achieve targeted policy objectives. The following traditional
schematic model (Fig. 13.6) can be used to understand the impact of PV
policy support on society in many countries.

For a complete evaluation, it is important to consider the PV policy sys-
tem as awhole (systemic analysis). First, we need to knowwhywewant to
develop solar PV energy in our society. Most policy support for renewable
energy generally aims at providing a sustainable energy system with
environmental, social, and economic benefits. This not only involves
advancing the cost-competitiveness of renewable technologies or increas-
ing the share of renewable energy sources in the mix, but also creating
economic benefits (job creation) or improving the quality of life, for exam-
ple, health. Policy priorities will vary from one country to another,
depending on the situation.

The policy objectives to support renewable energies such as solar PV
generally focus on: (1) energy security (energy supply diversification),
(2) climate changemitigation (energy transition,GHGemission reduction),
(3) improved access to energy (energy equity), and (4) socioeconomic
FIG. 13.6 PV policy dynamic model [7].



TABLE 13.1 Measurable policy results.

Supply-side Demand-side

• R&D sector: publications, patents, efficiency,
material reduction, etc.

• Industry: number of firms, production
capacity, reduction of modules and system
prices

• PV installation: installation capacity,
usage

• Social acceptance, training capacity,
investments, administration process
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development (jobs, economic growth) [8–10]. According to defined policy
objectives, policy inputs are decided together with the allocation of
resources. Solar PVpolicy inputs can be classified into supply-side support
(R&D and production) and demand-side aspects (diffusion of solar PV
energyandPVintegration) [11].PVpolicy instruments cangenerallybecat-
egorized into three groups: fiscal incentives, public financing, and regula-
tionsa [9, p. 197]. The policy results can then be determined as outputs
usingmeasurable variables (generated results such as products or services
in terms of R&D activities, industry production, and PV installations,
Table 13.1).

In addition, the policy results can also be determined based on the
direct or indirect impact (short-term and long-term), including technolog-
ical, economic, and energy aspects.

A comprehensive analysis of key contextual factorsb should be con-
ducted to fully understand PV policy mechanisms in a given country.
There are various aspects to be considered, for example, technology
progress, environmental and economic situations, geopolitics, energy
prices, electricity markets, industry competition, consumer behavior, nat-
ural resources, and human resources. They generally have a significant
impact on the overall system and are not usually under control. The most
commonly used standards to determine the success of policy instruments
are efficiency and effectiveness. The efficiency of policies can be evaluated
by comparing the results with the financial resources committed. In the
longer term, policy effectiveness compares outcomes to initial policy
objectives to assess which targeted policy objectives are reached. In addi-
tion, the PV policy mechanism evolves with a feedback loop.
aFiscal incentives: reduced contributions to the public treasury through tax deductions (such

as income tax or other taxes), rebates, grants. Public financing: public support such as loans,

equity, or financial reliability such as guarantees. Regulations: rules to guide or control.

bThere are various factors affecting the mechanisms; for example, human resource factors

such as the price of labor or education, the quality of the electrical grid, the scarcity of the

domestic energy supply, the manufacturing capabilities of fossil fuels, and the social opinion

of energy sources and energy price changes.
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Besides, stakeholder analysis is another important step for systemic
analysis. There are several ways of doing this. A straightforward method
is to use an “interest-influence” matrix to identify stakeholder positions
for solar PV development. Defined stakeholders can be organized into a
2�2 interest-influence matrixc. This method classifies stakeholders into
four groups: promoters, defenders, apathetics, and latents. This analytical
framework helps us to identify possible risks that should be managed to
promote solar PV energy [12].

Latent groups, which have no particular interest in solar PV develop-
ment but a strong influence on the energy market, should be carefully
examined because they represent a significant potential threat. When
PVpolicy results are expected to conflict with their interests, they can raise
strong opposition or even block development. Therefore, it is necessary to
properly understand their needs and integrate them into political deci-
sions. This group often includes traditional energy industries (grid oper-
ators, generators) and price-sensitive electricity consumers. The current
PV market is dynamic and fast-changing, and stakeholder positions can
thus evolve over time. Theremay be new entrants or existing playersmov-
ing from one group to another (for example, stakeholders from the latent
group can become defenders if they are searching for new PV business
opportunities). In this regard, the analysis should be updated regularly
to follow the market dynamics.
13.3.2 Political support for solar PV installations (feed-in
tariffs and other alternative instruments)

In this section, we describe the key mechanisms of financial support for
the installation of solar photovoltaic systems [13]. Many countries have
implemented policy support to support the energy transition (for exam-
ple, feed-in tariffs), and this has played an essential role in developing
the PV sector. Feed-in tariffs (FITs) indicate fixed electricity prices that
are paid to renewable electricity generators for each unit of energy pro-
duced and injected into the electricity grid. It guarantees grid access with
priority focusing on renewable electricity. This public policy instrument
was designed to stimulate investment in renewables, and the payment
is based on fixed prices during a specified number of years; this is often
related to the economic lifetime of renewable projects.

This system developed mainly in Europe from the 1990s, in parallel
with subsidies. An important turning point came in the early 2000s when
the system set long-term purchase agreements (usually 20 years) based on
attractive tariffs covering the real cost of renewable electricity. This
cAuthor’s analysis based on World Bank’s definition.
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mechanism attracted investors because it reduced risks by ensuring a
return on investment. Germany was the first country to make a significant
investment in PV energy based on this mechanism, and this case has since
been adopted as a model by many other countries. The establishment of a
correct purchase price and an evolution mechanism is a crucial element of
success.

However, the FIT scheme is a very tariff-sensitive policy instrument
and policymakers do not control installation volumes [13, 14]. The pricing
system must reflect the dynamics of the PV industry and cost reduction
trends. It is easy to control the tariff system in a closed market, and it is
more complicated in an open innovative market because of the uncer-
tainty of PV prices influenced by rapidly changing market conditions,
competition, and customer demand for new products and services. In this
regard, sensitivity to high pricesmakes the system costly and risky for pol-
icymakers. There is a significant information asymmetry in the FIT
system: policymakers only have access to production data without precise
information on the purchase price of PV systems. It is, therefore, difficult
to predict the profitability of PV based on this mechanism, and this
involves certain risks (for example, overcompensation, undercompensa-
tion, installation peaks, irregular installations, etc.). It can thus result in
windfall effects, bubbles, and nonperennial market growth; these
situations have been observed historically in several countries. Accord-
ingly, some countries have tried to associate this mechanism with
quantity-driven methods, that is, elaborate pricing with volume monitor-
ing, FIT adjustment according to targets of installations, etc.

In addition, the variability of PV electricity costs by location calls the
effectiveness of a single national tariff into question (not an appropriate
economic incentive in a place where it would be most useful). We can
see that these risks increase when utility-scale PV plants are included in
a single national tariff mechanism [13].

In addition, when the FIT system is financed by electricity bills (EEG in
Germany, CSPE in France), an uncontrolled increase in PV installations
raises electricity tariffs, which can raise energy poverty problems (increase
of energy-poor households) or weaken corporate competitiveness [14]. In
this regard, Yu et al. concluded that this instrument does not guarantee
sustainable and stable PV growth, in particular, faced with uncertainty
about the future PV market evolution.

Feed-in-Premium (FIP) is a more market-oriented solution that better
reflects market price dynamics. PV power is sold based on the electricity
spot market price, and generators receive a premium on top of the market
price. Because the government only pays the premium, policy costs will be
largely reduced compared with the FIT system.

Another effective way to limit these risks led by FITs is to use tenders
based on the price mechanism of purchasing electricity (power purchase
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agreement, PPA) produced by renewable energy sources. The company
that suggests the lowest price wins the contract. We can control the level
of installation volume by tender (a quantity-driven mechanism). Even
though the state does not control the price, this mechanism makes it pos-
sible to avoid windfall effects.
13.4 PV globalization and market dynamics

13.4.1 Chinese entry into the global PV market

Since the mid-2000s, the increase in PV demand in line with policy sup-
ports in Europe has attracted Chinese players into the PV manufacturing
market. Chinese production soared in a short time, and it became the larg-
est manufacturer in the solar PVmarket in 2007. Since then, module prices
have reducedwith Chinesemass production, for example, from $4.73/Wp
in 2007 to $0.67/Wp in 2013 [15]. The current module prices are less than
$0.30/Wp.

