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GUNES ENERJISINDEN ELEKTRIK URETIM YONTEMLERI

Anahtar Kelimeler 0z

Giines enerjisi, Bu ¢alismada, giines enerjisini dogrudan elektrik enerjisine

fotovoltaik sistemler, ceviren fotovoltaik hiicreler ve dolayll yoldan giines

konsantre giines enerjisini yogunlastirarak kizgin buhardan elektrik enerjisi

sistemleri lireten konsantre giines enerjisi teknolojileri detayli olarak
incelenmis, kendi aralarinda siniflandirilmis ve teknik olarak
karsilastirilmistir. Giines enerjisinden elektrik iiretim yéntem
ve teknolojileri Tizerine yapilan incelemeler ii¢ asamada
gergeklestirilmistir. Birinci asamada, glines enerjisinden
elektrik tiretim yontemleri genel olarak incelenerek kapsamli
bir sema olusturulmustur. Ikinci asamada fotovoltaik
hiicrelerin yapilart ve cesitleri incelenmistir. Uctincii asamada
ise konsantre giines enerji sistemleri incelenmistir. Son olarak
glines enerjisinden elektrik iiretim sistemleri karsilastirilmis ve
sonuglar sunulmustur.
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1. Introduction

Energy serves as the foundational input of civilization and stands as one of the
most significant indicators for gauging a civilization’s levels of production, con-
sumption, and development. Moreover, it constitutes a fundamental driver for
social and economic progress. Particularly with the proliferation of technological
devices, there is a noticeable escalation in per capita energy consumption. It is an
undeniable reality that alongside this escalating energy demand, fossil fuel-based
energy reservoirs are swiftly depleting. The environmental harm resulting from
the surge in CO, emissions attributed to the utilization of fossil fuel-based energy
resources incentivizes global efforts to explore alternative energy sources.

According to the 2022 report by the Organization of Petroleum Exporting Co-
untries (OPEC), solar, wind, and geothermal energy resources are expected to
grow at an average annual rate of 7.1% until 2045. The increase in the use of
renewable energy resources will be slightly lower than the growth of gas and oil.
Renewable energy sources accounted for 2.6% of global energy in 2021, and this
rate is expected to increase to just below 11% by 2045 (OPEC, 2022). In 2022,
solar power plants accounted for 68.2% of the total renewable energy producti-
on worldwide (IEA, 2023).

The sun is composed of hydrogen (H) and helium (He). These atoms are ionized
as H+ and He,+. The Sun continuously acts as a reactor, releasing fusion energy
in its core, and these fusion reactions are the source of solar energy. The energy
sent by the Sun to the Earth in 1 hour is equivalent to the energy provided by
approximately 13 billion tons of hard coal (D. R. Mills, 2001).
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Figure 1. Cell efficiency change graph over the years (NREL, 2023a).
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Significant advances have been made in the efficiency of photovoltaic cells used
in both space and terrestrial applications to harness the large amounts of energy
coming from the sun. These advances in the efficiency values of different pho-
tovoltaic cell structures from 1976 to the present are summarized in the graph
in Figure 1 by the National Renewable Energy Laboratory (NREL) in the United
States (NREL, 2023a). Although the efficiency achieved in the 47-year period was
quite high, many of the photovoltaic cell structures could not be commercialized
due to cost and were not suitable for mass production.

The history of photovoltaic cells dates back to the 1800s. Alexander Edmond
Becquerel discovered the first photovoltaic effect in 1839, during his scientific
studies on platinum layers. Becquerel’s research gained momentum with the
discovery of photoconductivity, which is based on the generation of current by
immersing two platinum electrodes in a solution containing a metal halide salt
(Prevenslik, 2003). In 1873, Willoughby Smith discovered photoconductivity in
Selenium (Se), creating the first simple photovoltaic mechanism (William Grylls
Adams, 1875). In 1877, it was proven that solid materials could also produce
photovoltaic effects, with GW Adams and R.E. Day observing the photovoltaic
effect in Selenium crystals (Jagdeo, Sharon, and White, 2021). In 1883, Charles
Fritts developed the first functional 1.1% efficient photovoltaic cell by coating
Selenium with a very thin layer of gold (Fraas and O’Neill, 2023). The most comp-
rehensive theoretical study on the photovoltaic effect was carried out by Albert
Einstein in 1905. This theoretical work was tested by Robert Millikan in 1916,
and in 1932 it was announced that the photovoltaic effect was observed in the Cd-
Se structure (Petrova-Koch, Hezel, and Goetzberger, 2008). Russell Ohl patented
the modern PV (photovoltaic) cell in 1946 (Patent No. US2443542A, 1948). Sili-
con PV technology was born in 1954 at Bell Laboratories with the development
of the first silicon photovoltaic with %6 efficiency by Daryl Chapin, Calvin Fuller,
and Gerald Pearson. (Goetzberger, Luther, and Willeke, 2002). In 1957, Hoffman
Electronics developed Silicon PV cells with 8% efficiency, and in 1958 with 9%
efficiency (Orton, 2008). The first technical application of electricity generation
from silicon photovoltaic cells was carried out on the American Vanguard satel-
lite in 1958. These cells produced 0.1W power per 100 cm? The use of photovol-
taic cell technology in space studies enabled the rapid development of this tech-
nology and its efficiency reached 15% in the early 1960s (Messenger and Abtahi,
2018).In 1970, Zhores Alferov developed GaAs-doped (Gallium Arsenide) hete-
rojunction photovoltaic cells (Alferov et al.,, 1971; Olgun Konur, 2016). With the
onset of the oil crisis in the late 1970s, the search for alternative energy sources
began. This increased the interest in PV cells, and R&D and production of PV
cells accelerated. PV cells have been produced from different materials such as
Amorphous Silicon (a-Si), which was defined as thin film PV cells in 1976, GaAs,
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Copper Sulphide (CuS) and Cadmium Sulphide (CdS), Cadmium Telluride (CdTe)
in the 1980s (Keskinel, 2015). In 1985, 20% efficient Silicon photovoltaic cells
were produced at the University of New South Wales. After the 1980s, the effici-
ency of two-joint GaAs-doped solar cells, which is a new method, reached 22%,
and the efficiency of three-joint tandem solar cells reached 24% (Ishibashi et al.,
1986). The first organic solar cell was produced at Kodak by Tang et al (Tang,
1986). Three-junction photovoltaic cells were developed with 20% efficiency in
2000, 26% efficiency in 2002, and 28% efficiency in 2005 (Sarver, Al-Qaraghuli,
and Kazmerski, 2013). In 2006, 40% efficient three-junction photovoltaic cells
were developed at Spectrolab and polysilicon was used in photovoltaics (Ermer
et al, 2012; R R King et al,, 2007). Fraas et al have developed a 33% efficient
Dual Focus HCPV Module in 2006 (Fraas and O’Neill, 2023). In 2007, the Univer-
sity of Delaware announced a new world record in Solar Cell Technology with
an efficiency of 42.8% (University of Delaware, 2007). In 2008, NREL broke the
world record at the time by developing a 40.8% efficient three-junction photo-
voltaic cell (NREL, 2008). In 2009, Spectrolab broke NREL's record by developing
a 41.6% efficient triple-junction photovoltaic cell (R Richard King et al., 2009).
In 2013, cumulative solar PV installations worldwide exceeded 100 GW (Kaplu-
han, 2015). In 2016, engineers at the University of New South Wales set a new
world record for converting unfocused sunlight into electricity, with an efficiency
of 34.5% (Eric Mack, 2016). n 2016, it was announced that 22.1 percent of the
energy in sunlight was converted into electricity using Cadmium Telluride. This
technology covers approximately 5% of the world solar market, today (Richard
Martinarchive page, 2016). In 2018, Alta Devices Company in the USA achieved
29.1% solar cell conversion efficiency according to Germany’s Fraunhofer ISE
CalLab certification. (John Fitzgerald Weaver, 2018). In 2019, NREL in the USA
achieved 47.1% solar cell efficiency, a world record, using multi-junction con-
centrator solar cells (NREL, 2020). Important research and development activiti-
es continue in photovoltaic technology, such as how to increase the efficiency of
and benefit from solar cells, with different designs (Bi et al., 2022; Chander and
Tripathi, 2023; Liu, Jin, Li, Zhao, and Badiei, 2022; Saeed et al., 2022; Salhi, 2022;
Shakibi, Afzal, Shokri, and Sobhani, 2022; Sharaf, Huzayyin, and Yousef, 2022; .
Wang et al,, 2022; Z. Wang et al,, 2023; Zhang et al.,, 2022).

