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Preface

Engineering is the use of scientific principles to design and construct
machines, structures and other items, including bridges, tunnels, roads,
vehicles and buildings. The engineering discipline encompasses a wide
range of specialized engineering fields, each with particular emphasis on
specific areas of applied mathematics, applied science, and application types.
Engineering is a sub-discipline created by the interdisciplinary partnership
that plays a very important role in the development and development of a
country. Engineering is a profession that develops economical methods to
present the forces and substances of nature for the benefit of human beings,
using the knowledge gained through study, experimentation and application
from the branches of mathematics and natural sciences wisely.

Because the engineering approach; It is the human approach whose job
is to solve problems. Employees who take the engineering approach know
how to see the unseen, find the unthinkable, target optimum solutions and
get the maximum benefit from the situation. On the other hand, although a
very broad and detailed definition comes to mind with the question of what
is engineering, we can say that engineering is the application of science and
mathematics necessary to solve problems. Engineers understand how things
work and find ways to use scientific discoveries in practical life.

This book published; It was created from the presentations of both their
own original studies and compilation studies from the literature presented
by academics who teach in various engineering branches. The aim here
is for engineers and academics interested in the subject to find important
engineering studies together. Therefore, I believe that the book will fill an
important gap and be useful to young researchers. In this context; We would
like to thank everyone who contributed scientifically to the book, in short,
who contributed to the preparation of the book for printing.

I hope that this published book will be useful to both engineers and

young academics, and I wish success to all engineers and young academics.

Prof. Dr. Kamil KAYGUSUZ
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Onsoz

Miihendislik, kopriiler, tiineller, yollar, araglar ve binalar dahil olmak
tizere makineler, yapilar ve diger 6geleri tasarlamak ve inga etmek igin
bilimsel ilkelerin kullaniimasidir. Miihendislik disiplini, her biri uygulamali
matematik, uygulamali bilim ve uygulama tiirlerinin belirli alanlarina 6zel
vurgu yapan, genis bir yelpazede uzmanlagmig mithendislik alanlarini kapsar.
Miihendislik bir iilkenin kalkinmasinda ve gelismesinde gok 6nemli rol
oynayan disiplinler arasi ortakligin meydana getirdigi bir iist bilim dalidir.
Miihendislik, matematiksel ve dogal bilim dallarindan, ders ¢aliyma, deney
yapma ve uygulama yollar1 ile kazanilmig bilgileri akillica kullanarak, doganin
kuvvetleri ve maddelerini insanoglu yararia sunmak tizere ekonomik olan
yontemler geligtiren bir meslektir.

Clinkii mithendislik yaklagimzi; igi sorun ¢6zmek olan insan yaklagimidir.
Miihendislik yaklagimi iginde bulunan ¢alisanlar, goriilmeyeni gorerek,
diisiiniilmeyeni  bularak, optimum ¢oziimleri hedefleyip durumdan
maksimum fayday1 ¢ikarmayi bilirler. Diger taraftan miihendislik nedir,
sorusu ile aklimiza ¢ok genig ve detayl bir tanimlama gelse de genel olarak
miihendislik, problemleri ¢6zebilmek igin gerekli olan bilim ve matematigin
uygulanmasidir diyebiliriz. Miithendisler, bir seylerin nasil caligtigin anlar ve
bilimsel kegiflerin pratik hayatta kullanimi i¢in yontemler bulur.

Yaymlanan bu kitap; ¢esitli miihendislik dallarinda hocalik yapan
akademisyenlerin sunmug oldugu gerek kendi 6zglin ¢aligmalar1 ve
gerekse literatiirden aktarilan derleme ¢aligmalarin bir araya getirilmig
sunumlarindan meydana getirilmisgtir. Burada amag¢ konuyla ilgilenen
miihendis ve akademisyenlerin 6nemli sayilacak miihendislik ¢aligmalarini
bir arada bulmalaridir. Dolayistyla kitabin 6nemli bir boglugu dolduracag:
ve geng aragtirmacilara faydali olacagi kanaatindeyim. Bu baglamda; kitaba
bilimsel katki sunan, kitabr baskiya hazirlayan kisacas: emegi gegen herkese
tesekkiir ederiz.

Yayimlanan bukitabin gerek miithendislere ve gerekse geng akademisyenlere
faydali olmasini diler; tiim miihendis ve geng¢ akademisyenlere basarilar
dilerim.

Prof. Dr. Kamil KAYGUSUZ
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Chapter 1

Eftect of Processing Conditions on
Microstructure: Al—Cu—Si Eutectic Alloy!

Ugur Biiyiik?

Abstract

Aluminium is widely used in various industries such as food, electrical and
electronics, automotive, aerospace and construction due to its favorable
properties such as malleability, corrosion resistance, environmental
resistance and high strength-to-weight ratio. In aluminum-based casting
alloys, the main alloying elements commonly used in industry are silicon,
copper and magnesium. In this study, the microstructure properties of the
Al-26.5Cu-6Si (wt.%) ternary eutectic alloy were examined in relation
to directional solidification. The alloy was processed in a vacuum melting
furnace and solidified directionally at various growth rates using a Bridgman
type device. The experimental results revealed eutectic transformation of the
Al-26.5Cu6Si alloy, leading to the formation of matrix Al, lamella AL,Cu, and
plate Si phases. Eutectic spacing was measured from the produced samples,
and it was found that the values were significantly affected by the growth
rate. The results of this study were compared to the experimental results of

binary Al-Cu and ternary Al-Cu-Si-Fe eutectic alloys.

1. INTRODUCTION

The microstructures formed during solidification play a crucial role
in determining the physical properties and performance of materials.
Therefore, understanding the formation and control of these microstructures
is a fundamental challenge in the field of materials science [1-2]. While
the formation of microstructure in binary alloys has been thoroughly
investigated, both from a theoretical [ 3] and experimental [4-19] perspective,

1 This research was financially supported by the Scientific and Technical Research Council of
Turkey (TUBITAK) with project number: 112T588. The author is grateful to the Scientific
and Technical Research Council of Tarkey for its financial support.

2 Prof. Dr., Erciyes University, Faculty of Education, Department of Science Education, Kayseri,
Turkey, buyuk@erciyes.edu.tr, ORCID: 0000-0002-6830-8349

© O d | Japs://doi.ong/10.58830/0zgurpub426.c1845 1



2 | Effect of Processing Conditions on Microstructure: Al-Cu-Si Eutectic Alloy

the comprehension of this same phenomenon in multicomponent alloys,
containing three or more components, is still restricted.

Aluminum has many uses in different industries thanks to its excellent
formability, resistance to corrosion and environmental effects, and high
strength-to-weight ratio. It is used in various fields such as the food industry,
electrical and electronics industry, automotive and aerospace industries, and
construction applications. The physical properties of multi-component
aluminum alloys depend on the specific chemical composition, particularly
the alloying elements and their ratios. Silicon, copper, and magnesium are
the predominant alloying elements used in aluminum casting alloys, with
residual amounts of iron and zinc. AlSi alloys are prevalent in structural uses,
while Al-Si—Cu alloys are mainly utilized in powertrain and transmission
applications. In recent years, there has been an increase in the use of Al-
Cu-Si alloys in various industries due to their favorable characteristics,
which include easy formability, low weight, excellent electrical and thermal
conductivity, and high resistance to corrosion.

This study examines the measurement of eutectic spacing (A) of
Al-26.5Cu-6Si (wt.%) eutectic alloy solidified at various rates. The
relationships between eutectic spacing and solidification rate were
investigated using linear regression analysis and the Hall-Petch equation.
Furthermore, the results obtained from this study were compared with
experimental findings of binary Al-Cu and ternary Al-Cu-Si-Fe eutectic
alloys.

2. EXPERIMENTAL PROCEDURES

This research focuses on the Al-26.5wt.%Cu-6wt.%Si alloy, which was
prepared by melting 99.99% pure aluminum, 99.98% pure copper, and
99.97% pure silicon in a vacaum. The alloy was then cast into 10 graphite
molds and solidified in a Bridgman furnace, with each sample solidifying at
different growth rates (V=8.25-164.80 um/s) while maintaining a constant
temperature gradient (G=8.50 K/mm). After smoothing with SiC abrasive
paper, each sample was polished on a Struers TegraPol-15 polishing machine
and then etched in a solution containing 95 ml of distilled water and 5 ml of
hydrofluoric acid (HF) for 10-15 seconds.

To analyze the microstructures of the alloy samples, images of both
longitudinal and transverse sections were taken using a Nikon Eclipse model
optical microscope (OM) and a LEO model scanning electron microscope
(SEM). Energy dispersive X-ray microanalysis (EDAX) was used to
determine the composition of the samples. The eutectic spacing of the
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samples was measured using the linear intercept method [19], specifically
from the transverse sections. Details of the method are shown in Figure 1
[19].

Figure 1. () Measuvement of eutectic spacing for divectionally solidified Al-Cu-Si eutectic
alloy, (b) Schematic view in wide aven, (c) Schematic view in navvow aven, (linear intercept
method: A = X [(N,— 1). Where X, total length of lamella, N, the total number of lamella in
the area.

3. RESULTS AND DISCUSSION

3.1 Effect of growth rate on the eutectic spacing

Figure 2 displays the microstructure of an Al-26.5wt.%Cu-6wt.%Si
eutectic alloy, which solidified using a linear growth rate. Several solidification
parameters were used to examine the potential phases that could form
in Al-Cu-Si alloys. As shown in Figure 2b, when the alloy solidified at
a low growth rate and temperature gradient, a wholly developed eutectic
microstructure consisting of lamellar and irregular layers within a matrix
was observed.

Detailed investigations were conducted on the phase diagram of an
Al-based Al-Cu-Si ternary alloy [20] (Figure 3) and the solubilities of
the phases that are likely to form within the alloy. It was found that the
intermetallic phase ALCu has relatively small solubilities of silicon and
copper. Specifically, at the temperature of eutectic transformation (525 °C),
the maximum solubility of copper and silicon in solid aluminum was found
to be 4.5Cu and 1.18i, respectively [21-22]. Moreover, the composition of
the samples, consisting of the solid matrix Al, lamellar AL Cu, and plate Si
phases was quantitatively analyzed using Energy Dispersive X-ray Analysis
(EDAX). The obtained results are presented in Table 1. The identification
of the different phases presents in the Al-Cu-Si alloy with slow growth
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rate, including the o-Al matrix phase, ALCu intermetallic phase, and Si
plate phase, was determined using the phase diagram, solubility values, and
Energy Dispersive X-ray (EDX) results.