In this regard, it is interesting to review historical changes in Chinese
PV policies. The Chinese PVmarket development followed different strat-
egies from other major PV countries such as Germany and Japan (a bal-
ance between industry perspective and PV installation). China entered
the global PV market relatively late. China launched solar PV R&D in
the late 1950s and entered the application stage in the 1970s; however,
it was not until the mid-1980s that the industrialization of PV materials
started. In contrast with Germany, Chinese PV policy was export-
oriented. It first focused on easy-to-follow technologies establishing pro-
duction lines of labor-intensive downstreammanufacturing (modules and
cells) rather than conducting serious R&D for technology development.
However, despite its leading position in PV manufacturing, China was
dependent on imported refined silicon and equipment for its massive pro-
duction due to technological barriers [16]. After China became the major
PV manufacturer in the world, it started focusing more on its capital-
intensive upstream industry such as silicon production through R&D to
advance related-technologies that had been lagging since 2009, with the
goal of catching up with the major producing countries [17–20].

The Chinese government, at both central and local levels, supported PV
manufacturing investment through various forms of subsidies: innovation
funds, regional investment support policies (2009) issued by some
Chinese city governments, free or low-cost loans, tax rebates, research
grants, cheap land, energy subsidies, easy credit, and technological, infra-
structure and personnel support [21]. China’s low labor costs and low
energy prices facilitated the industry’s expansion by reducing production
costs [22]. Moreover, faced with intense global competition after 2009,
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China’s easy access to credit and permissive standards gave local manu-
facturers the possibility of taking advantage of scale effects to build
gigawatt-scale plants [23]. In this manner, Chinese-subsidized credit
supported PV producers in their capacity expansion regardless of their
productivity levels, even if some loans included a high risk of default.
However, China’s expansion of its production capacity was heavily
dependent on overseas markets (for example, Europe) without establish-
ing a domestic market; for example, China exported around 97% of
module production in 2009 [24] (Fig. 13.7).

Chinese PV development first encouraged the industry before it was
decided to expand domestic installations to overcome the industry slow-
down [3, 19]. Chinese solar PV power generation started in the 1960s but
the dramatic progress is a recent event over the last 15 years (the Chinese
installed capacity was only 140MWp in 2008) [25]. Since the late 2000s,
China’s on-grid solar PV installations have rapidly increased based on
the strength of the incentive programs to grid-connected rooftop and BIPV
systems; for example, central government subsidy programmes such as
the “Rooftop Subsidy Program” (2009), the “Golden Sun Demonstration
Program” (2009), and the “Solar PV Concession Program” (2009) [17, 26].
In 2011, the national FIT scheme started to support domestic PV market
growth. China contributed significantly to the world’s PV capacity; the
country’s new growth in global installation represented about 45% with
almost 45GW in 2018.

Even though China rapidly expanded its installations, thereby becom-
ing a major driver of market growth, its PV contribution to the electricity
generation mix is still small: 3.3% in 2018.
FIG. 13.7 Annual installations versus cell production in China [3, 17, 18].
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13.4.2 International trade effects after the mass entry of Chinese
products

Chinese manufacturers attempted to take a share of the market from
their competitors based on an export-oriented strategy, and finally sur-
passed their German and Japanese competitors (since 2007), occupying
a dominant market share in the global PV market.

China’s dominance was beneficial in terms of economies of scale
through the increase in market size with the mass production of solar cells
and modules, which again lowered the global price of cells and modules.
This price level is much lower than the European government (Germany)
expected for the policy design (for example, FIT scheme), leading to some
unexpected consequences with the open trade system.

Before the mass entry of Chinese products, the European market
benefitted from open tradewhile pacingwith the growing domestic instal-
lations. However, this mechanism began to be threatened by the mass
entry of Chinese production.

First, the German production quantity was largely reduced, beaten by
the competitive price offered by Chinese manufacturers. Second, with the
mass inflow of cheap products into the German market, German installa-
tions rosemuch faster comparedwith the expected quantity under the FIT
system. This became a financial burden for Germany, therefore inducing
an unpredicted increase in FIT costs. Local installers started to use cheaper
components and this distorted the local FIT mechanism at the end (spec-
ulation). Accordingly, some local key players closed down.

Furthermore, China also encountered industrial problems. China
depends heavily on the overseas market to absorb its mass production
because the country extended its PV industry without domestic market
growth, with the majority of its mass production being exported to the
overseas markets. Moreover, China was also dependent on imported
silicon for its mass production. In this context, the chain-reaction bank-
ruptcies observed in the last decade can be understood when the
European market growth shrank due to its economic downturn. In addi-
tion, the Chinese government’s decision to expand the domestic market
can be seen as a natural result to resolve the national economic problem
(Golden Sun program in 2009, FIT scheme in 2011) [27].

With large-scale Chinese inputs based on the GW-scale production
capacity, the global PV market experienced mass PV industrialization
and an unprecedented decrease in the price of solar PV cells andmodules.
Nevertheless, the European PV industry was suffering from fierce compe-
tition from Chinese players, and the global PV market encountered both
excessive supply capacity in the global market and a PV industry crisis.
Furthermore, most EU countries have a large trade deficit in solar
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components and equipment due to competition from China and other
non-EU countries. Germany is no exception. China immediately absorbed
a considerable portion of the German market share (job losses, industry
decrease) faced with this fierce price competition.

Faced with the global economic crisis, Chinese PV manufacturers con-
tinued to produce large quantities of solar PV products, thereby aggravat-
ing the global PV industry situation with a global supply-demand
imbalance. The global PV industry reacted to the oversupply with even
fiercer international competition [28]. Chinese PV manufacturers also
encountered a difficult period in the globalized market due to a lack of
outlets for its production and the PV industry went through a restructur-
ing process. Many PV firms in the world have since gone bankrupt [29].
The largest Chinese solar company, Suntech, filed for bankruptcy in
March 2013, even though they had received billions of dollars in direct
loans from the Chinese government [29]. Furthermore, China recently
faced obstacles for imports of PV products going through trade disputes
with the United States and the EU. This issue has become a major eco-
nomic concern for our global society. China started to relocate its produc-
tion lines (for example, Taiwan) but needed to explore new avenues for
market growth. Under these conditions, the interactions of Chinese
supply-side policy decisions (easy access to capital, subsidies) and Euro-
pean demand-side policy (FITs) have led to unexpected consequences for
the globalized PV sector, such as overcapacity, an industrial crisis, and
trade disputes. The globalization impact on German solar PV policies thus
reflects the importance of a systemic approach that considers diverse
aspects of PV markets when designing a country’s PV support
scheme [19].
13.4.3 PV growth potential in new regions

We have seen that the solar PV sector has experienced strong market
growth supported by favorable political reactions in the energy transition
context. Despite these positive conditions, however, the global PV market
went through a chaotic period due to overproduction, the industry crisis,
and long-lasting trade disputes [19]. In addition, long-lasting trade dis-
putes between countries (for example, China versus the United States,
China versus the EU) narrowed the scope of the PVmarket for the relevant
countries. Nationwide PV installations are usually insufficient to feed the
GW-scale supply volumes. In 2018, the largest PV firm’s production was
almost equivalent to the total demand for PV installations in Europe.
Faced with globalization, the nationwide PV innovation system, which
aims at creating a virtuous circle [30] between R&D, market growth,
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and price reduction, has been somewhat broken [19]. Therefore, we need
to look for new opportunities that provide the PV industry with new
outlets for the current oversupply of PV products.