Another way to convert solar energy into electrical energy is concentrated solar
energy systems. In these systems, solar energy is focused on a region and conver-
ted first into heat energy and then into electrical energy.

Focusing the sun’s rays was first used to light fire. It is said that in 250 BC, Arc-
himedes burned the wooden ships surrounding Syracuse by concentrating the
sun’s rays with mirrors (Doraiswamy, 2002). With the discovery of the lens in
1600, studies in this field accelerated. In 1860, Mouchot focused sunlight on a
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specific surface with parabolic mirrors and invented a small steam engine. These
machines were the forerunners of today’s modern parabolic dish collectors. In
1907, Maier and Remshardt patented the Parabolic Trough Collector (PTC), which
they designed for direct steam production (Kiligc Abdurrahman and Oztiirk Aksel,
1983). The solar collector roughly reached its present design in 1908, when Wil-
liam ]. Bailey invented a collector with an insulated box and copper coils (Gong
and Sumathy, 2016). In 1913, Shuman and Boys designed a steam engine using
parabolic mirrors. In this way, they were able to draw water from the Nile river
with a water pump (Ackermann, 1915; Mohanad Abdulazeez Abdulraheem Al-
fellag, 2014). Baum et al. developed the principle of the Linear Fresnel Collector
(LFC), followed by Italian Mathematician Giorgio Francia in 1961, who designed
Fresnel reflectors that performed both linear and two-axis tracking (Baum, Apa-
rasi, and Garf, 1957). A kinematic Stirling engine called the solar-powered steam
Stirling 4-95 was developed in the late 1970s and early 1980s by several com-
panies, including United Stirling AB, Advanco Corporation, McDonnell Douglas
Aerospace Corporation (MDA), and NASA (Baharoon, Rahman, Omar, and Fadhl,
2015). Lorin and Hull conducted optical system research to achieve maximum
power in heliostat field arrangement in central receiver solar towers (Vant-Hull,
1977).In 1979, Gaul and Rabl examined the optical efficiency of parabolic trough
type solar concentrators by recording the efficiency change with solar radiation
at all hours of the day. (Gaul and Rabl, 1980). Gee examined linear focusing solar
concentrators and solar tracking systems. He compared solar tracking systems
and conducted experimental studies (Gee and Institute, 1980). Collares-Pereira
et al. have studied parabolic trough systems. They found the formulation requi-
red for the highest concentration (Collares-Pereira et al., 1979). McDonnell Do-
uglas Aerospace Corporation (MDA) produced 8 prototype dish engines to com-
merecialize parabolic dish technology in the mid-1980s, but due to the state of the
energy market, the company ceased all its energy-related activities. Prototypes
of MDA were sold to Southern California Edison (SCE) (T. R. Mancini, 1997). The
commercial United Stirling 4-95 was operated by SCE from 1986 to 1988. It con-
verted solar energy into electricity with a net efficiency of approximately 30%
and recorded an annual efficiency of approximately 12% in its last year of opera-
tion (Stine and Diver, 1994).

Hession and Bonwick worked on the system that monitors concentrators of dif-
ferent sizes (Hession and Bonwick, 1984). Jeter worked on the distribution of
concentrated rays on parabolic trough systems and the calculation of optical ef-
ficiency (Jeter, 1986). Collares-Pereira et al. have studied the reduction of heat
losses in parabolic corrugated concentrators (Collares-Pereira, Gordon, Rabl, and
Winston, 1991). In 1993, a linear Fresnel collector was developed at the Univer-
sity of Sydney, a prototype was designed and named Compact Linear Fresnel Col-
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lector (CLFC). The system includes two receiver towers to collect reflected solar
rays from diffusing mirrors (D. Mills, 2004; D. R. Mills and Morrison, 2000). In
the early 1990s, Cummins Engine Company tried to commercialy produce bowl/
Stirling systems using a free-piston engine instead of a kinematic engine to reduce
maintenance and cost (T. R. Mancini, 1997). In 1991, in a development program
called the Dish/Stirling Joint Venture Program (DSJVP), development of a 5-10
kW Stirling system for remote power applications began, but in 1996, Cummins
Engine Company ceased all activities in the development phase due to major un-
resolved technical problems and decided to cancel the project (John R Bean and
Diver, 1995; | R Bean and Diver, 1992). A program called the Utility Scale Joint
Venture Program (USJVP) was initiated by Science Applications International Cor-
poration (SAIC) and Stirling and Thermal Motors (STM) to develop a 25-kW dish/
Stirling engine system in late 1993. They have been successful in demonstrating
a 20 kW Stirling engine (Phase 1) in Golden, Colorado (Gallup, Mancini, Christen-
sen, and Beninga, 1994). Kalogirou et al. have worked on modeling steam produc-
tion systems in parabolic trough-type condensers (Kalogirou, Lloyd, and Ward,
1997). Geng has developed a single-axis solar tracking system (Asim Geng, 1998).
Siala and Elayeb tried to design heliostats using the graphical method in solar to-
wers with central receivers. They expressed their designs in graphical data using
mathematical formulas (Siala and Elayeb, 2001). Zarza et al. have worked on the
development of new types of solar power plants that provide direct steam pro-
duction in the absorber tube of parabolic trough-type solar concentrators (Zarza
et al, 2002). Colak worked on modeling the parts required for optics and heat
used in parabolic trough concentrators (Levent Colak, 2003). Chen et al. made two
different heliostat designs in solar towers with central receivers and evaluated
their performances (Chen et al., 2004). Kribus et al. were interested in receiver
designs in solar towers with central receivers and conducted research on how po-
wer changes with temperature (Kribus, Vishnevetsky, Yogev, and Rubinov, 2004).