Table 1. The chemical composition analysis of Al-Cu—Si eutectic alloy by using SEM and

EDX.
Phase Al Cu Si
at.% wt.% at.% wt.% at.% wt.%
ALCu 80.83 64.17 19.17 35.83
Al-matrix 97.73 94.81 2.27 5.19
Si 100 100
Composition 79.19 66.47 13.92 27.52 6.89 6.02

The microstructures of the samples were observed to undergo changes
based on the growth rates, with the measurements indicating a decrease
in eutectic spacing as the growth rate increases. At a constant temperature
gradient, the maximum eutectic spacing was exhibited by the lowest growth
rate (V=164.80 um/s, G=8.50 K/mm), while the minimum eutectic
spacing was found for the highest growth rate (V=8.25 um/s, G=8.50 K/
mm). As the growth rate increased from 8.25 to 164.80 um/s, the average
spacing between phases of Al,Cu decreased from 5.66 um to 1.35 um, and
the average spacing between phases of Si decreased from 6.42 um to 1.28
wm.
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Figure 2. Tipical SEM images of the growth morphologies of divectionally solidified Al-Cu-Si
eutectic alloy with diffevent growth vate (V=38.25-164.80 um/s) at a constant temperature
gradient (G=8.25 Kfmm). (n) — (b) for V=825 umy/s, (c) — (d) for V=41.64 um/s, (e) - (f)
Jor V=164.80 um/s.
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Figure 3. The liquidus projection of the ternary Al-Si-Cu phase diagram at the Al-vich corner
[20].

Figure 4 presents SEM and optical microscope images of Al-Cu-Si
alloys solidified directionally, including Al-Cu-Si [This study], Al-Cu [17],
and Al-Cu-Si—Fe [18]. In Figure 4(a), the Al-Cu binary eutectic exhibits
regularly arranged Al Cu phases in the form of lamellae, while the regularity
is somewhat disrupted in the presence of silicon, as shown in Figures 4(b-c).
In this study, the Si phases present in the directionally solidified Al-Cu-Si
ternary eutectic are observed as irregular plates. Figure 2(e) illustrates that,
with an increasing growth rate, Si phases form colonies. According to Hunt
and Jackson [3], the high AS/R ratio is the primary reason. Here, AS denotes
the fusion entropy and R represents the gas constant. In Al-Si eutectic alloy,
the AS/R ratio is high for silicon (3.59), thereby inhibiting the simultaneous
growth and formation of regular aligned structures [23].
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Al33Cu Al32.5Cu-6Si

B -
S

7

Figure. 4 Tipical SEM (up) and optical (down) imayges of the growth morphologies of
directionally solidified Al-Cu, Al-Cu-Si and Al-Cu-Si-Fe eutectic alloy at a constant growth
rate (V=28.25 um/s) and temperature gradient (G=8.50 K/mm). (a) for Al-Cu eutectic alloy
[17], (b) Al-Cu-Si eutectic alloy [This work] and (c) Al-Cu-Si-Fe eutectic Alloy [18].

During the solidification process of the Al-Cu-Si alloy, the interface
between the ALCu and Si phases has lost its planarity, resulting in the
formation of phases that rise towards the liquid phase, as illustrated in Figure
5(a). At high solidification rates, as depicted in Figure 5(b), regular local
lamella structures have been observed in certain regions. Table 2 displays the
changes in average eutectic intervals based on growth rate. Accordingly, since
the microstructure changes in a logarithmic pattern with the growth rate,
we utilized linear regression analysis to establish theoretical and statistical
relationships between the variable parameters.
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a \V=8.25pm/s G=8.50K/mm V=81.25 pm/[s G=B.50K/mm

?::i:c::ase ; a2 a(Al}-ALCu regular sutectic

interphase

Longitudinal section

Longitudinal section:

Figuve 5 n) The solid-liquid non-planar interface, duving unidirectional solidification process,
b) The local regular eutectic zone at high growth rates. (V=81.25 um/s) for Al-Cu-Si
eutectic alloy.

Tible 2. The values of microstructuve, micvohardness, ultimate tensile—strength and electrical
vesistivity for divectionally solidified ternary Al-Cu—Si eutectic alloy.

xi:z.s) Solidification Parameters Eutectic Spacing

(K/im) ( MZ/S) 7\’(A12Cu) A (Si)
(nm) (um)

8.25 5.66 6.42

16.60 4.25 4.70

Al-26.5Cu-6Si 8.50 41.65 2.83 2.69

90.05 2.01 1.91

164.80 1.35 1.28

The relationship between eutectic spacing and growth rate is given
in Figure. 6. The correlation between variables was determined as
AaLcy) = 15.39 V7052 and Aspy = 20.49 v~25%_ The results were compared
with Al-Cu eutectic alloy and presented in Table 3. Experimentally obtained
exponential value are the most important parameters that give the relationship
between the growth rate and microstructure of alloys. In this study, 0.53 and
0.54 exponential value were calculated for Al,Cu eutectic lamellae and Si
eutectic plates, respectively, in Al-Cu-Si ternary eutectic alloy.
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When compared to similar studies in the literature, the exponential values
obtained for AL Cu eutectic spacing in Al-Cu binary alloys were 0.54 [17]
and 0.40 [15], while the values obtained for Al,Cu eutectic spacing in Al-
Cu-Ag ternary alloys were 0.50 [14], and for Si eutectic plates in Al-Si-Mg
ternary alloy, the value was 0.45. The exponential values of Si eutectic plates
in Al-Si-Ni ternary alloy, Si eutectic plates in Al-Si binary alloy, and ALCu
eutectic lamellae and Si eutectic plates in Al-CuSi-Fe quaternary eutectic
alloy were 0.50 [24], 0.46 [12], and 0.50 and 0.55 [18], respectively.
Notably, the values derived from this study closely resemble the exponential
value of 0.50 projected by Jackson—Hunt eutectic theory [3].

Table 3. The relationship between the eutectic spacing, microhardness, ultimate tensile
strength, electvical vesistivity and growth vate for some divectionally solidified alloys.

Alloys .
(wtdh.) Microstructure Ref.
Al-33Cu A= 13.52(V)0% [15]

Ma,cny =15 3900~

Al-26.5Cu-6Si
Agiy, = 20.49 (V)05

[This work]

A omy = 1474077050
Al-26Cu-6.58i-0.5Fe (et @ [18]
Ay = 25.13 (V)05

50 50

® 12344V (ALSi eutectic) [6] ® 22344V (A eutectic) [16]
® 1 =2049V 0% (ALCu-Si eutectic) [This work] ® 2,204V (ACu-Sieutectic) [This work]

NV ig=25.13V0%° (ALCu-SiFe eutectic) [18]

. v 2513V (ACuSiFeeutectic) [18]

3
/

Eutectic spacing, 5 (um)
/
Eutectic spacing, A (um)

1 10 100 1000 1 10 100 1000

Growth rate, V (um/s) Growth rate, V (um/s)

Figure 6. Variation of eutectic spacing (n) A (al,cwy 4 (b) A siyas a function of growth rate

at a constant temperature gradient (G=8.50K/mm) for ternary Al-Cu-Si eutectic alloys and

compare with the binary Al-Cu eutectic, Al-Si eutectic and quaternary Al-Cu-Si-Fe eutectic
alloys.
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4. CONCLUSION

The results can be summarized as follows: The experimental results
revealed eutectic transformation of the Al-26.5Cu—6Si alloy, leading to the
formation of matrix Al, lamella Al,Cu, and plate Si phases. As the growth
rate increases from 8.25 to 164.80 um/s, the eutectic spacing decreases from
5.66 to 1.35 for ﬁ(AIZCM) and from 6.42 to 1.28 for /1(31). Microstructure
were obtained as a function of growth rate: Ag gy ¢y =15.39 V™% and

Agsr) = 2049 VO
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Chapter 2

Geothermal energy utilization and sustainability
in Turkey

Kamil Kaygusuz'

Abstract

Geothermal energy is thermal energy generated by and stored in the Earth.
The Earth transfers about 40,000 GW of this heat to the atmosphere.
Geothermal resources consist of thermal energy stored within the earth in
rock, steam or liquid water. This energy source can be used indirectly for
electricity generation, for directly heating buildings, baths, greenhouses and
food processing. Geothermal power plants are typically 20-60 MW in size.
Plant designs vary and are determined by local resource characteristics such
as whether a well is dry or has geofluids present. Plant efficiency typically
varies between 10-23% and depends on the reservoir temperature as well as
the cooling system. Geothermal energy is an inexhaustible source of thermal
and electrical energy on a human time scale. Its utilization is friendly to
the environment and supplies base-load energy. Utilization of geothermal
energy increases the regional and local net product. Electrical energy from
geothermal resources can provide an important contribution to the base-load
electrical energy supply.

1. Introduction

Climate change and the increasing scarcity of fossil fuels have increased
the pressure worldwide for the development of alternative energy sources
that can replace fossil fuels. According to the United Nations Framework
Convention on Climate Change (UNFCCC), “climate change represents
an urgent and potentially irreversible threat to human societies and thus
the planet requires the widest possible cooperation by all countries” (UN,
2015). The Paris Agreement, signed in 2015, states that global greenhouse
gas emissions must decline to ensure that temperature increases remain as
close to 1.5 °C as possible. For to be feasible global carbon neutrality should
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be reached as close to 2050 as possible means that deep decarbonization of
energy systems must take place worldwide (UNGA, 2015; IEA, 2020).

The United Nations Sustainable Development Goals acknowledge the
need for deep decarbonization and the transformation of energy systems
towards sustainability emphasizing that in addition to addressing climate
change, lack of sustainability, access and affordability must be addressed
(UN, 2015). In 2020 approximately 42% of all inhabitants in developing
and emerging countries did not have access to high-quality cooking fuels. In
Africa and Sub-Saharan Africa, 46% and 55% of inhabitants, respectively,
did not have access to electricity, with overall access to electricity close to
86% in all in developing and emerging economies (REN21, 2022). Given
the need to enhance access and address increased demand, the International
Energy Agency expects energy demand worldwide to increase globally by
1.3% per year until 2040 (IPCC, 2012; OECD, 2020; IRENA, 2017; IEA,
2022).