Energy access issues in Africa and PV growth
opportunities

Even though several countries in sub-Saharan Africa (SSA) have made pro-

gress in expanding electricity access in recent years, it has the lowest energy

access rates in the world. Only about half the population (roughly 600 million

people) manages to have access to electricity while about 890 million people

still cook with traditional fuels in these regions (the fuels and technologies that

households use for cooking represent a serious health problem, that is, inhal-

ing carbon monoxide and particulates from traditional biomass cooking

stoves). The limited access to a reliable power supply and the endemic short-

age that grid-connected communities often encounter impose significant

restrictions on their economic activities and improvement of the quality of life.

Such a situation is paradoxical for a continent particularly dense and diverse in

potential primary energy resources while a huge renewable potential (solar,

wind, hydro, geothermal) remains untapped across all Africa. Mechanically,

the progress toward electrification by renewables in these countries will have

the greatest impact on global outcomes.

However, the promise of rapid GDP growth based on the “carbon-

intensive” model in many countries led to local and global environmental con-

cerns. The Paris Climate Agreement is not compatible with the adoption in

Africa of the same energy development path as in China or India [31]. There-

fore, through the establishment of a new paradigm based on sustainable

energy supply and consumption, these regions can develop an innovative

low-carbon energy system that enables them to take another economic devel-

opment route in a more sustainable way [19, 32]. For example, sub-Saharan

countries could directly foster innovative strategies mimicking, in the energy

field, the adaptation of mobile technologies combining low-carbon technolo-

gies: renewable sources (that is, solar PV), energy efficiency improvements,

storage, microgrids, etc. [31].

More than 1 billion people in theworld still have no access to electricity.
We can aspire to further deploy solar PV systems in less developed and
developing countries that are faced with energy poverty problems.
According to the World Bank, energy access problems are concentrated
in Africa and Southeast Asia [33]. Interestingly, however, there are also
significant solar energy resources in these regions and solar power is
the most competitive in these regions (Fig. 13.8). However, these regions
are more likely to be reluctant to invest in PV installations due to their dif-
ficult financial situations. This explains why these countries may prefer to
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continue supplying diesel-based power to residents despite the high costs.
In this regard, international efforts will be necessary if we intend to roll out
this electrification program. Such actions should involve not only govern-
mental levels but also the private sector and civil contributions.

This approach expands the scope of the global PV market within the
international context to solve the current PV industry’s anxiety [32].
Furthermore, new regions could also benefit from a sustainable energy
supply system for their socioeconomic development. In particular, this
solution provides an interesting option to address the problem of world
energy poverty. It would increase theworld’s electrification rate and even-
tually have a positive impact on global economic growth. By broadening
the scope of the potential PVmarket to cover the entire international arena
FIG. 13.8 Solar resources and the energy poverty issue [34, 35].



428 13. Solar PV market and policies
within an open economy, the investment to increase the foreign demand
of PV installations would be partially returned to the domestic industry
growth of participating countries. In addition, PV costs would be reduced
thanks to the enlarged market size and experience. It is important to note
that the enhanced competitiveness of PV powerwould eventually contrib-
ute to future national-based installations in all relevant countries with
reduced PV costs. Therefore, the energy transition can be implemented
within an international context. All stakeholders would benefit from the
approach that encompasses new regions with improved energy access
regardless of the political objective (industry or energy transition).
13.5 Systemic effects associated with large PV integration

13.5.1 Systemic effects of PV integration into electricity systems

PV electricity is not dispatchable and is not able to meet the electricity
demand during all seasons of the year. The intermittency of variable PV
power and the unique characteristics of the electricity supply-demand
mechanism lead to systemic effects. The integration of PV into the existing
grid system requires more effort to deal with its intermittency compared
with dispatchable technologies. These efforts include not only an engineer-
ing perspective to ensure the operation of all physical systems but also eco-
nomic aspects concerning the systemic value of PV integration. Therefore,
the value of PV power in a society needs to be discussed in amore compre-
hensive manner by taking into account the systemic effects involved.

The systemic effects of variable PV integration can be classified accord-
ing to three levels. The first level concerns the impact on technical aspects
such as infrastructure, the grid, and the electricity production mix to
maintain the operation of electricity systems. The second level of systemic
effects concerns the indirect financial impacts related to the regulatory
mechanisms of electricity systems, for example, the electricity tariff sys-
tem and electricity price formation. The last level involves different types
of externalities with respect to PV integration into society. Various pos-
itive or negative aspects, which influence the national system and social
welfare, should be considered, that is, environment, technology, economy,
jobs, and strategic position. The higher the level of systemic effects, the
broader the scope of analysis is expected because of diverse correlations
with other contextual, social, or systemic variables.

Assessments of the integration efforts associated with PV penetration
and their dynamic impact on the electricity systems has been provided
in various studies [36–41].

For the first level of systemic effects, the OECD/NEA [38] largely
divided the systemic costs (grid-level costs) of PV integration into two
parts: (1) additional investments to extend and upgrade the existing grid,
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and (2) the costs for increased short-term balancing and to maintain the
long-term adequacy of the electricity supply to integrate variable energies.
Short-term balancing concerns the second-by-second balancing of elec-
tricity supply and demand (for example, real-time adjustment, day-before
forecasting). It is closely related to the accuracy of theweather forecast and
the predictability of supply and demand. Improved forecast and predic-
tion would decrease uncertainty on production planning and enhance the
management of production capacities for a day. More importantly, the
level of flexible capacity in the electricity mix and the size of the intercon-
nected electricity systemboth influence thebalancing task in termsof instan-
taneous adjustments tomatch changes in demand. Therefore, countries that
have a large share of flexible technology capacities (for example, hydro-
power) in their energy mix do not need to balance costs as much.

Intermittent PV systems require long-term dispatchable back-up
capacity to meet the electricity demand at all times [38, 42]. Nondispatch-
able energies like PV contribute very little to generating system adequacy
in many European countries (the capacity credit of PV power in these
countries is very low). The long-term back-up costs include investment
as well as operation and maintenance costs to provide additional
adequacy capacities (increase in demand) or to keep existing capacities
available (constant demand). These costs are necessary to maintain a cer-
tain level of system reliability when variable energies are integrated into
the electricity mix. When the capacity credit of PV power is low, the back-
up costs account for the majority of the grid-level costs.
13.5.2 Financial impact on the electricity mix

The large-scale integration of PV power into the energy mix has a sig-
nificant impact on the existing electricity mix. It raises a number of issues
such as changes in the market price formation, and deoptimization of the
electricity mix.

PV integration into the existing electricity mix reduces the operating
hours (capacity factor) of dispatchable conventional plants and eventually
influences their profitability. This issue is critical because they are compul-
sory to maintain the security of electricity systems. The negative financial
impact on existing dispatchable capacities related to the current electricity
price formation can be discussed. In Europe, the current management of
the electric power system usually ranks the capacities in ascending order
ofmarginal costs of production (merit order). This ranking is organized on
the basis of the day-ahead declaration of available capacities. The electric-
ity price is determined by the highestmarginal costs of production units to
satisfy demand. The price is imposed on all other producers. Base-load
capacities have low variable costs and are ranked first (for example,
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run-of-the-river hydroelectricity, nuclear). Peaking capacities have high
variable costs and are ranked last (for example, oil, gas).

PV electricity with zero marginal variable costs is ranked first in the
merit order before base-load capacities and the merit order shifts to the
right. However, the electricity demand is very inelastic; the price variabil-
ity does not have much impact on consumption. Therefore, the electricity
price is reduced with the same demand curve (Fig. 13.9) [43, 44]. It raises
an issue with the payment of the initial investment (losses of infra marginal
rent). In addition, in terms of the temporarily reduced demand, it is some-
times technically too difficult to shut down capacity for only a short time.
This occurs when PV production is at its maximum (that is, summer day-
time). In these extreme cases, themarket price can be negative. In addition,
the value of PV electricity varies according to time of production and loca-
tion because of the unique feature of the electricity system.Wholesale elec-
tricity prices can be reduced significantly when all PV power plants in a
country generate electricity at the same time on a clear, sunny day.