Bakos worked on two-axis solar tracking for parabolic trough concentrators (Ba-
kos, 2006). Riffelmann et al. have studied the optical efficiency of parabolic tro-
ugh concentrator solar power plants (Riffelmann, Neumann, and Ulmer, 2006).
Garcia-Valladares and Velazquez have simulated the heat and flow behavior of
single- and double-pass parabolic trough-type solar concentrators (Garcia-Val-
ladares and Velazquez, 2009). Wu et al. studied the parabolic dish solar thermal
power system and evaluated the average heat-electricity conversion performan-
ce of the system. They found the average efficiency of the system to be 20.6%
(Wu, Xiao, Cao, and Li, 2010). A three-dimensional numerical study of heat trans-
fer in a longitudinally finned parabolic slotted receiver using different types of
nanofluids was carried out by Fernandez-Garcia et al (Ferndndez-Garcia, Zarza,
Valenzuela, and Pérez, 2010). Today, research on photovoltaic systems and con-
centrator solar energy systems continues intensively. Important research and
development activities continue in concentrated solar system technology, such
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as how to increase the efficiency of and benefit from those systems, with diffe-
rent designs (Arias, Cardemil, Zarza, Valenzuela, and Escobar, 2022; Khan, As-
fand, and Al-Ghamdi, 2022; Merchan, Santos, Medina, and Hernandez, 2022; A.
Sharma, Shukla, Singh, and Sharma, 2022; Sheikholeslami, 2022; Xu et al., 2022).
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Figure 2. Solar Energy Technologies.
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Within renewable energy systems, there are hybrid structures that utilize mul-
tiple conversion systems together, such as solar, wind, and bio-energy. Hybrid
systems are not within the scope of this study. However, researchers can refer
to the following sources for hybrid systems: (Abdolmaleki and Berardi, 2024;
Ahmed, Das, Das, Hossain, and Kibria, 2024; Falope, Lao, Hanak, and Huo, 2024;
Giiven and Mete, 2021; Giiven and Samy, 2022; Giliven, Yoriikkeren, and Mengi,
2024; Guven, Yorukeren, and Samy, 2022; Giiven and Yiicel, 2023; Padmanabhan
and Anbazhagan, 2024).

In this study, photovoltaic cells that directly convert solar energy into electrical
energy and concentrated solar energy technologies that indirectly produce elect-
rical energy from superheated steam by concentrating solar energy were exami-
ned in detail, classified among themselves, and compared technically.

2. Method

In this study, methods for generating electricity from solar energy in the litera-
ture have been researched. The research was not limited to academic literature;
reports from official organizations working on energy were also included in the
study. First, an in-depth literature review was conducted to identify the studies
conducted so far on generating electricity from solar energy. Then, the current
state of PV and CSP solar energy technologies was investigated. Based on the
information obtained, a detailed graphical tree representation of solar energy
technologies was created. Finally, PV and CSP technologies were compared in
terms of their advantages and disadvantages. Overall workflow of the review
methodology is depicted in Figure 3. In this study, adherence to research and
publication ethics has been ensured.

Literature search on methods for Review on PV and Comporison of PV
generating electricity from solar energy CSP technologies and CSP systems

Figure 3. An overall workflow of the review methodology.

3. Solar Energy Technology

2.2 billion units of the energy emitted by the Sun reaches the Earth and consti-
tutes our main energy source. The energy falling from the Sun on the total land-
mass for 270 minutes is equal to the energy consumed by the whole world in one
year (International Energy Agency, 2011). This energy has been used for many
years.

The main purpose of preferring solar energy is to mitigate the damage fossil-
based energy sources cause to the environment and the limited nature of these
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energy sources. Solar energy can be converted to another type of energy by a
suitable method depending on the area of use. The most needed types of energy
today are heat and electrical energy. As shown in Figure 2, solar energy can be
converted into heat energy and electrical energy using different technologies.
This conversion occurs by using PV cells, which directly convert solar energy into
electrical energy, or indirectly by using concentrated solar power (CSP) techno-
logy, which produces electrical energy from steam by concentrating solar energy.

Two types of classification can be made in electricity generation using PV cells: i)
according to their generation and ii) according to the technology used.

In the classification of PV cells according to their generation, the first generati-
on includes crystalline silicon (c-Si) wafer-based cells as monocrystalline (single
crystalline silicon: mono c-Si) and polycrystalline (polycrystalline silicon: m-Si,
poly c-Si). The raw material of these cells is high purity silicon crystals. The pro-
duction process requires advanced technology.

The second generation is based on thin film technology. This includes Si-based
tandem solar cell technologies such as Amorphous Silicon (a-Si), Cadmium Tel-
luride (CdTe), Copper Indium Gallium Selenide (CIGS)/Copper Indium Selenide
(CIS) and single crystal thin film technology such as Gallium Arsenide (GaAs).
These cells are mostly manufactured for roof applications.

Third generation PV cells include organic materials as well as multijunction cell
technologies, innovative non-silicon-based technologies, namely organic/semi-
organic PV cells (OPV), dye-sensitized solar cells (DSSC), quantum dot (QD) solar
cells, Perovskite solar cells (It covers many new concept devices such as PSC),
Tandem solar cells, CZTS, Luminescent solar cells.

The efficiency and performance of these types vary since different types of se-
miconductors are used. While the first- and second-generation PV modules are
commercially more efficient and available for large-scale production, some of the
third generations are still in the R&D (Research & Development) stage.