On the other hand, fulfilling growing energy demand, enabling access
to the millions of individuals without access to high-quality energy and
reducing emissions of greenhouse gases (GHGs) requires a radical departure
away from the fossil fuel focused business-as-usual scenarios of the past.
What needs to replace past emphasis is a new energy paradigm that will
encourage transforming our current energy systems towards relying on
sustainably used low-carbon energy resources. This new paradigm, coined
sustainable energy development (SED) differs from the conventional energy
development paradigm in at least eight important aspects (Spittler et al.,
2019; Gunnarsdottir et al., 2021; Davidsdottir and Axelsson, 2022).

Sustaining the yield of renewable energy resources for a long time is
generally agreed to be a necessary but not a sufficient requirement for
the utilization of energy resources to support sustainable development.
Sustainable energy development requires that energy resources are in the
long run readily available and accessible at an affordable cost and where
negative social or environmental impacts are minimized and positive social
and economic implications amplified (Dincer, 2000; UNDED, 2000). On the
other hand, geothermal energy has not until recently become a significant
source of electricity and heat, with of course exceptions in countries such
as the USA, Indonesia, Iceland and Italy (DiPippo, 2022). Geothermal
energy is to be considered a renewable energy source, but its development
and use can have significant multi-dimensional sustainability implications
(Axelsson, 2010, 2021). Given the certainty that geothermal energy usage
is set to increase substantially and it is important to ensure that geothermal
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sources are developed in a sustainable manner for electricity generation
projects (Barbier, 2002; Lund, 2021). Until now no framework however
exists to enable formal assessment of the sustainability of geothermal energy
development and use (Fridleifsson, 2001; Fridleifsson et al., 2008; Frick et
al., 2010; Axelsson et al., 2010; Kaygusuz, 2011; 2012; Baba et al., 2014;
Glassley; 2015; Baba, 2019; Basosi et al., 2020). This chapter examines the
role of geothermal energy in the context of sustainable energy development.
Particular focus on how the use of geothermal energy can contribute to
the development of sustainable energy systems. Thus aiding the transition
towards decarbonized energy systems and global sustainability.

2. Energy demand and sustainability

2.1. Global energy demand

The current energy crisis is reshaping previously well-established demand
trends. Consumers are adjusting their patterns of energy use in response to
high prices and, in some cases, emergency demand reduction campaigns.
Policy responses vary, but in many instances, they include determined efforts
to accelerate clean energy investment. This means an even stronger push
for renewables in the power sector and faster electrification of industrial
processes, vehicles and heating. At the global level, primary energy demand
would increase from circa 14 976 Mtoe in 2021 to 16 152 Mtoe in 2030
and further to 17 760 Mtoe by 2050 (Table 1 and Figure 1). This energy
demand dynamics, driven by a growing population, further needs for energy
services and increasing living standards. This high energy demand would
be partially mitigated by the decline in the energy intensity of GDP (IEA,
2022; REN21, 2022).

Table 1. Wovld energy supply (Mtoe).

2021 2030 2040 2050
Total energy supply 14976 | 16152 | 16992 | 17760
Coal 3960 3624 3072 111
Natural gas 3504 3600 3528 3530
Oil 4392 4724 4728 4730
Nuclear 720 888 1032 1104
Hydropower 384 432 504 600
Solar 120 432 864 1248
Wind 168 408 696 912
Biomass 984 1344 1632 1968

Mtoe: Million tons of 0il equivalent; Source: IEA, 2022
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Figure 1. World primary energy demand and the shave of energy sources (IEA, 2022).

2.2. Energy and sustainable development

Sustainable energy deeply influences people’s lives and is an engine for
poverty alleviation, social progress, women/youth empowerment, equity,
enhanced resilience, economic growth and environmental sustainability.
Over the centuries, energy has helped transform economies and societies,
spurring industrialization and raising living standards (WCED, 1987).
Energy is indispensable for fulfilling numerous basic human needs,
including nutrition, warmth, light, communities and nations. It helps to
realize human rights, including the right to work, the right to education
and the right to better health. The global trend towards an electricity-based
economy in modern society where governments, businesses and citizens
rely heavily on electricity makes energy all the more relevant for accessing
modern forms of communication and engaging in economic activities such
as online commerce and market places (UNDP, 2000; IPCC, 2012; Shortall
& Davidsdottir, 2017; UNDP, 2016; Wang et al., 2020).

Energy deficiencies can generate wide-reaching social consequences.
Furthermore, energy consumption varies greatly in terms of the quality
and quantity of access. Indeed, about 1.1 billion people lack access to any
electricity whatsoever. Nearly 2.9 billion people use solid fuels such as wood,
coal, charcoal, agricultural residues or animal waste to cook their meals and
heat their homes. This exposes families to smoke and fumes, causing serious
health impacts and resulting globally in more than 4 million premature
deaths each year. In fact, women and children accounted for over 60% of all
premature deaths from household air pollution (UNDD, 2016Pratiwi et al.,
2018; Spitter et al., 2019; Paulillo et al., 2020).
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3. The Millennium Development Goals (MDGs)

3.1. Introduction

The Millennium Development Goals (MDGs) are the international
community’s bold commitment to halving poverty in the world’s poorest
countries. While some of the world’s poor countries have seen tremendous
success in poverty reduction over the past decades and are on track to achieve
the MDGs, many others are lagging. Energy services refer to the services
that energy and energy appliances provide. Such services include lighting,
heating for cooking and space heating, power for transport, water pumping,
grinding, and numerous other services make possible. Achieving all of the
MDGs will require much greater energy inputs and access to energy services.
Failure to include energy considerations in national MDG strategies and
development planning frameworks will severely limit the ability to achieve
the MDGs. As such, the following key recommendations point to priority
energy interventions that national governments should take to support
achieving the MDGs at the national level (IPCC, 2012; Martin-Ganboa et
al., 2015; UNDP, 2016; Nerini et al., 2017).

3.2. Sustainable energy development (Goal 7)

GOAL 7 of the SDG’s aims to “ensure access to affordable, reliable,
sustainable and modern energy for all”. Three core targets are to be reached
under this goal; ensure universal access to affordable, reliable and modern
energy services. Also, increase substantially the share of renewable energy
in the global energy mix; and double the global rate of improvement in
energy efficiency (Goldemberg, 2000; Gunnarsdottir et al., 2021). In
addition, two goals address international cooperation; enhance international
cooperation to facilitate access to clean energy research and technology.
Also, includes renewable energy, energy efficiency, and advanced cleaner
fossil-fuel technology. On the other hand, promote investment in energy
infrastructure, clean energy technology, expand infrastructure and upgrade
technology for supplying modern and sustainable energy services for all in
developing countries. Especially, in least developing countries, small island
developing states, and land-locked developing countries, in accordance with
their respective programs of support (UNGA, 2015; Davidsdottir and
Axelsson, 2022).

Several characteristics of geothermal energy resources are particularly
important when considered in the context of SDG7. These include;
renewability and reliability in supply and relative independence from
climatic and socio-political events, the location often in remote rural areas
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and the ability to be harnessed in small centralized units. These features,
among others, enable unconnected remote and rural areas to gain access
to reliable, and modern high-quality energy (Shortall et al., 2015; 2016).
Access to high-quality energy, such as electricity is key to economic and
social development. Low-enthalpy geothermal resources are widely available
throughout the world, and currently at least 88 countries apply direct use
of geothermal heat (Lund and Toth, 2020). Global geothermal electricity
generation capacity in 2021 was 16,406 MW (REN21, 2022). Significant
potential exists worldwide, not the least in areas where rural populations do
not have access to electricity. This is for example the case in various countries
in sub-Saharan Africa where over 55% of the population does not have access
to electricity (Modi et al., 2005; Manzella et al., 2019; REN21, 2022).

As geothermal energy is considered a renewable energy source, and is
in most cases produced and used domestically, investment in geothermal
energy increases the fractional share of renewable energy in total primary
energy use. When aiming for an improved rate of global energy efficiency,
the target indicator for each nation is a metric of national economic intensity
measured as primary energy per GDP. This ratio indicates the efficiency at
which each nation uses its primary energy to produce economic output.
While direct uses of geothermal energy are efficient, the efticiency of
indirect use for electricity generation depending on the temperature of the
geothermal resource and the type of plant technology used. Overall, the
thermal efficiency of geothermal electric plants is relatively low, ranging
from 9% to 23% (Lacirignola and Blanc, 2013; Menberg et al., 2021).

As a result, it is vital, if geothermal power is used indirectly for electricity
generation to ensure that the waste fluids are utilized at cascading levels
of lower heat or re-injected (Shortall et al., 2015, 2016, 2017). Direct use
is more efficient than indirect use and places less demanding temperature
requirements on the heat resource rendering direct use both available and
competitive at many more sites than geothermal electricity generation. Heat
for direct use may come from natural hot springs, boreholes, cogeneration
from a geothermal power plant, or from geothermal heat pumps. In areas
where natural hot springs are available to warm water can be directly pumped
and used in district heating or for other uses.

4. Geothermal power to sustainable energy development

4.1 The Use of Geothermal Power

Geothermal resources have been identified in 94 countries, and there
is quantified information of use in 72 countries, with 24 countries relying
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on geothermal power for electricity generation (Davidsdottir and Axelsson,
2022). From very early on, humans have used the geothermal energy that
flows from underground reservoirs to the Earth’s surface. Geothermal energy
was for the first time in the twentieth century harnessed on a large scale for
space heating, electricity generation, and industry. Today, geothermal energy
primarily is utilized in three technology categories (Stober and Buncher,

2013):

* Heating and cooling buildings via geothermal heat pumps that utilize
shallow sources;

* Heating structures with direct-use applications; and
* Generating electricity through indirect use.

The global technical potential of geothermal resources suitable for indirect
use of electricity generation to be 340 GWe and use of lower temperature
resources for direct use to be 240 EJ /yr. Approximately one-third of the direct
use is through ground source heat pumps and by 2050 electricity generation
potential may reach 70 GWe. Especially, two developing countries such as
China and Turkey, the amount of geothermal electricity is growing very
fast. Table 2 shows top countries in 2020 for installed capacity including
geothermal heat pumps (Ogola et al., 2011; 2012; McCay et al., 2019;
Lund, 2020; Toth et al., 202).