It also concerns the reduced use of peak capacities, which in turn
reduces the revenues of conventional power plants.With the deterioration
in the peak coefficient,d the extreme peaking capacities become an issue
because they cannot cover their fixed costs [46] (missing money). This
would thus exacerbate the problem in terms of future investment choices;
investors are reluctant to build conventional plants because of the uncer-
tainty in recovering the capital invested. This threatens the energy supply
security. In this regard, the current electricity mechanism needs to be
reconsidered to better integrate large-scale renewable energies.

Another issue should be discussed with regard to electricity tariffs.
Electricity retail tariffs are often composed of electricity generation costs,
FIG. 13.9 Merit order and electricity price formation [13].

dThe peak coefficient is the ratio between the average hourly production during the year and

the peak production [45].
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gridmanagement costs, and taxes. The large-scale integration of PV power
into the system can lead to revenue loss for stakeholders when fewer con-
sumers purchase electricity from the grid [12]. However, the maximum
grid capacity must be kept to maintain the security of the power supply
when the capacity credit of PV is low, and grid operators will have more
activities to manage the integration of variable PV energies. In this regard,
it is essential to secure the budget for grid financingwhen designing large-
scale PV integration policies.
13.5.3 Systemic benefits of PV self-consumption and limits

PV self-consumption offers an interesting way of reducing systemic
effects with regard to high-scale PV integration. PV self-consumption
can be defined as the local consumption of PV-generated electricity, which
reduces the distance between electricity generation and consumption
through the onsite consumption of power. This idea has been around since
the 60s and 70s for power supply in nongrid-connected areas where grid
extension was expensive; however, it has remained a niche market with
few installations.

Faced with a rapid reduction in PV system prices, end users would nat-
urally adapt the mode of self-consumption of PV electricity when it helps
them reduce their electricity bills compared with the conventional way of
purchasing electricity from the grid. PV system owners who produce
electricity for their own needs and whose systems are connected to the
main distribution network are called prosumers (consumers/producers).
A combination of increasing power grid costs, decreasing PV system costs,
and reduced feed-in tariffs (for example, Germany) provides enough
economic incentives to encourage PV self-consumption.e

PV self-consumption offers diverse systemic benefits compared with
PV integration based on a full grid injection of PV power. First, PV self-
consumption facilitates limit the generated solar PV electricity injected
into the power grid. This makes it possible to limit the cost of public
support because it avoids long-term purchasing contracts based on fixed
tariffs (for example, FITs). The ratio of self-consumption, which defines
the rate between onsite consumption and the total production of the sys-
tem installed on the site, is a very important factor in terms of deciding the
economics of self-consumed models of PV power. When there is no com-
pensation scheme to purchase the surplus PV output, the PV installation
on which it is possible to best correlate the pattern of onsite energy use
with PV system output is more economically advantageous. The full
self-consumption is more suitable for sectors such as supermarkets or
eThe concept of grid parity is valid for 100% PV self-consumption.
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office buildings and it is more difficult to achieve a significant level of self-
consumption in the residential sector (a weak correlation between solar
power output and consumption). Its correlation can be increased through
methods such as demand-sidemanagement or couplingwith storage tech-
nology, but PV system costs will increase.

Next, despite higher system costs, distributed PV self-consumption can
help reduce PV systemic effects compared with utility-scale PV systems.
Aswell as using existing land, the systemic benefits of developing PV self-
consumption compared with utility-scale PV power plants include
various aspects with regard to reducing PV integration costs. They usually
concern power losses during transmission and distribution (T&D), addi-
tional grid-related investment, balancing via geographic spreading of PV
installations, optimal sizing of PV systems, diverse coupling with storage
solutions (batteries), etc. The balance between the PV power cost and the
systemic effect should be finely analyzed in their context before imple-
menting a PV deployment strategy.

However, PV self-consumption does not directly solve the question of
the seasonal reserve capacity needed to supply electricity during annual
demand peaks. The contribution of PV to an adequate reserve capacity dif-
fers from one country to another. For example, in France, the annual
demand peaks usually occur in the winter evenings while Greece has
them at midday during the summer. Therefore, this issue should be also
considered in accordance with national PV deployment plans [47].

In addition, PV self-consumption needs to solve another problem, the
loss of network funding. Self-consumption deployment can be done in
parallel by reorganizing the financing of the network (increase in the fixed
part, time-based tariffs) or, possibly, an assessment of solutions to reduce
network demand.

The power sector is transforming froma traditional centralized system to
locally producing and consuming systems with more proactive customers.
The coupled dynamics of the PV market and Li-ion batteries will improve
the economics of residential PV consumption in the near future [47].
A rupture could influence the national power system if the transition of
PV self-consumption in the residential sector occursmassively or suddenly.
Such change will influence the interests of electricity market stakeholders
and can be problematic for the national energy system. Therefore, policy-
makerswouldhave to focusonanoptimalmixofPVpower toachieveacare-
ful balance with the other energy technologies and grid issues.
13.6 PV future deployment scenarios and perspectives

The IEA Sustainable Development Scenario suggests that even greater
efforts are required to shift to a low-carbon energy system based on the
larger integration of renewable energies. The IEA has proposed a new
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scenario of sustainable development that aims at providing universal
access to energy by 2030 to meet climate change objectives while improv-
ing human health. According to the IEA Sustainable Development Sce-
nario, 17% of global electricity will be supplied by solar PV power by
2040. Table 13.2 illustrates the IEA solar PV diffusion objectives with
respect to the PV installed capacity and PV electricity generation by
2025, 2035, and 2040 [2].

The IEA expects that the global cumulative PV installed capacity will
reach 1–1.5TW by 2025 and 2–4TW by 2040. Solar Power Europe’s PV
market outlook anticipates that we can pass the milestone of 1TW by
2022. The Shell sky scenario expects 1TW of solar power by 2022 and
5TW by 2030.

There is great potential for growth in new regions such as the Middle
East, Southeast Asia, India, and Africa (Terrawatt initiative and the Inter-
national Solar Alliance (ISA) of COP21). Supported by political support
toward sustainable development, populationswithout access to electricity
in Asian countries are diminishing. However, despite this recent progress,
more efforts in sub-Saharan African countries should be made to provide
a universal sustainable energy supply.

Module prices are expected to continue to decline over the next decade
as the global market grows, and there is room for continuous institutional
innovations and technological advances. These prices are expected to fall
to less than $0.25/Wp when 1TW capacity of PV electricity is reached in a
few years and to around $0.10/Wp by 2035 [48].

Because the PV system price is a key variable of the initial investment
when calculating PV electricity costs, this decline in module prices will
lead to low PV power generation costs in the future. Over the last decade,
the PV system price drop mainly correlated with the module price reduc-
tion. Therefore, until recently, the reduced module prices were the most
focused driver to enhance the economic competitiveness of PV electricity.
However, it seems difficult to expect the future PV system price to be
reduced by means of module price drops alone, as we have seen with his-
torical data. Other factors become more important, such as soft costs. It is
also possible to improve the economic competitiveness of PV systems by
focusing on nonmodule sectors driven by policy actions (for example,
standardization, training, etc.) to prepare for the large-scale penetration
of decentralized PV systems.

In the future system, solar PV energy will play a central role as one of
the cheapest energy sources in the future decarbonized economy (decar-
bonization, decentralization, and digitization). A radical changewill occur
in energy systems, and synergies between different low-carbon technolo-
gies (batteries, smart grids, or the Internet of Things) can occur at a sys-
temic level via coupling possibilities and associated services. In
addition, subsidy-free demand for the PV self-consumption sector will
naturally increase in many countries in the near future. End users will



TABLE 13.2 IEA solar PV diffusion objectives [2].