According to the technology used, classification is made in three parts: inorganic,
organic and hybrid. Traditional Silicon-based solar cells (c-Si, mc-Si) and compo-
und polymers (CIGS, CdTe, GaAs, GalnP, CZTS, CPV, Tandem) are in the inorganic
class. Although the production cost of inorganic materials is high, they are prefer-
red due to their high efficiency. Conductive polymers, dyes, pigments and liquid
crystals can be used to make organic-based solar cells. DSSC and Semiconductor
Polymer based organic cells are included in this group. Hybrid cells have been
developed to combine the advantages of organic and inorganic-based cells. Pe-
rovskite photovoltaic cells are included in this group.

Two types of classification can be made in electricity production using CSP
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systems. The first type includes Parabolic Trough Concentrators and Planar Fres-
nel concentrators, which perform linear condensation. The second type includes
the Central Receiver and Parabolic Dish concentrators, which follow the sun in
two axes, concentrate the sun rays by point focusing and thus reach very high
temperatures.

The methods and classifications given so far are examined in detail under subhe-
adings in the following sections.

3.1 Photovoltaic Cells

The word photovoltaic (PV) consists of the Greek words; photos, meaning light,
and volt. The term photovoltaic means the production of electricity from light.
In this section, photovoltaic cell structure and various photovoltaic technologies
will be discussed.

3.1.1 Structure and Working Principle of Photovoltaic Cells

The photovoltaic system uses the concept of the photovoltaic effect, first ob-
served by Alexandre Edmond Becquerel in 1839 (Prevenslik, 2003). The PV ef-
fect can be defined as the formation of a voltage difference when light falls on a
system between two electrodes connected to each other, whether solid or liquid.

A Photovoltaic cell (solar cell) is a simple semiconductor device that, in princip-
le, converts sunlight into electrical energy. In other words, when solar radiation
(photon energy) hits the semiconductor material and is absorbed by this ma-
terial, an electron is broken off from the atomic bond in that material and the
electrons broken off from the atoms they are bonded to begin to circulate freely
within the material. Thus, electron current occurs. The electron current creates
voltage in the potential field of the cell, resulting in electric current as shown in
Figure 4-a. Depending on the current and voltage, power output is obtained bet-
ween the photovoltaic cell contacts (Ayse Ozge Kiipeli, 2005).

There are three basic elements in the structure of the photovoltaic cell to create
photocurrent (Fortunato et al., 2016; Tushar K. Ghosh and Mark A. Prelas, 2011):

1. A photosensitive material (absorber material) in which photons can form
charge carriers

2. Separation of load carriers (PN Junction),
3. An external circuit (metal grid) to collect photon-generated charge carriers.

The absorber material transfers the energy of the incident photons to the valence
electrons. PN junction is the combination of N-type (emitter) and P-type (base)
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region that creates an electric field. The metal grid ensures current flow and cap-
tures electrons. The design of the metal grating can be optimized to minimize
drag and ghosting. In addition, the photovoltaic cell structure is basically similar
to the structure and operation of the diode.

a b c d

Light E"“:“ Energy
—= Top Cover

—= Upper Contact

—= P type semiconductor

Hole oj

. /

—= N type semiconductor
= Lower Contact

a) b)

Figure 4. a) Mechanism of generating energy from solar radiation (photon) in
semiconductor material (Tushar K. Ghosh and Mark A. Prelas, 2011) b) Photovol-
taic Cell Structure (Ozgiin, 0ZDEMIR, and OZMEN, 2022).

The photon affecting the junction region is absorbed by the semiconductor ma-
terial. The photon provides energy to the electron to move it from the valence
band to the conduction band. So, an electron-hole pair is formed. During this
formation, the electron-hole pair is separated from each other by the effect of the
electric field in this region, and the electrons move towards the N region and the
holes move towards the P region. The separated excitons create voltage at the
ends of the photovoltaic cell. These processes continue as long as the photons fall
on the battery surface. Photons coming from the sun that are not converted into
electrical energy increase the temperature of the photovoltaic cell (Clean Energy
Institute, 2014; Tushar K. Ghosh and Mark A. Prelas, 2011).

The main material of the photovoltaic cell structure consists of PN semiconduc-
tors in the middle layer, as seen in Figure 4-b. The top part of the photovoltaic cell
is covered with transparent glass and plastic materials to protect it from external
influences. The bottom layer has an anti-reflective coating to absorb sunlight as
much as possible and prevent reflection. If there is no anti-reflective coating, ne-
arly one-third of the sunlight falling on the battery surface will be reflected and
cannot be used. Under the anti-reflective coating, there is a front negative contact
(front contact surface, upper connection contact, negative pole grid), whose ma-
terial is usually Copper (Cu), which allows the electric current to be collected and
transmitted to the network. Under this layer, there is a structure where electric
current occurs. This structure consists of two different layers. The first is the
N-layer, which is the layer with the addition of Phosphorus atoms to Silicon and
forms the negative side of the PV cell. The second P-layer is the layer that forms
the positive side of the battery, consisting of Silicon with added Boron atoms. The
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area where positive and negative charges meet, called the PN junction, is betwe-
en these two layers. The back contact (layer), where electrons enter and acts as
a positive contact, is on the back surface of the PV cell. This layer provides sup-
port to the cell and ensures that the circuit in which electrons enter is completed
(Ozgﬁn etal, 2022; Tushar K. Ghosh and Mark A. Prelas, 2011).

3.1.2 Power Efficiencies and Usage Areas of Photovoltaic Cells

Photovoltaic battery is measured by its efficiency, and the most important para-
meter that determines the efficiency is the percentage of the generated energy
that can be converted into usable electricity. Additionally, efficiency can be defi-
ned as the ratio of the photon energy falling on the photovoltaic cell surface to
the resulting voltage. A beam of light corresponding to a wavelength above a cer-
tain energy level is sufficient to provide the required energy. The majority of the
remaining light beam is either absorbed or reflected by the structural material in
the cell. However, the efficiency of the solar cell depends on factors such as the
area of the PV module, the terrain, the manufacturing and assembly method, etc.
Efficiencies ranging from 10% to 40% are observed for various materials used in
PV cells (Geisz et al., 2018; Green et al., 2018).

PV technologies are widely used in the direct conversion of radiant energy to
electricity. PV technology is suitable for regions with low and high solar radia-
tion.

Solar PV systems can be used for large-scale electricity generation. PV techno-
logy is also sustainable, especially for small-scale applications. PV systems can be
used both connected to the grid and independently of the grid.

Some of their notable features are that they operate silently, do not cause any
pollution, and can operate in harsh (arid/semi-arid) climate conditions with few
people for operation and maintenance (Ma, Yang, and Lu, 2014).