Table 2. Global installed geothermal capacity including geothermal heat pumps (> 2000

MW,)
Country Installed capacity (MW,,) Major use(s)
China 40 600 Bathing, district heating
USA 20 700 Heat pumps, bathing
Sweden 6 680 Heat pumps, district heating
Germany 4 806 District heating
Turkey 3490 District heating, bathing
France 2 600 Heat pumps, district heating
Japan 2570 Bathing, heat pumps
Iceland 2370 Bathing, district heating
Finland 2 300 Heat pumps
Switzerland 2200 Heat pumps, space heating
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4.2. Geothermal heat pumps

GHPDs harness the low-temperature geothermal energy stored in soil, rock,
surface water or groundwater and make this energy available for heating and
cooling. Geothermal energy is any energy stored in or derived from the
Earth; it is not limited to places with ‘hot ground’ like Rotorua or Taup[Jand
is available nationwide. It is derived from three major sources: volcanic
systems; stored energy from the sun; and energy radiated from the Earth’s
core. Stored energy from the sun and energy radiated from the Earth’s core
generate lower temperate geothermal energy that can be utilized by GHPs.

As mentioned above, GHP systems can provide space cooling also. In
a moderate climate, in summer, the ground below about 15 m depth is
significantly colder than outside air. Thus, a large geothermal store with
favorable heat capacity is available where the heat can be exchanged. The
thermal capacity of the system depends on the thermal and hydrogeologic
characteristics of the installation site. So, these must be carefully considered
in system dimensioning. In summer, most of the time, the HP can be
bypassed and the heat carrier fluid is circulated through the ground by the
BHEs and through the heating/cooling distribution. By these means, the
heat is collected from the building and deposited in the ground for extraction
in the next winter. In a moderate climate, BHEs deeper than about 200
m cannot cool enough in summer. Figure 2 shows the normal and reverse
modes of HPs. Fig. 3 also shows the three main components of GHPs: (1)
the heat source (in this case a BHE); (2) the HP; (3) the building’s heating/
cooling system. Small pumps, circulating the heat carrier through the HP’s
evaporator and the BHE and another circulating the heated/cooled medium
to the user, are not shown. Table 3 also shows the leading countries in 2020
in terms of direct use annual energy use, including geothermal heat pumps.
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Figure 2. Heat pump in a GHP, heating mode (left) and cooling mode (vight).
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Figuve 3. Scheme of free cooling with a geothermal heat pump. BHE: bovehole heat
exchanger, HP: heat pump, HE: heat exchanger.

Table 3. Top countries in 2020 for divect geothermal use including heat pumps (>12 000
T fyear)

Country Geothermal use (TJ/year) Major use(s)

China 443 000 Bathing, district heating
USA 153 000 Heat pumps, bathing
Sweden 62 400 Heat pumps, district heating
Turkey 54 600 District heating, bathing
Iceland 33 600 Bathing, district heating
Japan 30 700 Bathing, heat pumps
Germany 29 100 District heating

Finland 23 400 Heat pumps

France 17 300 Heat pumps, district heating
Canada 14 500 Heat pumps, bathing
Switzerland | 13 300 Heat pumps, space heating
Norway 12 600 Heat pump

As this lower-temperature geothermal resource is available from
practically any building site in the country, GHPs have significant potential
in New Zealand. They can be used for space heating and cooling in buildings,
heating swimming pools, providing domestic hot water and supporting
industrial heat use. GHPs are suitable for small applications (e.g. residential
buildings requiring 5 kW to 30 kW systems) to large applications (e.g. large
buildings and district heating schemes of 100 kW to 1000 kW). GHPs
utilise a naturally replenished, renewable energy source that is available all
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year round; they are efficient, low maintenance, durable, quiet and reliable
(DiPippo, 2016; Dincer and Ozturk, 2021).

On the other hand, GHPs work by collecting geothermal energy through
a ground loop and then transferring this heat energy to an end use such as
heating a building. They can also work in reverse to provide cooling by
collecting heat energy from inside a building and disposing of it via the
ground loop. Depending on the location and characteristics of the site, the
ground loop can be installed vertically or horizontally, using straight pipe
or in a series of coils, and as an open or closed (extracting/disposing of heat
only) system.

Heat pump
i

Backfilled borehole,
10 em dia

~Z ™\ Borehole depth
50-300 m
Single or double
U-tube / \

Figure 4. Sketch of & GHP system with a single BHE. Coloved avrows indicate
civculation in the U-tube heat exchanger, black avrows heat extraction from the ground
(heating mode in winter). In summer the arvows ave veversed; beat is extracted firom the

building and stoved in the ground.

There is great potential for the use of geothermal heat pumps as they take
advantage of the fact that the uppermost 3 m of the Earth’s crust maintains
temperatures ranging from 10 to 15.5 °C. Consequently, most areas of
the world are suitable for the installation of geothermal heat pumps. For
example, European countries have good potential, especially Sweden had
the largest installed heat pump capacity. A geothermal heat pump system
can have different features but, for example, consists of pipes buried in
the shallow upper layers of the ground, with a connection to a ventilation
system of an adjacent building, relying on the ground as a heat exchanger.
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A liquid is passed through the pipes, and as the ground is naturally warmer
than the atmosphere in the winter, it absorbs the warmth and delivers it to
the building. In the summer, the circulation can be reversed, cooling the

building by bringing warmth from the building to the ground.

4.3. Direct use

Direct-use applications utilize groundwater that in most cases has
been heated to less than 100 °C. Direct use of geothermal energy includes
use in urban areas such as for melting of snow, in industrial processes, in
agricultural and aquaculture production by heating greenhouses, soils, and
aquaculture ponds. Direct use also includes use in swimming pools and
spas and as such is very important to tourism, as well as in residential and
regional heating. In various countries, the direct use of geothermal power
significantly contributes to the total energy use. In Iceland, for example,
approximately 90% of residential and commercial buildings are heated with
geothermal water. Larger countries such as China have geothermal water
in almost all provinces and is expanding direct utilization at a rate of about

10% per year.
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Figuve 5. Ground source heat pump system.

4.4. Power generation

Indirect use of geothermal power conventionally involves the production
of electricity. In 2022, 24 countries produced electricity using geothermal
power. During electric power generation from geothermal power, wells are
drilled into geothermal reservoirs where temperatures may exceed 360 °C,
leading the steam or the water to a geothermal power plant. Three types of
geothermal power plants are operating today:
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* Dry steam plants are used when geothermal steam is directly used to
turn turbines. In this case, steam is brought to the surface under its
own pressure where the steam is utilized to turn the turbines of an
electrical generator.

* Flash steam plants rely on high-pressure hot water, pulling it into
lower-pressure tanks, creating flashed steam that is used to drive
turbines.

* Binary cycle plants pass (in separate piping) moderately hot geothermal
water by a secondary fluid, such as ammonia, with a much lower
boiling point than water. This causes the secondary fluid to create
steam, which then drives the turbines onward.

Five countries, Costa Rica, El Salvador, Iceland, Kenya, and the
Philippines, obtain 20-30% of their national electricity production from
geothermal power (Parisi et al., 2019). The United States produced 15 000
MW from geothermal power plants in 2020, supplying electricity to about 8
million people (Dinger and Ozturk, 2021; Karlsdottir et al., 2020).

4. 5. Present situation and Future developments

Geothermal resources are distributed throughout the Earth’s crust with
the greatest energy concentration associated with hydrothermal systems
in volcanic regions at crustal plate boundaries. Yet exploitable geothermal
resources may be found in most countries, either as warm ground water in
sedimentary formations or in deep circulation systems in crystalline rocks.
Shallow thermal energy suitable for ground-source heat-pump utilization
is available worldwide and attempts are underway at developing enhanced
geothermal systems in places where limited permeability precludes natural
hydrothermal activity (Bayer etal., 2013; Bravi and Basosi, 2014; Buonocore
et al., 2015; DiPippo, 2016; Davidsdottir and Axelsson, 2022).

The theoretical potential of the Earth’s geothermal resources is enormous
when compared to its use today and to the future energy needs of mankind.
Stefinsson (2005) estimated the technically feasible electrical generation
potential of identified hightemperature geothermal resources (4200 °C) to
be 240 GWe, which is only a small fraction of resources, assumed to be
unidentified. He also indicated the most likely direct use potential of lower
temperature resources (150 °C) to be 140 EJ/year. It’s utilization is still
miniscule compared with the Earth’s potential, but estimates predict that it
could fulfill around 3% of global electricity demand, as well as 5% of global
heating demand by 2050 (IPCC, 2012).
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The production capacity of geothermal systems is controlled by their
long-term response to the production, mainly manifested by pressure decline
but also slow cooling in some cases. If the pressure decline is too great
geothermal wells dwindle in output, or even cease to produce. The pressure
decline is determined by the rate of production, on one hand, and the
nature and characteristics of the geothermal system. Geothermal resources
are generally classified as renewable as they are maintained by a continuous
energy current. In addition, geothermal resources simply don’t fit well with
non-renewable energy sources like coal and oil. Classifying geothermal
resources as renewable has been disputed, however, on the grounds that
geothermal energy utilization actually involves heat mining (Lund, 2021).

Classifying geothermal resources as renewable is an oversimplification and
they are of a double nature; a combination of current energy development
and stored. The renewability of these two aspects is quite different as the
energy current is steady while the stored energy is renewed relatively slowly
(Kristmannsdottir and Armannsson, 2003; Axelsson, 2011; Patiwi et al.,
2018). When evaluating the contribution of geothermal energy to Sustainable
Development and Sustainable Energy Development, it is useful to review
the implications directly in the context of the Sustainable development goals
(SDG) (Table 4) (Karlsdottir et al., 2020).

Tible 4. The United nation’s Sustainable Development Goals (SDG’s).