PV installed capacity (GW) PV electricity generation (TWh)

2017 2025 2030 2035 2040 2017 2025 2030 2035 2040

Current Policy Scenario (CPS) 403 1008 1290 1596 1951 531 1334 1782 2291 2956

New Policy Scenario (NPS) 1109 1589 2033 2540 1463 2197 2935 3839

Sustainable Development Scenario
(SDS)

1472 2346 3300 4240 1940 3268 4806 6409
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become significantly more demanding in the future energy system
(increasing demand for green energy and autonomy). Therefore, it is
increasingly important to analyze the needs and behaviors of prosumers
and small energy companies, both at an individual level and a collective
one. Some of these behaviors become influential behind decision-making
processes and energy policy design (for example, nudging, choice archi-
tecture, time preferences). In addition, customer-oriented business and
new value creation around PV energy must be properly aligned with
infrastructure needs (hardware, software/artificial intelligence) and wel-
fare optimization. In this regard, we also need to understand how human
decision-making and behaviors (for example, cultural change, social
movement) are formed to properly design the future energy system based
on cooperation with diverse expertise (natural sciences, engineering, pub-
lic policy, and economic and social sciences).
13.7 Conclusion

The global energy transition is under way and the energy sector now
faces challenges in predicting the evolution of energy markets. PV energy
is transforming from one of the electricity generation sources to the basis
for sustainable energy systems on the international energy transition path-
way. Subsidy-free market demand for solar PV energy in many sectors
will emerge in many countries in the near future, and energy policy deci-
sions will continue to have a significant impact on the development of the
solar sector. However, future policy mechanisms for PV energy will differ
from the traditional mechanisms; we need to focus more on a systemic
approach to find a systemic balance between stakeholders in the energy
system. They must understand the international dynamics of PV markets,
and market insight should be included in policy dialogues to prepare the
national energy transition plans.

PV will play a significant role in the international energy transition by
addressing several global issues such as energy poverty and climate
change. Global collaborative actions that widen the energy security fron-
tier based on abundant PV resources are highly recommended, not only
for environmental sustainability but also for global economic benefits.
In addition, new cross-disciplinary business models can emerge based
on systemic innovations (technological, economic, and institutional); for
example, a mix of decentralized energy, green mobility, integration in
buildings/territories, hydrogen, and storage. At the same time, the
large-scale development of PV can raise new economic and social issues
in our society, and we need new frameworks to address these risks and
challenges. In this regard, the fundamental questions on the role of PV
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energy in our future society need to be considered based on a multidirec-
tional approach that combines the complete energy system and each
stakeholder’s position.
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traditional, 2

Energy recovery devices (ERDs), 267
Energy storage, in PV system, 119–120
Environmental impact assessment (EIA), 238
Environmental management plans (EMPs),

238
ERDs. See Energy recovery devices (ERDs)
Eutrophication, 397, 399–400t
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F
Failure mode and effect analysis (FMEA),

140
Fan, integrated PV-powered, 252–253
Faraday efficiency, 282, 282f
FarmBeats, 223–224, 224f
FarmBot precision farming tool, 207, 208f
Farm tractors
development of, 215–217
electrification of, 210–212
emerging electric drives in, 212–213

FCVs. See Fuel cell vehicles (FCVs)
Feed-in-Premium (FIP), 421
Feed-in-tariff (FiT), 341–342, 346, 420–421,

423
Final yield, 136–137
FIP. See Feed-in-Premium (FIP)
Fiscal effects, 5
FiT. See Feed-in-tariff (FiT)
Flat-plate photovoltaic thermal (FP-PVT)

module, 82–90, 97–99t
air-based, 86–88, 87f
bifluid-based, 88–90
experimental works, 97–99t
solar still, integrated, 259–260
water-based, 82–86, 85f

Flexible photovoltaic modules, 72–74, 74t
Floating photovoltaic (FPV) panels, 150–151
Floatovoltaics (FV) systems, 150–151
Fluidized bed dryer, solar-powered, 167,

168f
FMEA. See Failure mode and effect analysis

(FMEA)
Fossil fuels, 2–4, 6
FP-PVT. See Flat-plate photovoltaic thermal

(FP-PVT) module
Fresnel lens, 299
Fuel cell vehicles (FCVs), 210–211
Fuzzy inference system, 131, 131f
FV. See Floatovoltaics (FV) systems

G
GaBi tool, 397, 398t, 398f
Gallium arsenide (GaAs), 41, 57
nanowires (NWs), 41, 43f

GDP. See Gross domestic product (GDP)
General packet radio service (GPRS),

128–129
Geographical information system (GIS), 317,

339
Geothermal energy, 11–12
GER. See Gross energy requirement (GER)
GFPD. See Ground fault protection device
(GFPD)

GHGs. See Greenhouse gases (GHGs)
GIS. See Geographical information system

(GIS)
Global energy generation, 6, 7f
Globalization and market dynamics, PV

Chinese entry, 422–423

international trade effects, 424–425

growth potential, in new regions, 425–428
Global navigation satellite systems (GNSS),

193–194
Global solar photovoltaic markets

industry, 416–417
installations, 414–415

Global system mobile (GSM) mechanism,
128–129

Global warming, 397, 399–400t
GNSS. See Global navigation satellite

systems (GNSS)
GPRS. See General packet radio service

(GPRS)
GPS PILOT FLEX, 194–196
GPS PILOT S3, 194–196
Graphene-based gallium arsenide

(Gr-GaAs), 41, 43t
Graphene/gallium arsenide Schottky

junction solar cell, 41, 43t
Greenhouse gases (GHGs), 3

emissions, 12, 397
Grid connected photovoltaic systems,

118–121, 121f, 147–148, 169, 171–172,
172f

centralized, 21
design, 123
distributed, 21
loss evaluation, 123
on-grid systems, 240–241, 241f
overload behavior, 123

Gross domestic product (GDP), 9
Gross energy requirement (GER), 3
Ground fault protection device (GFPD), 344
Ground faults, 125

H
HCPV. See High concentrator photovoltaic

(HCPV) modules
HCPVT. See Highly concentrating

photovoltaic thermal system
(HCPVT)

Headland Management Systems (HMS),
196–197
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Heat pipe-based photovoltaic thermal
modules (HP-PVT), 95–100, 101f,
108–110t

HEV. See Hybrid electric vehicle (HEV)
High concentrator photovoltaic (HCPV)

modules, 58–59
Highly concentrating photovoltaic thermal

system (HCPVT), 92–94, 94f
HMS. See Headland Management Systems

(HMS)
HOMER software, 243–244
HP-PVT. See Heat pipe-based photovoltaic

thermal modules (HP-PVT)
Human toxicity, 397, 399–400t
Humidification-dehumidification (HDH)

process, 257, 260f
Hybrid electric vehicle (HEV), 210–211
Hybrid photovoltaic systems, 21, 121–122,

124
off-grid systems, 126
utility-powered water pumping system,

157–158, 158f
Hybrid water-based photovoltaic thermal

collectors, 172–173
Hydraulic energy, 155
Hydraulic steering system, 194
Hydrogen, 276–277, 292
higher heating value (HHV), 276
powered tractor, 212–213
production plants, PV-based, 303–306
production rate, 301–302, 301f

Hydropower, 10–11

I
ICEs. See Internal combustion engines (ICEs)
IDA. See International Desalination

Association (IDA)
IEA. See International Energy Agency (IEA)
IEC. See International Electrotechnical

Commission (IEC)
Impact assessment, 394, 395t
Indirect solar desalination systems, 240
Indirect solar dryer, 164, 167
with PV-powered tracking system, 165,

165f
with PVT system, 167, 168f

Indoor testing, PV module, 69
Inductive charger, 214
Infrared drying, 164
Infrared sensors, 193–194
Infrared thermography (IRT), 64
Integrated photovoltaic solar stills, 250–258
Intelligent solar energy-harvesting (ISEH)
system, 225, 225f

Internal combustion engines (ICEs), 210
Internal rate of return (IRR), 342, 346
International Desalination Association

(IDA), 238
International Energy Agency (IEA), 432–435
solar PV diffusion objectives, 432–433,

434t
International Electrotechnical Commission

(IEC), 68–69
International trade effects, after Chinese

products, 424–425
Internet of things (IoT), 219–220, 221f, 222t,

400
based off-grid solar cell system, 225, 226f

Inventory analysis, 394, 395t
Inverter efficiency, 138
Inverter problems, 125
IoT. See Internet of things (IoT)
IRR. See Internal rate of return (IRR)
IRT. See Infrared thermography (IRT)
ISEH. See Intelligent solar energy-harvesting