Another important feature is that maintenance and operating costs after instal-
lation are lower than other energy production systems. Since the panel efficiency
is around 20-30% in the first use and the efficiency decreases over the years,
the payback period for its costs is quite long. For this reason, in order to benefit
from photovoltaic panels effectively, it is extremely important to choose a system
suitable for the purpose of use and the area to be installed.

Alot of research has been donated to achieve the most efficient and cost-effective
material for PV cells. The following requirements are sought for ideal solar cell
material. (Goetzberger et al., 2002):

¢ The material used to produce solar cells must have a band gap of 1.1 to 1.7 eV.

e The material must have a direct band structure
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¢ The material should be easily available and non-toxic.

¢ The material must be suitable for large-scale production and can be easily
reproduced,

¢ The material must have a long-term stability factor and good PV conversion
efficiency.

Some major disadvantages associated with PV solar cell technologies are:

¢ In the solar cell production process, nano-sized semiconductor materials, ha-
zardous chemicals, etc. is dealt with. If not used and disposed of appropriately,
these materials can affect the environment and health (Kazmerski, 2012; Mi-
tigation, 2011).

For large-scale electricity generation applications, it requires large land due to
the low power density of the photovoltaic module (Cucchiella, D’Adamo, Gastaldi,
and Koh, 2010).

3.1.3 Classification of Photovoltaic Cells

In this section, the classification of photovoltaic cells according to their generati-
on is presented under subheadings.

First Generation Photovoltaic Cells

Cells that use high purity Silicon crystals as raw materials are called first gene-
ration cells. Monocrystalline or polycrystalline silicon can be utilized with lar-
ge grain sizes. It is the most dominant PV cell type on the market. Since silicon
has no reserve shortage, its efficiency has improved considerably since its first
production. Silicon is the most widely used material in solar cell production due
to its excellent electronic, chemical and mechanical properties, durable crystal
structure and non-toxic properties. Silicon’s crystal structure, which does not
deteriorate easily, ensures its optical and electrical properties are permanent.
Solar energy technologies based on this semiconductor are considered the most
advanced.

In general, the advantages of first-generation can be given as more efficient at
lower temperatures and need less space for a given unit of power. Additionally,
due to the development of strip silicon technology, it is anticipated that the pro-
duction cost of this generation will decrease further.

Second Generation Photovoltaic Cells

Second-generation technology was introduced in the 1970s to avoid the high
economic and environmental cost (in terms of materials and energy) of crystal-
line silicon-based cells. This generation uses less semiconductor material while
maintaining the appropriate efficiency of the cell. Thin film cells are considered
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second generation PV cells. Solar cells produced with this technology are very
thin. Thin film solar cell technology uses a 1-10um thick photoactive layer (Bo-
utchich et al., 2012).

Since less silicon material is used in the production process, their costs are lower
than the first-generation cells and the production process is shorter; However,
they still have a small share of the market due to their lower efficiency than c-Si.
The thickness of the film layers varies from a few nanometers (nm) to tens of
micrometers (um) . Therefore, they can be placed on flexible materials, connec-
ted to modules in the manufacturing process via laser cutting, and stacked verti-
cally to form third-generation tandem (multi-joint) cells (NREL, 2023b).

Thin film modules shows better performance under low irradiance conditions.
Aesthetically, they are flexible and lightweight.

Third Generation Photovoltaic Cells

The relatively high cost and complex manufacturing of first- and second-gene-
ration silicon cells have encouraged researchers to develop new PV technolo-
gies, namely third generation PV cells. Third generation photovoltaic cells are
the development of first-generation and second-generation PV cells for higher
efficiency and environmental friendliness.

Third generation photovoltaic cells include many innovative technologies, and
many are still in the R&D phase. These cells generate electricity using new tech-
nology processes based on organic, semi-organic or inorganic materials, hybrid
systems, nanometer and molecular scale components. In most cases, they are
made with thin-film-based cells in most cases (Blieske et al., 2019).

The notable features of these cells include low material and production costs and
simplicity of the production process. Although silicon-based solar cells are more
power efficient, third-generation PV cells are better in aspect of sustainability.
Lots of effort is being devoted to improving the efficiency of these solar cells.
According to the relevant research, the efficiency of third-generation PV cells is
comparable to silicon solar cells. (Malinowski, Leon, and Abu-Rub, 2017).

Although they are currently mainly in the laboratory stage, they are quite promi-
sing for future applications and will soon take their place in the market.

3.2 Concentrated Solar Energy Systems (CSP)

With today’s technology, generating electricity from steam using steam turbines
has become widespread. High temperatures are required to produce electricity
with steam turbines. Concentrating systems have been developed to reach these
levels. Solar capacitor systems focuses the rays from the sun on a narrow area.
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Thermal CSP technology does not have a mechanism that is made of crystalline
silicon and uses solar energy directly, as in PV cells. CSP is a clean energy source
that works according to the principles of traditional thermal power plants. In
other words, concentrator systems are used in order to produce electricity from
the sun for the longest time and in high volume (Fernandez-Garcia et al., 2010;
Zarza E, 2010). Concentrator systems are technology based on the concentra-
ted heat system concept, which is to condense direct normal solar radiation for
producing steam or hot air, first turning it into heat (superheated steam) and
producing electricity using the appropriate thermodynamic cycle and the traditi-
onal power cycle. Briefly, CSP technology has two main logics; collecting sunlight
and converting it into heat and converting the heat energy into electric energy or
another kind of useful energy through secondary mechanisms. Figure 5 shows
the simplified operating diagram of the CSP system.

Waste Heat

@ Reciever H HEAT }—» Thernéc;ily:amm Electrical Energy
Thermal
Storage

Figure 5. CSP working diagram.

The amount of sunlight falling on the ground varies depending on location on
earth, seasons and time of day. While the position of the sun’s rays is more per-
pendicular to the earth on summer days, it is more inclined on winter days. On
a clear day, high solar irradiation (DNI ) represents 80-90% of the total solar
energy, while on a cloudy day, the DNI rate is close to zero. In this context, it
is not possible to obtain electricity from solar energy with the same efficiency.
While the most electricity can be produced between the hours of 11-15, when
the radiation is most intense, it is quite low in the morning and afternoon hours
(Sen H, 2009).

The biggest advantage of these systems compared to other solar energy techno-
logies is that the heat can be stored in a short time and thus can produce elect-
ricity even during cloudy or evening hours, that is, when there is no sun. This
possibility can be realized by integrating energy storage systems to save thermal
energy from daylight for use during periods of no sunlight.