Sustainable development goals Dimensions
Goal 1: End poverty in all its forms everywhere Social
Goal 2: End hunger, achieve food security and improved nutrition and promote sustainable agriculture Social
Goal 3: Ensure healthy lives and promote well-being for all at all ages Social
Goal 4: Ensure inclusive and equitable quality education and promote lifelong learning opportunities for all Social
Goal 5: Achieve gender equality and empower all women and girls Social
Goal 6: Ensure availability and sustainable management of water and sanitation for all Environmental
Goal 7: Ensure access to affordable, reliable, sustainable and modern energy for all Energy specific
Goal 8: Promote sustained, inclusive and sustainable economic growth, full and productive employment and decent
work for all Economic

Goal 9: Build resilient infrastructure, promote inclusive and sustainable industrialization and foster innovation
Economic

Goal 10: Reduce inequality within and among countries Economic
Goal 11: Make cities and human settlements inclusive, safe, resilient and sustainable Social
Goal 12: Ensure sustainable consumption and production patterns Economic
Goal 13: Take urgent action to combat climate change and its impacts Environment

Goal 14: Conserve and sustainably use the oceans, seas and marine resources for sustainable development
Environment

Goal 15: Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat

desertification, and halt and reverse land degradation and halt biodiversity loss Environment
Goal 16: Promote peaceful and inclusive societies for sustainable development, provide access to justice for all and
build effective, accountable and inclusive institutions at all levels Social

Goal 17: Strengthen the means of implementation and revitalize the global partnership for sustainable development
Overarching
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The utilization of geothermal sources is an environmentally friendlier
energy option and has much more diverse application areas than the
other renewable sources. Moreover, it does not depend on climate
conditions. Nevertheless, just like the other renewable energy production
areas, geothermal facilities are also not free from negative environmental
impacts. The wastes produced by geothermal systems include toxic metals.
Geothermal plants may also smell and produce noise pollution during
construction, drilling wells and the escape of high-pressure steam during
testing. Therefore the local residents living nearby of a geothermal plant
should be informed by the project owners about the benefits and potential
adverse effects (Dickson and Fanelli, 2003; Karlsdottir et al., 2020; Lund
and Torh, 2020; Dincer and Ozturk, 2021).

The main economic benefit of a geothermal plant can be the creation
of short-and long-term employment opportunities for the local residents.
Furthermore, the plant owners may purchase some necessary materials and
equipment from local sources. Another benefit of a geothermal power plant
can be providing district heating systems to the close residents or farms.
Agricultural crop production can be benefited from the heating system.
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Tible 5. Environmental impacts of geothermal energy.

Land Use Land use varies between 200-30,000 m?>/MW, or 0.04-6 m?a/MWh.
Geological Geothermal energy production is associated with extensive
Hazards extraction or circulation of geofluids and/or steam, large-scale and

local manipulation of the shallow and deep ground. Landslides,
subsistence, fractures, explosions and changes in natural seismicity
have been connected to geothermal facilities.

Noise High noise levels are associated with drilling and well testing.
Thermal The energy lost in the form of waste heat 1s around 4-10 times that
Effects in the electricity generated, and is hence higher than for fossil fuel

power plants of similar capacity.

Atmospheric | Geofluids contain many contaminants. Pollutants such as hydrogen
Emissions sulphide (H,S), CO,, and CH, are often discharged to the
atmosphere. These non-condensable gases (NCG) are released from

flashsteam and dry-steam power plants, because in contrast to steam,
the gases do not condense at the turbine outlet. Emissions may also
include trace amounts of mercury (Hg), ammonia (NH,), radium
(Ra) and boron (B).

Solid waste Liquid-dominated high temperature geothermal fields can result in

emissions significant waste of geothermal fluids. Critical contaminants of steam
emissions, such as H,S, B, NH,, Hg often occur in the fluids, as well as
metals such as arsenic (As), lead (Pb), cadmium (Cd), iron (Fe), zinc
(Zn), antimony (8b), lithium (Li), barium (Ba) and aluminium (Al).

Water use Water is used extensively in geothermal generation, especially for

drilling, cooling, and to supplement steam production. The extent
of cooling water use depends on the technology; air-cooled systems
having a much lower water use, but also a lower efficiency and

higher energy cost.

5. Conclusions

Geothermal energy is a type of renewable energy which is generated within
the earth and can be used directly for heating or transformed into electricity.
An advantage of geothermal energy over some other renewable energy sources
is that it is available year-long and can be found around the globe. However,
for electricity generation, medium- to high-temperature resources, which are
usually close to volcanically active regions, are needed. Geothermal power has
considerable potential for growth. The amount of heat within 10 000 metres
of the earth’s surface is estimated to contain 50 000 times more energy than
all oil and gas resources worldwide. Moreover, there is a strong economic case
for the deployment of geothermal energy. The costs for electricity generation
from geothermal technologies are becoming increasingly competitive, and
they are expected to continue to drop through 2050.
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Geothermal resources can significantly contribute to sustainable energy
development and thereby contribute to reaching Sustainable Development
Goals. Geothermal energy is considered renewable, affordable and a stable
energy source that can be utilized in small-scale units in remote areas. The
geothermal reservoir must be carefully managed to avoid a reduction in
overall yield and should be rested at times. If used in direct-use applications
such as for district heating, the efficiency of use is relatively high. However,
in indirect-use applications, the efficiency is significantly lower, and therefore
cogeneration, and reinjection is recommended (Buonocore et al., 2015;
DiPippo, 2022; Dinger and Oztiirk, 2021).

The social and economic implications of utilizing geothermal energy are
likely to be significant and positive if properly managed. The impact on
local communities can be profound in particular if cascading use is applied
creating abundant local employment opportunities and value creation.
GHG emissions are on average lower when compared to emissions from the
burning of fossil fuels and if the Carbfix method is applied, all operational
GHG emissions can be mitigated from geothermal power plants. Other
environmental impacts of geothermal development can be mitigated, but
if left untreated can become significant. This includes the potential for air
pollution such as H,S emissions and the potential for water and thermal
pollution but all can be mitigated with proper management.

Geothermal energy is widely used for many applications such as power
generation, district heating, chemical production, greenhouse application,
snow melting, fish production, industry and thermal tourism. However,
geothermal brine can be extremely difficult to handle. Geothermal fluids
display high contents of elements and gases. Therefore, they can severely
affect the environment such as air, soil and water resources. In essence,
with its high dissolved constituents and thermal content, geothermal fluid
is known to have significant impacts on the environment when disposed
of in an uncontrolled manner. In parallel to developing geothermal energy
applications, many countries start to find innovative solutions for minimizing
the environmental problem and using waste from geothermal fluid for the
economy. The recovery of valuable elements and minerals from geothermal
fluid has been studied for years and new methods have been developed
recently. Mineral recoveries such as lithium, boron, gold, mineral extraction
from geothermal fluid and return water is an advanced method of mining
and in some way reducing environmental impact.

Acknowledgment: The author acknowledged the Turkish Academy of
Science for financial support during the preparation of this chapter.
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Chapter 3

Investigation and Comparison of Climate
Boundary Maps Generated with Various Climate
Classifications 3
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Abstract

Climate has continuously undergone change throughout history.
Understanding this change contributes significantly to the determination
of boundaries for different climate types. Climate classifications aim to
differentiate various climate types and identify similar or different locations.
This facilitates the sustainable use of local resources and the development
of land use plans. Additionally, comprehending the impact of climate on
property is crucial for its management and regulation, enabling a more
organized approach to property utilization.

In this context, various climate classification methods have been developed.
These methods assist in determining local climate differences, tracking
changes over time, and establishing boundaries suitable for different climate
types. This study aims to create climate boundary maps for Burdur province
using Koppen, Trewartha, de Martonne, Aydeniz, Ering, and Thornthwaite
methods. Within the scope of the study, data from 11 meteorological
observation stations in Burdur province have been organized within a
Geographic Information System (GIS) and classified into climate types.
Finally, climate boundary maps representing the entire region were generated
using the Kriging interpolation method based on the identified climate
classification.
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1. Introduction

Processes dominant on earth are controlled by various forces, and
depending on the qualities and quantities of these forces, different
environments and ways of life emerge. These environments are determined by
different criteria for each subject, and for climatology, they are characterized
by the prevailing weather conditions. In climatology, the average character
of the prevailing weather is revealed by climate classifications. Climate is
defined as the combination of the average characteristics of all weather
conditions observed over long periods of time in any region of the earth,
along with the temporal distribution of these events, observed extreme
values, severe events and all variations (Tiirkeg, 2010). Here, long periods
of time refer to a time span of 300-500 years in geological time scales. In
these geological time scales, climates are constantly changing. Climate is a
factor that controls human life and shapes the geographical environment
(Erol, 1999). Climate has been an important issue since the existence of
humanity. Many climate classification methods have been developed and
used in line with the studies carried out by scientists conducting studies on
climate. The most well-known of these methods include Koppen (1884),
De Martonne (1942), Thornthwaite (1948), Strahler (1951), Emberger
(1955), Holdridge (1947), Geiger (1961), Ering (1965), Schendel (1968),
Trewartha (1968), and Aydeniz (1973).

According to Kadioglu (2012), extreme weather events in recent years
(such as temperature increases, intense and sudden rainfall, more frequent
storms, etc.) have emerged as significant consequences of climate change.
Furthermore, there is emphasis on how climate change leads to extreme
weather events, and how these events in turn exacerbate socio-economic
conditions, leading to disasters. This emphasis is discussed within the context
of the project “Supporting Activities for the Preparation of Turkiye’s Second
National Declaration on the United Nations Framework Convention on
Climate Change”. This project highlights the need for adaptation efforts
to reduce disaster risks associated with climate change, and conversely, for
disaster risk reduction efforts to contribute to climate change adaptation
(Kadioglu, 2012). In summary, in light of all these findings, it is strongly
emphasized, particularly for Turkiye but also globally, that efforts must be
made to prevent adverse effects stemming from climate change.

It is observed that meteorological and hydrological natural disasters are
frequently encountered in Turkiye, as in the rest of the world. Especially due
to Turkiye’s geographical location, it has been determined that climate change
varies significantly, and climate regions are classified differently. As a result
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of the presence of different climate regions, meteorological and hydrological
disasters, particularly floods and flash floods, are frequently observed
(Kadioglu, 2012). On the other hand, with the uncontrolled increase in
temperature in Turkiye, climate change takes on different dimensions and
this increase in temperature causes precipitation to become irregular. As a
result, disaster events occur that affect a large segment of the society, such as
floods, floods, drought, desertification, fire, and atmospheric changes (Akay,
2019).

Climate classification methods are used to make analyses such as
regional and spatial climate classification, meteorological, agricultural, and
hydrological droughts, humidity, forest fires, agricultural diversity, suitability
for settlement, and tourism planning. Hydrological and climatological
research is necessary to determine the interaction between water resources
and settlement areas (Keskin Citiroglu, 2012).