(ISEH) system
ISO11783, 212–213
Isolation test, PV module, 69, 71b

K
KOH electrolyte, 296

L
LABVIEW interface, 130
Ladybird, 205–206, 205f
LCPV. See Low concentrator photovoltaic

(LCPV) modules
Lettuce weeding robot, 197–198, 197f
LiDAR. See Light detection and ranging

(LiDAR)
Life cycle assessments (LCA), 393
challenges in, 400–401
GaBi tool, 397, 398t, 398f
OpenLCA tool, 396–397, 397f
of photovoltaics, 401–403
SimaPro, 395–396
using industrial tools, 394–397

Life cycle costing (LCC), 397, 398t
Life cycle working environment (LCWE),

397, 398t
Light detection and ranging (LiDAR),

193–194
Lighting system, 169
Line-to-line faults, 125
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Livestock farming systems, PV-powered
lighting load, 169
livestock watering, 170–171
milk cooling and milking system, 171–172
PV applications in, 169–172, 170f
utilization of PVT collectors in, 172–173
ventilation, 170

Livestock watering, 170–171
Lock-in thermography, 64, 66
Losses, in PV systems, 333–334
inverter efficiency, 334
module mismatch, 334
module quality, 334
PV module temperature, 333
shading, 333
soiling, 333
voltage drop, 334

Low concentrator photovoltaic (LCPV)
modules, 58–59

Luminescent solar concentrator
photovoltaic (LSC PV), 355–365

applications, 361–365
description, 356–361, 356f
developments, 358–361, 359–360f
integrated with houses, 361–363
colored windows, 361, 361–362f
leaf roof, 362, 363f
smart windows, 362, 364f

integrated with urban facilities, 363–365
noise barrier LSC, 363, 365f
outdoor LSC-integrated amenities, 365
parking shed with integrated LSCs, 365

performance, 357–358, 357f
M
Machine learning, 192–193
Machine vision, 193–194
Manipulator-type ag-robots, 198
Market and policies, solar photovoltaic
future deployment and perspectives,

432–435
globalization and market dynamics, PV
Chinese entry, 422–423
International trade effects, after Chinese
products, 424–425

PV growth potential, in new regions,
425–428

global solar PV markets
PV industry, 416–417
PV installations, 414–415

policy mechanisms
installations, political support for,
420–422

overview of, 418–420
PV integration, systemic effects with

electricity mix, financial impact on,
429–431

into electricity systems, 428–429
PV self-consumption and limits,
431–432

MATLAB software, 130
Measured parameters, 127, 127t
Mechanical weeding, 206
Membrane-based separation technologies,

239
Membrane desalination (MD) systems, 239,

245–249, 267–268
Methane, 8
Methylammonium lead halide materials, 45
Microinverters, 119, 119f
Milk cooling and milking system, 171–172
Miscellaneous capture loss, 139
Mixed-type greenhouse solar dryer, 166–167
Mobile PV panel installation, 149, 149f
Module efficiency, 138
Monitoring system, solar PV, 126

data acquisition system (DAS), 128, 128f
data analysis methods, 130–132
predictive monitoring, 131–132
data storage methods, 129–130
data transmission methods, 128

power line communication (PLC), 129
wired communication, 128
wireless communication, 128–129

overview of, 126–127
perspectives and issues in, 132–133
sensors and measured parameters,

127–128
Monocrystalline silicon (mono c-Si), 54–55
Mono-Si solar cells, 31
Motor-pump system, efficiency of, 155–156
Mott-Schottky analysis, 46, 46f
Multieffect distillation (MED), 239
Multiple-input and multiple-output

(MIMO) methods, 131
Multi-Si solar PV cells, 31–32
Multistage flash distillation (MSF), 239

N
Nafion membranes, 283–284
Nanofluid-based spectral splitting PVT

method, 262
Nanofluids, 82–84
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NaOH electrolyte, 296
National water scarcity, 237–238
Natural gas drying (NGD), 167
NavCom StarFire GNSS guidance system,

194
N719-based dye solar cell, 43–44, 44t
Net present value (NPV), 342, 346
New concepts and applications, of solar PV

systems, 349–353
building-integrated photovoltaics

(BIPVs), 353–355

BIPV and BAPV, comparison of, 354,

354t
building codes and regulations, 355
design, 355
modules, 353–354

disaster relief, PV impacts on, 351
luminescent solar concentrator

photovoltaic (LSC PV), 355–365
applications, 361–365
description, 356–361, 356f
developments, 358–361, 359–360f
integrated with houses, 361–363
integratedwith urban facilities, 363–365
performance, 357–358, 357f

rural development, effects of PV on,
352–353

solar PV in mobility, 365–373
transportation facility integrated PVs,

371–373
vehicle-integrated photovoltaics

(VIPVs), 366–371, 366f
solar PVs in life, 374–384

new horizons in PV utilization, 383–384
product-integrated PVs (PIPVs),

380–382
solar PV applications in society,

378–380
solar PV in buildings, 374–378

urban development, PV effects on,
351–352

New horizons, in PV utilization, 383–384
floating PV systems, 383–384, 383f
submerged PVs, 384, 384f

NGD. See Natural gas drying (NGD)
Nickel, 281
NiO nanoparticles, 45
Nitrous oxide, 8
NOCT. See Nominal operating cell

temperature (NOCT) method
Nominal operating cell temperature

(NOCT) method, 137–138
Novel PV module, 70–75
NPV. See Net present value (NPV)
NSP PV-powered solar water pump, 156,

156f

O
Obstacle avoidance, 193–194
Off-grid domestic systems, 20
Off-grid nondomestic systems, 20
On-farm applications, of solar PV systems,

147–148, 152–180
agrophotovoltaic (APV), 148–150
aquavoltaics, 150–152
PV-powered desalination systems,

159–160
PV-powered livestock farming systems

(see livestock farming systems,
PV-powered)

PV-powered solar greenhouses, 153f,
173–177
CPVT-integrated solar greenhouses,
176–177

PV-integrated solar greenhouses,
174–175

PVT-integrated solar greenhouses,
175–176

solar-powered crop protection systems,
153f

solar-powered bird repeller, 179
solar-powered fencing, 178
solar-powered light trap, 180

solar-powered dryers, 153f, 160–168
PV-powered solar dryers, 161–165
PVT-powered solar dryers, 165–168

water pumping systems, 152–159, 153f
developments and prospects, 156–159

OpenLCA tool, 396–397, 397f
Optical fiber cable, 128
Optimal routing, 193–194
ORC. See Organic Rankine cycle (ORC)
Organic Rankine cycle (ORC), 92
Organic solar cell (OSC), 39–41, 42f
OSC. See Organic solar cell (OSC)
Oxide ions, 286, 286f
Ozone creation, 397, 399–400t
Ozone depletion, 397, 399–400t

P
PAF. See Precision autonomous farming

(PAF)
Passive cooling, 134–135
Payback periods (PBP), 343, 346
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PBDTT-4S-BDD, 38
PBDTT-4S-TT, 38
PBP. See Payback periods (PBP)
PCM. See Phase-change materials (PCM)
PCU. See Power conditioning unit (PCU)
PEM electrolysis. See Polymer exchange

membrane (PEM) electrolysis
Performance ratio (PR), 139
Perovskite solar cells, 45–47
fabrication process, 46, 47f

Phase-change materials (PCM), 103–106
Phase-changematerials-based PVTmodules

(PCM-PVT), 103–106, 108–110t
PHEVs. See Plug-in hybrid electric vehicles

(PHEVs)
Photoanode-cathode layout, 293, 294f
Photocathode-photoanode system, 293, 294f
Photocell sensors, 165
Photoelectrochemical cell, 293, 294f
Photoelectrochemical process, 292–293
Photoluminescence (PL) imaging

techniques, 66–67
Photovoltaics (PVs)
AC water pumping system, 152–153, 154f
alkali cell system, 296
based hydrogen production, 306–307
using electrolysis, 294–306
benefits and challenges, in agriculture,