The advantages and disadvantages of CSP technology are given below.
Advantages :

e It can be installed in hot, dry, harsh climatic conditions and operate without
human intervention.
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¢ Itincludes readily available components such as mirrors, tubes, and electrical
generators.

e [t can be hybridized with fuel systems (hybridization, combination) and heat
can be stored. Hybridization ensures continuity by increasing electricity pro-
duction from the power plant to 24 hours a day, 330 days a week. Heat stora-
ge, on the other hand, can keep the heat stored during the day in molten salt
tanks, producing electricity for another 5-7 hours after sunset and respon-
ding to the rising consumption in the evening hours. The biggest advantage of
concentrating systems is that they can store heat and quickly convert it into
electrical energy when necessary. The ability to provide energy when needed,
regardless of time difference, during busy periods makes CSP systems attrac-
tive.

¢ In addition to electricity generation, CSP technologies can also meet indust-
rial heat and desalination (a process that removes mineral components from
salt water) needs.

Disadvantages:

¢ These systems are highly dependent on daylight and affect the efficiency of
the system in bad weather conditions.

e CSP needs direct sunlight. For this reason, CSP’s installation areas are limited.

e (SP technology has many advantages for large-scale electricity generation,
but requires quite large space to install the plant.

e (SP technologies are not suitable for small-scale electricity generation as
they require high production costs. Although it is possible to produce small
volumes of electricity in CSP systems, as in PV systems, it is not economically
advantageous. In Europe, the economic size is determined as 50 MW.

Although all concentrated solar energy systems basically work on the same prin-
ciple, they differ in terms of collectors, which are the methods of focusing solar
energy. One of the most important parameters for collectors that concentrate
sunlight is the concentration factor. Concentration factor is the ratio of area of
sunlight collected and area of the solar receiver. The condensation ratio is about
300 in two-dimensional concentrators (parabolic trough) and about 40000 in
three-dimensional concentrators (parabolic bowl). In such collectors, sunlight
can be concentrated linearly or pointwise using reflective or beam-breaking sur-
faces (Tabak et al., 2009).

Solar concentration technologies can be given under two headings:

e Linear condensers; Parabolic Trough Concentrators and Linear Fresnel Con-
centrators;
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e Point concentrators; Central Receiver Concentrators and Parabolic Dish Con-
centrators.

3.2.1 Parabolic Trough Concentrators

Parabolic trough concentrators are the most proven, most advanced, most eco-
nomical and commercially creditable CSP technology among the technologies
available today. Parabolic trough concentrator systems are equipped with a solar
tracking mechanism that monitors the sun throughout the day to receive maxi-
mum solar radiation as shown in Figure 6-a.

Power plants with parabolic trough concentrators mainly consist of the following
components: Parabolic trough reflector, heat transfer system, Rankine steam tur-
bine/generator cycle, thermal storage system (optional).

Parabolic trough collectors are placed on the solar field in series and parallel
rows and solar energy is collected at the power center and converted into elect-
ricity.

The collector consists of a parabolic mirror in which the reflective surfaces inside
concentrate the rays on the absorbent receiver tube extending along the focal
axis. Parabolic trough reflectors are generally 100m long, 6m aperture, and are
positioned on the north-south axis. The mirror placed on the north-south axis
focuses the sun along the axis on the receiver tube during daylight hours (Giilay
Isler, 2018). The receiver pipe is a stainless-steel pipe coated to maximize the ab-
sorbance in the solar spectrum wavelength, with a surface absorbency of appro-
ximately 97%, consisting of glass-metal connectors, and containing the working
fluid, placed slightly above the middle part of the parabolic mirror. This steel tube
is placed inside the glass tube to minimize heat loss.

A vacuum condition is created between the tube and the pipe. Vacuum has a
key role in receiver insulation, and lack of vacuum can result in four times more
heat loss. Borosilicate glass tube is heat resistant, has an antireflective structure
and high transmittance to minimize radiation losses. Solar radiation focuses on
the receiver pipe located at the focal point of the parabolic slotted reflector. The
concentrated radiation from the sun passes through the glass tube and hits the
absorbing coating. It heats the working fluid (molten salt or synthetic oil) in the
pipe to a temperature of 150-400°C, making the heated working fluid hot eno-
ugh to produce steam used to drive a conventional steam turbine that produces
power. The oil heated by the condensation process transfers heat energy to the
water, causing the water to evaporate. If water is used as the heat transfer fluid,
water vapor can be obtained directly. The resulting water vapor rotates the tur-
bine and electricity is produced (Giilay isler, 2018).
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1- Reflector
2- Absorber tube

3- Metal construction
4- Pipe installation

Solar
Radiation

Solar Tracking
System

b)

Figure 6. Parabolic and Linear Fresnel power plant schemes a) Parabolic Trough
Power Plant Diagram (Eddine Boukelia and Mecibah, 2013) , b) Linear Fresnel
concentrator power plant scheme (Patricia Scalco, Jacqueline Biancon Copetti,
and Mario Henrique Macagnan, 2021).

PTCs are categorized by their operating temperatures. Generally, PTCs operate in
the temperature range between 350 and 550 °C and are used mainly for electri-
city generation, while those operating in the 100-250 °C range are used for hea-
ting purposes (NREL, 2003).

3.2.2 Linear Fresnel Concentrators

This type of collector was first produced in Genoa in 1960 as linear and two-axis
tracking, and its development continues (Nelson, Evans, and Bansal, 1975). In
1993, the first linear Fresnel concentrators (LFR) were developed at the Univer-
sity of Sydney and patented in 1995 (Ucgiil and Ergiin, 2014).
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LFR are systems that focus and concentrate direct solar radiation coming at dif-
ferent angles onto a raised linear receiver with planar strip mirrors arranged on
both sides of the receiver and transfer the heat to heat transfer fluid (HTF). The
receiver, as in Figure 6-b, is a long tube coated with absorbing material known
as a black chrome solar absorber. In this way, the air in the absorber is heated
and this heat is transferred to the pipe inside the absorber and the fluid in the
pipe. The resulting steam can be used directly if desired, or it can transfer this
thermal energy to the traditional electricity generation system and be converted
into electrical energy through a turbine (Engin Ergiin, 2011). The most visible
difference against the parabolic trough concentrators is the use of planar mirrors
as reflecting surfaces in these systems.

Some components of the reflector are not used due to obstruction and inter-row
shading. The energy cost of LFR increases due to a couple of reasons like heat
losses, tube absorptivity and reflectivity of surfaces. LFR has thermal storage ca-
pacity as the operating temperature can reach up to 565°C with molten nitrate as
HTF (Morin, Karl, Mertins, and Selig, 2015; V. Sharma, Nayak, and Kedare, 2015).