In this study, climate boundary maps of Burdur province based on
Geographic Information System (GIS) were created by applying Koppen,
Trewartha, de Martonne, Aydeniz, Ering, and Thornthwaite climate
classification methods, along with the Kriging interpolation method. The
climate classification methods selected in this study are those used in MGM
(2017). Data from 11 meteorological stations located in Burdur province
were used. Water balance sheets of the studied stations were prepared.
Monthly average temperature and monthly total precipitation, as shown in
the water balance sheets, were calculated for all stations between the years
1990 and 2020. The findings obtained as a result of this study are presented.
Additionally; this study attempted to identify the water cycle and monthly
variations between the atmosphere and the ground specific to the region.

It is believed that this study will provide guidance for the assessments
that local governments will make regarding climate change and water
crises. Furthermore, it is aimed that the results obtained in this study will
contribute to future studies in which local governments in the province focus
on integrated climate and water policies and contribute to these efforts.

2. The Importance of Creating Climate Boundary Maps

Today, climate change is causing serious concern worldwide. Changes in
climate systems affect many sectors and have negative impacts on natural
life. Therefore, efforts to combat climate change and adapt to it have become
more critical than ever. Climate boundary maps are critical tools to guide
decision-making processes in various sectors and to combat climate change.
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Determining geographical boundaries is important in order to examine
the effects of climate on the earth and to prevent the negative effects of
climate change in a more planned and comprehensive way. Climate
boundaries are determined by classifying different climate types; climate
classifications emerge as important tools in drawing climate boundaries by
addressing changes in climate types and analyzing and verifying changes
occurring in climate types. Determining climate classes allows for temporal
analysis of climate change monitoring, and changes in climate boundaries of
different climate types can be tracked (Colak and Memisoglu Baykal, 2021).

Ditterent climate classification methods have been developed to determine
climatic boundaries. When the literature is examined, it is observed that
climate classifications were first formulated by Wladimir Koppen in 1884
(Koppen, 1884) and have changed over time and appeared with difterent
methods. Today, the most-used climate classification methods belong to
Geiger (1961) (modified version of Koppen (1918)), de Martonne (1942),
Holdridge (1947), Thornthwaite (1948), Strahler (1951), Emberger
(1955), Ering (1965), Trewartha (1968), Schendel (1968), and Aydeniz
(1973). These methods enable detecting regional differences in climate types,
examining their changes over the years, and creating different boundaries
appropriate to climate types. Thus, it is possible to determine boundaries
where regional climate differences are observed.

In Turkiye, studies are carried out both on climate classification and on
developing methods in this field. Ering (1949) initially classified climate
types in Turkiye according to the Thornthwaite classification and then
carried out a study on the degree of drought and humidity in Turkiye
(Ering, 1950) and revealed the equation named after him (Ering, 1965).
Ertiirk and Bayar (1984) mapped the stations in Turkiye by revealing their
monthly and annual status according to the Ering formula. Sezer (1988),
influenced by Thornthwaite climate classification, introduced the index
named after him. Avcr (1992) and Cigek (1996) analyzed the meteorological
stations in Turkiye according to Thornthwaite climate classification. Unal
et al. (2003)’s cluster analysis results have a climate classification feature.
A grouping study based on rainfall was also conducted by Tiirkes and Tath
(2011). The Holdridge life zone (HLZ) study by Tatl and Dalfes (2016)
has also been an important step in determining climate regions in Turkiye.
The Thornthwaite climate database produced by Yilmaz and Cigek (2016)
has been a new study for determining Turkish climate regions, containing
a considerable amount of detail. Oztiirk et al. (2017) determined Turkiye’s
Koppen-Geiger climate types using monthly temperature and precipitation
data, presenting the results in graphical and visual formats. Polat and Siinkar
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(2017) determined the climate characteristics of Rize, Turkiye using the
Thornthwaite climate classification method, utilizing long-term observation
data from meteorological stations. Yimaz and Cigek (2018) identified
detailed climate types in Turkiye according to the Koppen-Geiger method
using monthly average temperature and total precipitation data, as well as
global monthly average temperature and monthly total precipitation data
with a resolution of approximately 30 minutes (about 1 km). Celik et al.
(2018) classified climate trends according to the Standardized Precipitation
Index (SPI), Ering, de Martonne, Aydeniz, and Thornthwaite climate
classification methods based on meteorological data.

3. Materials and Methods

3.1. Study Area

Antalya

N ——L I
Anher/

Figuve 1. Location map of the study avea

The study area, Burdur, is located between 29°22°-30°54° Eastern
longitudes and 36°52’-°50° Northern latitudes (see Figure 1). Surrounded by
Isparta in the east, Antalya in the south, Mugla and Denizli in the west and
south-west parts, and Afyon provinces in the north, Burdur is an important
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city of the Western Mediterranean Region due to its transition position to
the Aegean and Central Anatolia Regions. Burdur consists of 11 districts
including Aglasun, Altinyayla, Bucak, Burdur (Merkez), Cavdir, Celtikgi,
Golhisar, Karamanli, Kemer, Tefenni, and Yegilova.

Among the important natural lakes within the Lakes Region where the
entire province is located are Burdur Lake, Salda Lake, Yarigh Lake, Karatag
Lake, Golhisar Lake, Corak Lake, and Yazir Lake. In addition to the natural
lakes that constitute the water resources of Burdur, there are also numerous
ponds and dam lakes on the rivers within the province. Some of these are the
Karacaoren, Yaprakli, Karamanl, Kozagaci, and Cavdir dam lakes (Ataol,
2010 Aksu and Giingor, 2020). Burdur’s surface area is 7175 km? and
29693 hectares (4.14%) of it consists of water surfaces.

The altitude of Burdur province ranges from 75 meters to 2328 meters,
with an average of 1000 meters. While the areas forming the lowest altitudes
(75 m) of the province are located to the south of the Karacaéren dam,
which forms the border with Antalya, the Kestel Mountain (2328 m) on
the southwest-northeast extending Katrancik Mountains forms the highest
altitude areas of the province.

3.2. Data Acquisition for the Study

In this part of the study, the spatial data necessary for determining climate
boundaries were identified using various methods. Data from 11 station
points, including Aglasun, Altinyayla, Bucak, Burdur (Merkez), Cavdur,
Celtik¢i, Golhisar, Karamanl, Kemer, Tefenni, and Yesilova, were used in
the study. Data recorded over a 30-year period from 1991 to 2021 were
obtained from Climate Data (2023) and subsequently associated with their
respective locations. Climate Data (2023) data associated with the location
of the station was transferred to the geographical database and the basis for
analysis was prepared. Climate boundaries were determined using different
methods, and the meteorological station data made ready for analysis was
converted into the projection system selected in the spatial database. Then,
it was made ready for analysis in the geographical database organized in GIS
software.
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Table 1. Station information used in the study

Station Name | Altitude (72) Latitude Longitude Period
Aglasun 1114 37°38’11.0°N | 30°31’'11.0”E 1991-2021
Alunyayla 1221 37°00°45.0”N | 29°32’42.0”E 1991-2021
Bucak 807 37°29°35.0"°N | 30°33°42.3”E 1991-2021
Burdur (M.) 951 37°43’19.2”N | 30°17°38.3”E 1991-2021
Cavdir 1064 37°09°21.0°N | 29°42°57.0”E 1991-2021
Celtikei 858 37°33’51.0”N | 30°26°33.0”E 1991-2021
Golhisar 990 37°08°33.9”N | 29°31’33.6”E 1991-2021
Karamanl 1161 37°24°26.6°N | 29°50°23.8”E 1991-2021
Kemer 1155 37°21’18.0"N | 30°04°20.0”E 1991-2021
Tefenni 1149 37°18°57.9”N | 29°46’45.2"E 1991-2021
Yesilova 1218 37°30°02.0”N | 29°44°27.0”E 1991-2021

3.3. Methods Used

In this study, different climate types were determined using the climate
classification methods developed by Koppen, Trewartha, de Martonne,
Aydeniz, Ering, and Thornthwaite. Then, GIS-based climate boundary maps
were created using the Kriging interpolation method to associate these data
with location.

3.3.1. Koppen Climate Classification Method

The Koppen climate classification stands as one of the most commonly
employed systems for categorizing climates. Initially presented by the
German-Russian climatologist Wladimir Képpen in 1884 (Koppen, 1884),
the classification underwent several revisions by Koppen himself (Koppen
1918, Koppen, 1936). Subsequently, German climatologist Rudolf Geiger
introduced alterations to the classification (Geiger, 1954, Geiger 1961),
leading to it being occasionally referred to as the Koppen—Geiger climate
classification.

The Koppen climate classification is based on monthly and annual
temperatures, annual precipitation amount, the distribution of precipitation
throughout the year, and the relationship between precipitation and
temperature with natural vegetation (Donmez, 1984). Therefore, the
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Koppen climate classification roughly conforms to a climate classification

based on vegetation. According to the Koppen classification, climates are

grouped into 30 types in 5 main zones. The main zones are represented
by the letters A, B, C, D, and E, while the climate types are indicated by
the second and third letters added to these letters. The second and third
letters indicate the region’s precipitation regime and temperature character,

respectively.

The climate characteristics corresponding to Koppen climate classification
method are given in Table 2.