181, 182t
effect, 16–17
electricity, 428–429
hydrogen production power plants,

304–306, 305t
installations, 413–415, 425–426
integrated offboard charging method,

214–215, 215f
integrated onboard chargingmethod, 214,

214f
integrated solar desalination systems,

240–249
integration, systemic effects with

electricity mix, financial impact on,
429–431

into electricity systems, 428–429
PV self-consumption and limits,
431–432

module power measurement, 69, 71–73b
panel waste estimation, 405–406, 406f
plant design, 323–328

AC switchgear, 328
balance of system equipment (BOS),
326–328
grounding and surge protection, 328
inverters, 324–325
modules, 324
mounting structure, 324
plant substation, 328
system components, choice of, 323
system layout, 323
transformers, 325–326

self-consumption, 431–432
technology, 200
ventilated greenhouse dryer, 163–164

Photovoltaic-solid oxide electrolysis
(PV-SOE) power plant

dynamic performance of, 303, 303f
scheme, 302, 303f

Photovoltaic-thermal (PVT). See also Solar
photovoltaic thermal (PVT) module
technologies

air-based

modules, 81–82
powered solar dryer, 165–166, 166f

collectors, 299
utilization, in livestock farming
systems, 172–173

indirect solar dryer with, 167, 168f
integrated flat-plate solar still, 259–260
integrated solar distillation systems,

258–262
integrated solar greenhouses, 175–176
nanofluid-based spectral splitting, 262
powered solar dryers, 165–168
solar dryers, utilization with, 165–168

Photovoltaic thermal (PVT)
PVT S-CHP system, 176, 176f
P3HT. See Poly(3hexylthiophene) (P3HT)
Pico PV systems, 20
PIPVs. See Product-integrated PVs

(PIPVs)
PLC. See Power line communication (PLC)
Plug-in hybrid electric vehicles (PHEVs),

211
Policy mechanisms, solar PV

installations, political support for,
420–422

overview of, 418–420
Pollution indicator, in LCA, 397,

399–400t
Poly(3hexylthiophene) (P3HT), 41, 43t
Polycrystalline silicon (poly c-Si), 54–55
solar cells, 31–32

Polymer exchange membrane (PEM)
electrolysis, 283–286, 290–291t
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Polymer solar cells, 36–39, 39t, 39f
performance parameters of 4-methylthio-

based, 38, 38t
photovoltaic properties of, 38, 38–39t

Power conditioning unit (PCU), 130
Power electronic components, 118–119
Power line communication (PLC), 129
Power plants, solar photovoltaic
cost decline and technological

advancement, 313–314
design process, 328–332
inverter specifications, 332t
PV array layout, 329f
PV module specifications, 330t
sample design, 329–332

development of, 315–323
environmental stress assessment,

317–320, 320t
maximizing profits, process of,

320–323
predesign, optimization, and feasibility

studies, 320, 321–322t
site selection and analysis, 317
social consideration, 320–323
solar resource assessment, 316–317,

318–319f
engineering, procurement, and

construction (EPCs), 323–334
financial modeling of, 341–343, 342–343t
losses, in PV systems, 333–334
operation and maintenance (O&M),

334–338
autonomous monitoring for

PV plants, 337–338, 337f
inverter maintenance, 335–336
PV array maintenance, 335
troubleshooting, 336–337

overview, 313–314
PV plant design, 323–328

AC switchgear, 328
balance of system equipment (BOS),

326–328
grounding and surge protection, 328
inverters, 324–325
modules, 324
mounting structure, 324
plant substation, 328
system components, choice of, 323
system layout, 323
transformers, 325–326

quality assurance services and
certification, 338–341
certifications process, 341
commissioning, 340
development, 339
engineering, 339–340
operation, 340
procurement, 340

safety issues, 343–345
arc fault protection, 345
grounding and ground fault protection,
344

overcurrent protection, 344
safety of the people, 345

worldwide growth for PV market,
314–315t, 316f

yield prediction, 332–334
Precision agriculture (PA). See Solar PV

systems applications, precision
agriculture (PA)

Precision autonomous farming (PAF),
192–193

Predictive monitoring, 131–132
Pressure retarded osmosis (PRO), 267
Primary energy demand, 6–8, 7f
PRO. See Pressure retarded osmosis (PRO)
Product-integrated PVs (PIPVs),

380–382
PV-integrated gadgets,

382, 382f
PV-powered products, 382

Proton membrane exchange-PV hydrogen
production, 304, 304t

Pulsed thermography, 64, 66
Pumped energy storage, 120
Pumped storage plants, 10–11
Pump, integrated PV-powered, 251–252
PVT. See Photovoltaic-thermal (PVT)

Q
QDSC. See Quantum dot solar concentrator

(QDSC)
Quality assurance services and certification,

PV plant
certifications process, 341
commissioning, 340
development, 339
engineering, 339–340
operation, 340
procurement, 340
for PV power plant, 338–341

“Quality Tested” label, 341
Quantum dot solar concentrator (QDSC),

359–360
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R
Rapid thermal processing (RTP), 34, 34t
RAS. See Robotics and autonomous systems

(RAS)
RB-PVT. See Refrigerant-based photovoltaic

thermal modules (RB-PVT)
Reference yield, 137
Refrigerant-based photovoltaic thermal

modules (RB-PVT), 100–102, 108–110t
Renewable energy, 2–3
biomass energy, 11
geothermal, 11–12
global market for, 12–14
hydropower, 10–11
overview of, 10–22
solar energy, 10, 14–22
global PV market and industry, 20–22
photovoltaic energy conversion
technology, 16–17

PV technology landscape, 19
solar cells, development history of,
17–19

sunlight, properties of, 14–15
types of, 10, 10f
wind energy, 11

Reverse osmosis (RO) desalination systems,
239, 242–244, 246–247t

plant, 265, 265t

Bora Bora, in French Polynesia, 264
Caverne Bouteille in Rodrigues, 264
Gillen Bore, in Australia, 263
Ksar Ghilène, in Sahara Desert, 263
Witsand, on southern Cape coast, 264
RIPPA. See Robot for Intelligent Perception
and Precision Application (RIPPA)

Risk priority number (RPN), 140
Robot for Intelligent Perception and

Precision Application (RIPPA), 206
Robotics and autonomous systems (RAS),

192
Robotic smart implements, 197
Robot’s lab testing, 201, 202f
ROSA, 243–244
Rotating bed, integrated PV-powered,

256–257
RPN. See Risk priority number (RPN)
RTK correction service, 194, 195f
RTP. See Rapid thermal processing (RTP)

S
SAD. See Solar-assisted drying (SAD)
SAE. See Society of Automotive Engineers

(SAE)
SAPHT. See Solar-assisted plug-in hybrid
electric tractor (SAPHT)

SAUVs. See Solar-powered autonomous
undersea vehicles (SAUVs)

SBCO. See Smart building cluster operator
(SBCO)

SBC. See Smart building cluster (SBC)
SCADA. See Supervisory control and data

acquisition (SCADA)
Scraper, integrated PV-powered, 255
SDG. See Semiconductor doped glass

(SDG)
Self-propelled mobile robots, 197
Semiconductor doped glass (SDG), 107
Sensor node, 218–219
Short-term balancing, 428–429
Silica/water nanofluid, 84
Silicon PV systems, LCA on, 401–403, 402t
Silicon solar cells, 17
SimaPro tool, 395–396
Smart building cluster (SBC), 375–376,

375f
Smart building cluster operator (SBCO),

375–376
Society of Automotive Engineers (SAE),

210–211
SOE. See Solid oxide electrolysis (SOE)
Soft Robotics system, 198
Solar-assisted drying (SAD), 167
Solar-assisted plug-in hybrid electric tractor