Linear Fresnel systems have several advantages that have attracted the attention
of researchers. The notable ones are listed as follows:

¢ Linear Fresnel concentrators provide very high temperature for a variety of
thermal energy applications.

e [t is not necessary to use HTF or heat exchanger in DSG type power plants
using linear Fresnel condenser.

e Since flat or elastic reflectors are used in its structure, it is much lower cost
than parabolic trough reflectors.

¢ Due to its location close to the ground, less space is needed.

¢ High operating temperature and thermal efficiency, reduced investment costs
and shortened payback period are other advantages of these systems.

e This technology can be used to produce hydrogen.

Being an innovative technology that has made great progress, the disadvantages
associated with LFR are mostly technical and commercial as follows:

e Linear Fresnel concentrators are less efficient than other concentrators due
to heat losses resulting from the single-axis solar tracking mechanism and
linear focusing (Ong, Campbell, Denholm, Margolis, and Heath, 2013).

¢ Improved materials are needed to prevent ultraviolet degradation.

e To prevent dust from remaining in the gutters, they must be cleaned cons-
tantly.

e It requires excessive cost and maintenance due to the necessity of a monito-
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ring system that increases its efficiency.

¢ To perform well, HTF such as molten salt is required as the operating tempe-
rature of the system is relatively high.

¢ Itrequires high solar radiation.
3.2.3 Central Receiver System (Solar Tower)

Central receiver tower technology is a type of solar thermal electricity generati-
on system that performs point focusing. Central receiver systems (Solar tower)
basically consist of two units: a tower carrying the receiver and mirrors (helios-
tat) placed around the tower to reflect the sun’s rays to the receiver.

The rays coming from the sun are concentrated on the fixed receiver in the tower
by mirrors with dual-axis solar tracking mechanism spread over a wide area, as
shown in Figure 7-a. Distributed mirrors called heliostats follow the sun throug-
hout the day. Each heliostat moves independently of each other and is constantly
controlled by the computer, ensuring that the receiver always receives sunlight.
The fixed receiver absorbs the radiation concentrated by the heliostats and obta-
ins concentrated high heat energy. It transfers this heat to the heat transfer fluid
(HTF). The molten salt (liquid salt melt) passing through the receiver is sent to
the storage tank by increasing the temperature of a working fluid such as hot gas
or water up to 565°C, and then the HTF produces steam by transferring the heat
to the water (Tushar K. Ghosh and Mark A. Prelas, 2011). The produced steam is
sent to the turbine to produce electrical energy. The efficiency of a typical solar
tower is 15% to 25%. These facilities are the most suitable for applications bet-
ween 30-400 MW,

Receiver/
Engine

565°C a
Hot Salt Cold Salt 290°C
Storage Tank Storage Tank

&n—'_

—
/ Steam Generator :
e~
“Conventional .

Eras ]
a) b)

Figure 7. Central receiver and parabolic dish systems: a) Power plant scheme
with central receiver system (Avila-Marin, Fernandez-Reche, and Tellez, 2013)
b) Parabolic dish collector (Soomro et al., 2019).
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Heat storage systems have been developed to enable central receiver systems to
operate even when there is no sun. Thus, the continuity of the system is ensu-
red. It is not commercially common like parabolic trough systems due to its high
costs.

3.2.4 Parabolic Dish Concentrators

Parabolic dish concentrators can be defined as point focusing devices consisting
of a concave (dish) concentrator, as in Figure 7-b, a solar tracking system, a heat
absorber (receiver) placed at the focal point of the dish, a power conversion unit
and a system control unit. It consists of many small flat mirrors placed to provi-
de the shape of the parabolic dish collector or a single reflector in the form of a
parabolic dish.

The bowl-shaped surface is concentrated (3000-4000 times) by focusing sun-
light (about 92%) onto the receiving surface. The concentrated solar radiation
collected by the receiver can be used in two ways: it is converted into thermal
energy and used as direct heat energy, or it is transferred to the working fluid in
the Stirling engine connected to the receiver and converted into electrical energy
(T. Mancini et al., 2003).

Parabolic dish concentrators, consisting of one or more reflective surfaces, follow
the sun on a dual axis and have high focusing rates. Independently these dishes
can produce 5-50kW of electricity and their capacity can be increased by using
them in series (J R Bean and Diver, 1993; Tushar K. Ghosh and Mark A. Prelas,
2011). The temperature range for Parabolic Dish Concentrators ranges from
400°C to 750°C with a condensation ratio of over 3000 and a thermal efficiency
of 23%.

Stirling engine, which has good performance at temperatures lower than 950°C,
is generally preferred for electricity generation in parabolic bowl concentrators.
However, Brayton, Rankine or Rankine/Brayton engine systems can also be used.
At higher temperatures, gas turbines used in combined cycles perform better
(Barlev, Vidu, and Stroeve, 2011). Since there is no water cycle in parabolic dish
systems with point concentration, they are very suitable for arid and desert en-
vironments.

Parabolic dish technology is suitable for small-scale power generation. Parabolic
dish technology is also part of distributed solar power generation and can plays
an important role to reduce the load on central power plants.

Parabolic bowl concentrators are very advantageous in terms of heat concent-
ration rate and total system efficiency. However, they are technologically more
complex and costly systems. Since energy storage is not possible, a hybrid struc-
ture design is recommended.
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4. Comparison of Photovoltaic and Concentrated Systems

PV technology uses sunlight that causes the movement of electrons to produce
electric current through the photovoltaic effect. CSP, on the other hand, uses sun-
light to heat a liquid substance that will be used to power an electrical generator.
CSP produces alternating current (AC). PV produces direct current (DC). Once
the direct electric current is generated, it is converted to AC, usually using inver-
ters, thus being distributed to the power grid.

While CSP systems can be applied in projects larger than 25 MW, PV systems also
cover residential areas and the energy sector with their simple and small-scale
installation.

Since PV systems produce electricity directly from sunlight instead of the sun’s
heat, they cannot store thermal energy. Therefore, it is clear that in terms of
energy storage and efficiency, thermal energy storage technologies are better.
This fact makes CSP systems a more attractive option for large-scale energy pro-
duction.

Although the overall efficiency of PV plants is lower compared to CSP plants, PV
systems require smaller installation area. In the same area, PV plants produce
more electricity than CSP plants. The economy and efficiency of the PV cell ma-
inly depend on its material.

PV systems can be installed more easily, at lower cost and in a much shorter time
than CSP power plants, but they require more space for large-scale applications.