Table 2. Koppen climate classification method

Letter symbol

1st | 2nd | 3rd

Criteria

Climate classification

A

temperature of coolest month >18°C

Tropical climates

f

precipitation in driest month > 60mm

Tropical rainforest
climate

100 - (r/25)< precipitation in driest month
< 60mm

Tropical monsoon
climate

precipitation in driest month
< min(60mm,100 — (r/25))

Tropical savanna
climate

70% or more of annual precipitation
falls in the summer half of the year and
r <207 +280, or 70% or more of annual
precipitation falls in the winter half of the
year and r <207, or neither half of the year

has 70% or more of annual precipitation
and r <207 +140

Arid climates

7 1s less than one-half of the upper limit for
classification as a B type and ¢ >18°C

Hot desert climate

k

7 1s less than one-half of the upper limit for
classification as a B type and ¢ <18°C

Cold desert climate

7 1s less than the upper limit for classification
as a B type but is more than one-half of that
amount and #218°C

Hot semi-arid climate

k

7 is less than the upper limit for classification
as a B type but is more than one-half of that
amount and ¢ <18°C

Cold semi-arid climate
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temperature of warmest month >10°C
and —3°C< temperature of coldest month
<18°C

Temperate climates

precipitation in driest month of summer half
of the year <min(30mm,1/3(precipitation
in wettest month of the winter half)) and
temperature of warmest month >22°C

Hot-summer
Mediterranean climate

precipitation in driest month of summer half
of the year < min(30mm,1/ 3( precipitation
in wettest month of the winter half))
and temperature of each of four warmest
months >10°C but warmest month <22°C

Warm-summer
Mediterranean climate

precipitation in driest month of summer half
of the year <min(30mm,1/3(precipitation
in wettest month of the winter half)) and
temperature of one to three months >10°C
but warmest month <22°C

Cold-summer
Mediterranean climate

precipitation in driest month of the winter
half of the year <1/10(precipitation in the
wettest month of the summer half) and
temperature of warmest month >22°C

Monsoon-influenced
humid subtropical
climate

precipitation in driest month of the winter
half of the year <«1/10(precipitation in
the wettest month of the summer half)
and temperature of each of four warmest
months >10°C but warmest month
<22°C

Subtropical highland
climate or Monsoon-
influenced temperate
oceanic climate

precipitation in driest month of the winter
half of the year <1/10(precipitation in the
wettest month of the summer half) and
temperature of one to three months >10°C
but warmest month <22°C

Cold subtropical
highland climate or
Monsoon-influenced
subpolar oceanic
climate

precipitation more evenly distributed
throughout year; criteria for neither s nor
w satisfied and temperature of warmest
month >22°C

Humid subtropical
climate

precipitation more evenly distributed
throughout year; criteria for neither s nor
w satisfied and temperature of each of
four warmest months >10°C but warmest
month <22°C

Temperate oceanic
climate or subtropical
highland climate

precipitation more evenly distributed
throughout year; criteria for neither s
nor w satistied and temperature of one to
three months >10°C but warmest month
<22°C

Subpolar oceanic
climate
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temperature of warmest month >10°C and
temperature of coldest month <—3°C

Continental climates

precipitation in driest month of summer half
of the year <min(30mm,1/3(precipitation
in wettest month of the winter half)) and
temperature of warmest month > 22°C

Mediterranean-
influenced hot-summer
humid continental
climate

precipitation in driest month of summer half
of the year <min(30mm,1/3(precipitation
in wettest month of the winter half)) and
temperature of each of four warmest months
>10°C but warmest month < 22°C

Mediterranean-
influenced warm-
summer humid
continental climate

precipitation in driest month of summer half
of the year <min(30mm,1/3(precipitation
in wettest month of the winter half)) and
temperature of one to three months >10°C
but warmest month <22°C

Mediterranean-
influenced subarctic
climate

precipitation in driest month of summer half
of the year <min(30mm,1/3(precipitation
in wettest month of the winter half)) and
temperature of coldest month <-38°C

Mediterranean-
influenced extremely
cold subarctic climate

precipitation in driest month of the winter
half of the year <1/10(precipitation in the
wettest month of the summer half) and
temperature of warmest month >22°C

Monsoon-influenced
hot-summer humid
continental climate

precipitation in driest month of the winter
half of the year <1/10(precipitation in the
wettest month of the summer half) and
temperature of each of four warmest months
>10°C but warmest month < 22°C

Monsoon-influenced
warm-summer humid
continental climate

precipitation in driest month of the winter
half of the year <1/10(precipitation in
the wettest month of the summer half)
and temperature of one to three months
>10°C but warmest month < 22°C

Monsoon-influenced
subarctic climate

precipitation in driest month of the winter
half of the year <1/10(precipitation in the
wettest month of the summer half) and
temperature of coldest month < -38°C

Monsoon-influenced
extremely cold
subarctic climate

precipitation more evenly distributed
throughout year; criteria for neither s nor
w satisfied and temperature of warmest
month >22°C

Hot-summer humid
continental climate

precipitation more evenly distributed
throughout year; criteria for neither s nor
w satisfied and temperature of each of
four warmest months >10°C but warmest
month < 22°C

Warm-summer humid
continental climate

precipitation more  evenly  distributed
throughout year; criteria for neither s nor
w satisfied and temperature of one to three
months >10°C but warmest month < 22°C

Subarctic climate

precipitation more evenly distributed
throughout year; criteria for neither s nor w
satistied and temperature of coldest month
<=38°C

Extremely cold
subarctic climate
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Polar and alpine
E temperature of warmest month <10°C rreies
T 0°C< temperature of warmest month |ndra climate
E <10°C
temperature of warmest month <0°C Ice cap climate

Here, T represents the annual average temperature (°C), 7 represents the
threshold value, summer months refer to the 6-month period from April to
September, and winter months refer to the 6-month period from October to
March. As can be seen from Table 2, to determine the B type (arid climates),
the threshold value 7 needs to be calculated using eq. (1).

20T if 70% or more of annual precipitation falls in the winter half of the year,
r=4207+280 if 70% or more of annual precipitation falls in the summer half of the year, (])
207 +140 otherwise.

Additionally, the descriptions of the third letters in Table 2 are provided
in Table 3.

Table 3. Descriptions of the 3vd letters in the Koppen climate classification method

3rd letter Description 3rd letter Description
h Hot steppe / Desert b Cold summer
k Cold steppe / Desert c Cool summer, cold winter
a Hot summer d Extreme cold

3.3.2. Trewartha Climate Classification Method

The Trewartha climate classification is a climate classification method
first published by American geographer Glenn Thomas Trewartha in
1966. Trewartha climate classification is a modified version of the K6ppen
climate classification and also known to as the Koppen—Trewartha climate
classification. This method redefines the main climate groups based on their
proximity to vegetation zones.

* A type (Tropical climates): Defined in the same way as in the
original Koppen climate classification (Koppen, 1918). The average
temperature of all months is above 18°C. The number of dry months
with rainfall below 60 z does not exceed 2.

* B type (Arid and Semi-arid climates): The meanings of BW and BS are
the same as in the Koppen climate classification. However, a different
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formula is used to determine the drought threshold: 10(7-10)+3F",
where T is the annual average temperature, P is the ratio of summer
precipitation from April to September. If the precipitation for a
location is less than the formula value, it is considered a desert (BW).
If the precipitation is equal to or greater than the formula value but
less than twice the formula value, the climate is called steppe (BS) and
if the precipitation exceeds twice the formula value, this climate is not

B type.

* C type (Subtropical climates): In the Trewartha climate classification,
this category represents subtropical climates. The average temperature
for 8 or more months is above 10 °C. Cs and Cw have the same
meaning as in the Koppen climate classification method. However,
the subtropical climate does not have a clear arid boundary as in the
Koppen climate classification (Cf). The average annual precipitation
should be less than 890 m. Additionally, dry summer months should
receive less than 30 msm of precipitation and less than 1/3 of the
precipitation in wet winter months.

* D type (Temperate and Continenetal climates): The average
temperature of 4-7 months is above 10 °C. Marine temperate climates
(Ctb and Cwb climates in the Koppen climate classification) are called
Do in the Trewartha climate classification. For continental climates,
the 3rd letter (a or b) is deleted and Dc is used instead. The threshold
separating maritime and continental climate in the cold months is not
-3 °C as in the K6ppen climate classification but 0 °C.

* E type (Subarctic or Boreal climates): The average temperature for
1- 3 months is 10 °C or higher. It corresponds to the Cfc, Dfc, Dwc,
Dsc, Dfd, and Dwd groups in the Koppen climate classification. In
Trewartha climate classification, these groups are referred to as Eo and
Ec. Eo represents marine subarctic, with the coldest month having an
average temperature above -10 °C. Ec represents continental subarctic
or boreal, with at least 1 month of having an average temperature of
—10 °C or below.

* F type (Polar climates): Ft corresponds to the tundra climate, ET,
in the K6ppen climate classification. Similarly, Fi corresponds to the
permafrost climate, EE in the Koppen climate classification.

* H type (Mountain climates): Altitude plays a determining role in this
climate type.
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This climate classification is expanded by two code letters of the thermal
standard scale, indicating the warmth of summer and the cold of winter
corresponding to the maximum and minimum of the arithmetic mean
monthly air temperature, given in Table 4 (Ikonen, 2007).

Tible 4. Descriptions of the letters in the Trewartha climate classification method

Temperature (°C) Letter Description
>34 1 Severely hot
2834 h Very hot
23-27 2 Hot
18-22 b Warm
10-17 \ Mild
0-9 k Cool
9_1 o Cold
—24--10 c Very cold
-39__25 d Severely cold
< -39 e Excessively cold

3.3.3. de Martonne Climate Classification Method

The de Martonne climate classification method was developed by
French geographer Emmanuel de Martonne in 1942. This method takes
into account the criteria of annual average temperature and annual total
precipitation. In addition to these criteria, monthly evaluations are also
conducted by determining monthly drought index values using monthly
average temperature and monthly total precipitation values. Annual and
monthly drought index values are respectively determined using the formulae
given in eq.s (2) and (3) (de Martonne, 1942).

P
I =
PMT 410

(2)
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_12xp
M 10

3)

In these formulae, 7,,, represents the annual drought index value, P
represents the annual total precipitation, T" represents the annual average
temperature, /,, represents the monthly drought index value, p represents
the monthly total precipitation, and # represents the monthly average
temperature.

The climate characteristics corresponding to de Martonne climate
classification method are given in Table 5.

Table 5. de Martonne climate classification method

Drought index (Ip,) Climate classification

<10 Arid

10=20 Semi-arid

20=24 Mediterranean (Moderately arid)

24 -28 Semi-humid

28-35 Humid

35—-55 Very humid
> 55 Exteremely humid

3.3.4. Aydeniz Climate Classification Method

In his formula developed in 1973 regarding drought and precipitation,
especially in determining drought periods and indices, Turkish professor
of agriculture Akgiin Aydeniz considered that the use of only precipitation
and temperature parameters was insufficient, and that taking into account
the relationship between humidity-precipitation and temperature-sunshine
duration would yield more accurate results (Boluk, 2016). Considering
the climatic conditions of Turkiye, Aydeniz developed two coefficients
incorporating factors, such as precipitation, temperature, relative humidity,
sunshine duration, and drought period affecting drought events (DMI,
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1988). These coefficients, called the humidity coefficient (N, ) and the
drought coefficient ( K, ), are obtained using eq.s (4) and (5).