(SAPHT), 215–216, 216f
Solar cell technologies, 17–19, 18f, 27–28, 30f

crystalline silicon, 28–32
dye-sensitized solar cell (DSSC), 41–45
gallium arsenide, 41
mono-Si, 31
organic, 39–41
perovskite, 45–47
photovoltaic effect of, 27, 28f
polymer, 36–39
poly-Si, 31–32
thin-film, 32–36
amorphous silicon, 32–33
cadmium telluride (CdTe), 32, 34–35
copper indiumgallium selenide (CIGS),
32, 35–36
Solar desalination plant, 262–263
Solar distillation systems, 249–250
Solar-driven cooling system, 134
Solar dryers, 160, 160f

classification, 161, 162f
PV-powered, 161–165
PVT utilization with, 165–168
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Solar energy, 10, 14–22
Solar greenhouses
CPVT-integrated, 176–177
PV-integrated, 174–175
PV-powered, 173–177
PVT-integrated, 175–176

Solar irradiation, 302
Solar noise barrier (SONOB) project,

363–365
Solar photovoltaic thermal (PVT) module

technologies, 79–109
classification of, 81–82, 83f
concentrating PVT (CPVT), 90–95
integrated with CPCs, 95, 96f
integrated with Fresnel lenses, 92–94
integrated with PTCs, 92, 93f

flat-plate PVT (FP-PVT) modules, 82
air-based, 86–88
bifluid-based, 88–90
water-based, 82–86

historical development, 81–82
innovative, 95–109

beam split PVT system (BSPVT),
106–109

heat pipe-based PVT modules
(HP-PVT), 95–100, 101f, 108–110t

PCM-based PVT modules (PCM-PVT),
103–106, 108–110t

refrigerant-based PVT modules
(RB-PVT), 100–102, 108–110t

thermoelectric-based PVT modules
(TE-PVT), 103, 104f, 108–110t

working principle, 80
Solar-power automated irrigation system,

223, 223f
Solar-powered ag-robots, 200–210
Solar-powered autonomous undersea

vehicles (SAUVs), 370–371
Solar-powered autonomous weeding

robot, 201, 201f
Solar-powered electric tractors (Solectracs),

217
development, 215–217
farm tractors
electrification of, 210–212
emerging electric drives in, 212–213

PV-integrated charging methods,
214–215

Solar-powered fencing, 178
Solar-powered light trap, 180, 181f
Solar-powered NiCr spiral wire, 261
Solar photovoltaic applications in society,

378–380
landscape PV integration, 380, 381f
PV pavement, 379–380, 380f
PV trees, 378–379, 379f

Solar photovoltaic energy, 433–435
Solar photovoltaics, in buildings, 374–378
PV-powered air-conditioning systems,

377, 377f
PV windrail technology, 377–378,

378f
solar PV in smart buildings, 374–376,

375f
solar PV in zero/low-energy buildings,

376, 376f
Solar photovoltaic, in mobility, 365–373
transportation facility integrated PVs,

371–373

integrated PV bike path, 373, 374f
PV charging stations, 372–373, 373f
solar PV lights for streets and
roadways, 371–372, 372f

vehicle-integrated photovoltaics (VIPVs),
366–371, 366f

PV-charged electric vehicles, 368
solar boats, 368, 368f
solar buses, 367
solar cars, 367
solar-powered autonomous undersea
vehicle (AUV), 370

solar-powered hybrid airship, 369,
370–371f

solar-powered spacecraft, 367
solar-powered train, 369, 370f
solar-powered unmanned aerial
vehicles (UAVs), 368, 369f

Solar photovoltaic module technologies,
51–52

antireflection-coated (ARC) glasses,
75

bifacial PV module, 74–75
common defects and faults, 60, 61–62t
electroluminescence (EL) imaging
techniques, 66–67

infrared thermography (IRT), 64–66
I-V curve, 63–64, 63f
photoluminescence (PL) imaging
techniques, 66–67

pulsed thermography, 66
UV fluorescence, 67
visual assessment, 60–63

concentrating PV (CPV) modules,
58–60

compound parabolic concentrators
(CPC), 58–60
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Solar photovoltaic module technologies
(Continued)
high concentrator PV (HCPV) modules,
58–59

low concentrator PV (LCPV) modules,
58–59

crystalline silicon, 54, 54f
monocrystalline silicon (mono c-Si),
54–55

polycrystalline silicon (poly c-Si), 55
double-glass PV module, 75
durability, 67–68
flexible module, 72–74
performance parameters

I-V and P-V curves, 52
maximum power point, 54
open-circuit voltage, 52
short-circuit current, 53

quality assurance, 68
testing and standards, 68–69

indoor testing, 69
module power measurement, 69

thermal abnormalities in, 65t
thin-film PV modules (see Thin-film PV

modules)
Solar photovoltaic-powered desalination

plant, 266
in Ghantoot, Abu Dhabi, 263
in Tunisia, 263

Solar photovoltaic systems
applications
agricultural robots (ag-robots), 197–199
autonomous navigation systems
(ANSs), 193–197

electric tractors (see Solar-powered
electric tractors)

precision agriculture (PA), 191–199
research and development in, 192
robotics and intelligent machines in,
192–193

solar-powered ag-robots, 200–210
wireless sensor networks (see Wireless
sensor networks, solar-powered)

utilization of PV systems in, 200–210
components, 117

electrical and mechanical components,
120

energy storage, 119–120
power electronic components, 118–119
PV modules, 117–118

design, 122–124
grid-connected, 123
hybrid, 124
stand-alone, 123–124

environmental impacts, 393
business models and impact, 407–408,
409t

CdTe PV modules manufacturing, 403,
404b

conventional method, 393
crystalline PV modules manufacturing,
403, 404b

end-of-life management, 405–406
life cycle assessments (LCA), using
industrial tools (see Life cycle
assessments (LCA))

manufacturing, 403–404
operational stage, 405

environmental impacts on, 133–135
irradiation levels, 135
spectral effect, 135
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failures and faults, 124–126
monitoring system (see Monitoring
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performance assessment, 136–140
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corrected reference yield, 137
degradation, 140
efficiency indicators, 138–139
energy loss, indicators for, 139
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risk assessment, 140
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grid-connected, 120–121
hybrid, 121–122
stand-alone, 121
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applications, 292, 293f
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Spectral effect, 135
Stakeholder analysis, 420
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Sun drying method, 160
Sunlight, properties of, 14–15
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T
Take-make-use-waste principle, 407, 407f
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TE-PVT. See Thermoelectric-based PVT

modules (TE-PVT)
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Terrestrial wireless sensor networks
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Thermal distillation, 249
Thermal evaporation, 239
Thermoelectric-based PVT modules
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Thermosyphon flat-box PVTmodule, 82, 84f
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cadmium telluride (CdTe), 56
copper indium gallium selenide (CIGS),
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gallium arsenide (GaAs), 57
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Thin-film solar cells, 32–36
Thiophene (TH), 40, 40t
Tidal power, 12
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UAVs. See Unmanned aerial vehicles

(UAVs)
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Unmanned aerial vehicles (UAVs), 199
UV fluorescence, 67
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Vacuum pump, integrated PV-powered,
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solar-powered autonomous undersea
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solar-powered spacecraft, 367
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Visual inspection method, PV module, 69,
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W
Water-based FP-PVT modules, 82–86
Water pumping systems, PV-powered solar,
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Water scarcity, 237–238
Water security, 238
Wave power harvesting, 12
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Wireless communication technologies,
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Wireless monitoring node, 223
Wireless sensor network (WSN), 217–219,

220t
applications, in agriculture
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energy harvesting techniques for,
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framework, 224f
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internet of things (IoT), 219–220
wireless communication technologies,

217–218
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energy harvesting techniques,
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WLAN. See Wireless local area networking
(WLAN)

WSN. See Wireless sensor network (WSN)

Y
Yield prediction

of PV power plant, 332–334
PV systems, losses in, 333–334
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ZEB. See Zero energy buildings (ZEB)
Zero energy buildings (ZEB), 376
ZigBee module, 129
ZnO-based dye solar cells, 44
ZnO nanofibers, 44–45, 45f
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