Installation of PV systems has a greater environmental impact compared to CSP
plants. In the PV cell production process, various hazardous materials are used
for semiconductor surface cleaning; Therefore, there is a risk of inhaling silicone
dust for workers involved in manufacturing.

Today, PV panel prices have dropped significantly by 30-40%, and this rate is
expected to increase further. Due to abundant module capacity, BNEF expects the
price to drop to around $0.19 per Watt for standard modules based on 166 mm
wafers. The cost per unit of CSP is higher than that of PV.

Today, CSP plants are typically combined with thermal energy storage because it
reduces the cost of electricity and provides production flexibility. The biggest ad-
vantage of CSP is that it can store energy using Thermal Energy Storage techno-
logies and quickly convert it into electrical energy when necessary. The ability to
provide optionally distributed power with long-term storage during peak times
and regardless of day or night makes CSP systems preferred over PV.

While CSP requires DNI, PV systems can produce electricity by emitting sunlight.
For this reason, the installation areas of CSP are more limited than PV.
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The solar to electricity conversion efficiency for CSP systems varies between 15-
40%. Compared with CSP technologies among themselves, the efficiency of the
parabolic dish collector is the highest.

According to reports published by NREL, GHG (Greenhouse gas, greenhouse gas)
emissions of central receiver tower and parabolic trough-based CSP systems ran-
ge between 22-23g CO ,eq/kWh, while for c-Si and thin film PV-based systems it
is 50g CO ,eq/ kWh. It is below kWh (NREL, 2012b, 2012a). Therefore, conside-
ring the GHG emissions of both solar power plants, CSP technologies are environ-
mentally more favorable than PV systems.

Technical comparison of PV and CSP technologies is given in Table 9. As can be
seen from the table, CSP systems are more efficient than PV systems. But this
does not mean that CSP systems are the best option. Among the two technologi-
es, PV is cheaper, leading energy investors to prefer it over CSP. In other words,
despite its advantages, CSP is not a preferred technology.

Table 1. Comparison of PV and CSP Systems

Method Technology Best Yield Advantages Disadvantages
PV monocry- 16-25% Silicon is considered the ~ Obtaining pure Si is
stalline ®  most advanced among a complex and costly
1st Ge- solar cell production process. The produc-
neration technologies due to its tion process is comp-
excellent electronic, lex. A lot of Si is was-
chemical and mechani- ted in its production.
cal properties, durable The energy of the
polycr- 14-209% crystal structure and incoming photons is
ystalline non-toxic properties. greater than the band
They are more efficientat gap, so excess energy
low temperatures. is lost as heat.
PV Amorpho- 9-14% This generation uses less  The efficiency of thin
us Silicon °  semiconductor material film solar cells is lo-
2nd CIGS 23.2% while mz';lintain?n.g the wer than silic.o.n solar
Genera- appropriate efficiency of  cells. The toxicity of
tion the cell. For this reason, the material used in
its cost is lower than c-Si.  the construction is
They are very thin, flexib- high. It causes envi-
le and light. It has a high ~ ronmental pollution
CdTe 22.1% absorption coefficient. during the fabrication
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PV Oreanic 11- It has low material and
& 18.22%  production costs and
3rd simplicity of production

Many have not yet
proven themselves
commercially.

DSSC 11.9+0.4%
Genera- process. It uses low-cost
tion QDSC 1.46- semiconductor materials
16.6%  with tunable band gap for
perovskite  29.15% optimum performance.
GaAs 28.8%
%711th,
CLTS CZTSSe
12.6%
Group III-V
compo- ) o
unds (Tan.  20-208%
dem)
CSv . 24-26%  In addition to electricity It is not suitable for
Parabolic L o
Trough (15-16%  generation, it can also small-scale electricity
& annually) meetindustrialheatand production as it requ-
13% (9- desalination needs. It can ires high production
Linear be installed in hot, dry, costs. It is highly de-
13% an- . : . .
Fresnel nually) harsh climatic conditi- pendent on daylight
y ons and operate without  and affects the effici-
With Cent-  14-20%  human intervention. Its ency of the system in
ralRece-  (17-18%  components are simple.  bad weather condi-
iver annually) They can be hybridized tions. A solar tracker
with fuel-fired systems and cooling system
Parabolic and store heat. are required and the-
. 30-34% i
Dish se systems are quite

expensive.

5. Conclusion

Energy is a fundamental input of civilization and one of the most valid symbols
used to determine the production, consumption, and development levels of civi-
lizations. It is also a key factor driving social and economic development. With
the increase in technological devices, per capita energy consumption is rising
day by day. To meet the growing energy demand, water resources, along with fos-
sil and nuclear fuels, are predominantly used. However, the construction costs,
construction and commissioning times, and operating costs and durations requ-
ired for the use of these resources make it challenging for production facilities to
keep up with demand. Additionally, the negative environmental impacts and CO,
emissions of these production facilities pose a threat to current and future gene-
rations. This situation encourages the world to seek renewable energy sources.

Although renewable energy sources are not a new topic, studies in this field have
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accelerated, especially due to the limited availability of fossil fuel resources and
the visible environmental damages they cause. These studies, particularly focu-
sing on solar and wind energy, fundamentally aim to increase efficiency and re-
duce costs. As a result of these studies, the share of renewable energy sources
(excluding hydro) in global energy production was 2.1% as of 2021, and this is
projected to increase to approximately 11% by 2045. As of 2022, the share of
solar energy in total global energy production is 68.2%.

In this study, the methods used to generate electrical energy from solar energy
have been investigated. In the literature, the methods used to obtain electricity
from solar energy are divided into direct conversion and indirect conversion. For
direct conversion, the photovoltaic effect is utilized. The PV effect can be defined
as the voltage difference generated when light falls on a system consisting of two
electrodes connected to each other, either in solid or liquid form. PV systems
can be analyzed according to their technologies and generations. In indirect con-
version, concentrated solar power technology, which generates electrical energy
from steam by concentrating solar energy, is used. CSP systems can be categori-
zed into linear concentrators and point concentrators. Due to their need for lar-
ge installation areas, they are generally preferred in regions far from residential
areas and in production stations with capacities over 25 MW.

This study aims to serve as a resource for researchers working on generating
electrical energy from solar energy. To this end, the methods used to generate
electrical energy from solar energy to date have been examined from a historical
perspective. Both conversion systems have been thoroughly investigated, and the
studies in the literature have been reviewed. The technological level, application
areas, advantages, and disadvantages of the systems are presented comparati-
vely. In future work, it is planned to publish review studies on other renewable
energy sources.
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