PxRH

=—XN
“TxGo+15 7 ®
1
KkSZN ’ <5>
ks

where, P is the monthly total precipitation (¢2), T is the monthly average
temperature (°C), RH is the monthly average relative humidity (%), G is
the ratio of actual sunshine duration to theoretical sunshine duration varying
according to each latitude degree (%), and N, is the percentage of humid
period (%).

N, is obtained by dividing the number of months with a = N, value
greater than 0.40 by 12. In monthly calculations, 12 is used instead of N,
. To obtain Gy, it is necessary to determine the actual sunshine duration
(length of the day), which depends on the latitude of the location and
the angle of incidence of sunlight. The duration of a day in a location is
determined by its latitude and the angle at which sunlight strikes. The angle
between the sun’s rays and the plane of the equator is known as the angle of
declination (¢ ) and obtained by

5:23.45xsin(360x%j. 6)

Here, 7 is the number of days from January 1. Additionally, the angle
between the longitude where the sunlight is present and the longitude of
the observed location is referred to as the hour angle (/7). The hour angle
is measured from solar noon when the solar longitude is the same as the
longitude of the observed location. It is expressed as negative (-) before solar
noon and positive (+) after solar noon. The hour angle is calculated by

h = arccos (—tan o xtan § ), (7)

where oc is the degree of latitude. Since the absolute value of the cosine of
the hour angle is less than or equal to 1, considering that a 15° hour angle
corresponds to 1 hour of time, the length of the day is calculated by
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t _2h (8)
£ 15

The climate characteristics corresponding to Aydeniz climate classification
method are given in Table 6 (Aydeniz, 1985).

Table 6. Aydeniz climate classification method

Humidity coefficient (Nj,) | Drought coefficient (K,,) [ Climate classification
<0.40 >2.50 Desert
0.40-0.67 1.50-2.50 Very arid
0.67-1.00 1.00-1.50 Arid
1-00-1.33 0.75-1.00 Semi-arid
1.33-2.00 0.50-0.75 Semi-humid
2.00—-4.00 0.25-0.50 Humid
>4.00 <0.25 Very humid

3.3.5. Ering Climate Classification Method

The Ering Index is widely used by various researchers at different times
to indicate Turkiye’s drought problem and its dry/moist areas and periods
(Bacanh and Saf, 2005). This index depends on the ratio between the
amount of precipitation and the amount of water lost by a location. The
index obtained by directly proportioning precipitation amounts to average
temperatures causes a more humid situation in continental regions than
in reality. For this reason, Turkish geographer Sirr1 Ering took the average
maximum temperature instead of the average temperature in calculating the
index. However, in this evaluation, months in which the average maximum
temperature falls below 0°C are disregarded assuming no evapotranspiration
occurs.

Taking these factors into account, the formula Ering (1965) devised is

1,=—, 9)
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where [ is the precipitation index, P is the annual precipitation amount
(mm), T, is the annual average maximum temperature.

om

The climate characteristics corresponding to Ering climate classification
method are given in Table 7.

Table 7. Eving climate classification method

Precipitation index () Climate classification Vegetation
<8 Hyper arid Desert
8—15 Arid Desertification
15=23 Semi-arid Arid
23-40 Dry subhumid Forest
40-55 Humid Moist forest
> 455 Very humid Very moist forest

3.3.6. Thornthwaite Climate Classification Method

The Thornthwaite climate classification is a climate classification system
created by American climatologist Charles Warren Thornthwaite in 1931
and modified in 1948. Thornthwaite climate classification is based on
precipitation-evaporation and temperature-evaporation relationships, and
it is mostly used in hydrology studies (MGM, 2016, Yilmaz and Cigek,
2016). According to Thornthwaite, in places where precipitation exceeds
evaporation, the soil is saturated, indicating an abundance of water. Therefore,
the climate of these areas is cosidered humid. On the contrary, in areas where
precipitation is less than evaporation, the soil cannot retain enough water to
meet the needs of plants, indicating a water deficiency. In these areas, the
climate is considered arid. The climate types in Thornthwaite’s classification
fluctuate between these two extremes. Thornthwaite classified climates
into two main groups based on the relationship between precipitation and
evaporation: humid and arid climates, further divided into 6 humid and 3
arid categories based on severity. To apply this classification to a station, the
following indices are calculated:

* Moisture index,
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* Index of Thermal Efficiency (TE index),
* Aridity and Humidity indices,

¢ Index of the ratio of potential evaporation to the sum of three summer
months’ potential evaporation (Summer concentration of Thermal
Efficiency) (Birsoy and Olgen, 1992).

Based on these calculations, the climate type of the station is determined
and symbolized by a separate letter. In Thornthwaite climate classification
method, four letters are used.

The first letter of this climate classification is determined based on the
obtained moisture index ( /,, ) value using Table 8.

Table 8. Descriptions of the Ist letters in the Thornthwaite climate classification method

Moisture index (I,,) | lstletter |Climate classification
> 100 A Perhumid
80100 B, Humid
. B Humid
60-80 ’ Moist
40-60 B, Humid climates
20—40 B, Humid
0=20 C, Moist subhumid
-20-0 C, Dry subhumid
—40—-20 D Semi-arid Dry
climates
—60—-—40 E Arid

Evaporation refers to the transition of water from a liquid or solid state
to a gaseous state (water vapor), while transpiration is the release of water
vapor into the atmosphere from the bodies of plants. The combined process
of evaporation and transpiration is referred to as evapotranspiration. The
amount of water released into the atmosphere by the ground and vegetation,
which are constantly and sufficiently fed by precipitation and groundwater,
is called potential evapotranspiration (PE). However, precipitation and
groundwater may not always supply the required water for potential
evapotranspiration (PE). Insuch cases, the water released into the atmosphere
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by evapotranspiration from the soil, vegetation, and precipitation, if any; is
termed actual evapotranspiration (ET) (Karaoglu, 2011).

The index of Thermal Efficiency (TE index), which determines the
second letter of this climate classification, is obtained using annual potential
evapotranspiration (PE) values. TE index values and the corresponding
letters are provided in Table 9.

Table 9. Descriptions of the 2nd letters in the Thornthwaite climate classification method

Annual PE (m) 2nd letter Climate classification
<142 E Frost
142285 D’ Tundra
285—-427 (05 Mild microthermal
427 -570 05 Microthermal
570-712 B, Mild mesothermal
712—-855 B, Moderate mesothermal
855-997 B Strongly mesothermal
997 -1140 B Mesothermal
>1140 A Megathermal

Where there is a water surplus amd no water deficiency, the ratio between
water surplus and water need constitues an index of humidity. Similarly,
where there is a water deficiency and no surplus, the ratio between water
deficiency and water need constitues an index of aridity. Expressed as
percentages these two indices are

100
I=— (10)
n
and
1
I - 00d ’ an
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where I, and I, are indices of humidity and aridity, respectively, s is the
water surplus, 4 is the water deficiency, and 7 the is water need (the annual
potential evapotranspiration (PE)) (Thornthwaite, 1948).

The aridity index is used for moist climates (A;, B, and C,) while the
humidity index is used for dry climates (C;, D, and E) in determining the
third letter of this climate classification (see Table 10).

Table 10. Descriptions of the 3vd letters in the Thornthwaite climate classification

method
Aridity index (I,) 3rd letter Climate classification
0-16.7 r Little or no water deficiency
16.7-33.3 S Moderate summer water deficiency
for moist ) )
climates 16.7-33.3 W Moderate winter water deficiency
(A, B, Gy) >133.3 Sy Large summer water deficiency
>33.3 W, Large winter water deficiency
Humidity index (I,) 3rd letter Climate classification
0-10 d Little or no water surplus
10=20 S Moderate winter water surplus
for dry
climates 10—-20 w Moderate summer water surplus
(Cy, D, E) > 20 S5 Large winter water surplus
> 20 W, Large summer water surplus

The symbols s, s,, w, and w, have the same meaning in both moist and
dry climates in spite of the fact that they are defined differently. They refer to

the season when rainfall 1s most deficient.

The moisture index is

I =1,-0.6] _ 100s—60d

m a

(12)
n

Moist climates have positive values of [, dry climates have negative
values (Thornthwaite, 1948).
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The fourth letter of this climate classification is determined by the ratio
of potential evapotranspiration (PE) to the total PE values of the three
warmest summer months, multiplied by 100 and divided by the annual PE
amount. These letters indicate which of the marine or continental effects is
dominant in that region (see Table 11).

Table 11. Descriptions of the 4th letters in the Thornthwaite climate classification

method
Index of the ratio of PE to the 4th1 Climate
sum of three summer months’ PE th letter classification
<48.0 i Marine
48.0-51.9 b A
51.9-56.3 b’
56.3-61.6 b
61.6—68.0 b
68.0—76.3 <
76.3-88.0 2 v
> 88.0 d Continental

3.3.6.1. Application of the Thorntlwaite climate classification method

The following steps are followed when applying the Thornthwaite

climate classification method.

1. If the precipitation (P) is greater than the potential evapotranspiration
(PE) for any month, the actual evapotranspiration (ET) equals
the potential evapotranspiration (PE). The surplus of P over PE
increases soil moisture reserves (storage). Once the storage reaches its
maximum, the excess water turns into runoft.

2. If the precipitation (P) is less than the potential evapotranspiration
(PE) for any month, the actual evapotranspiration (ET) equals the
sum of that month’s precipitation (P) value plus some or all of the
available storage. When the storage reaches the drying point, the
actual evapotranspiration (ET) equals the precipitation (P).

3. Temperature indices corresponding to the temperature values of each
month are determined using
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t1.5]4
e . 13
: (sj e

Here, ¢ is the monthly average temperature in °C.

4. Using the formula given in eq. (14) below, the unadjusted potential
evapotranspiration (PE) values based on temperature values are
obtained.

PE=16><(1OIth , (14)

where # is the monthly average temperature in °C, I is the annual temperature
index obtained by summing up the monthly temperature indices, and

a=0.000000675x I° —0.0000771x I* +0.01792x I +0.49239. (15)

5. The adjusted potential evapotranspiration (PE) values are found by
multiplying the unadjusted potential evapotranspiration (PE) values
with the values of the latitude correction coefficient G in the chart

given in Figure 2.

Latitude
60° N
50°N
40 °N
30° N
20° N
10°N
00° N
10°S
20°S
30°S
40°S
50°S

Figure 2. Values of the latitude covrection coefficient G used in the Thornthwaite climate
classification method (Al-Sudani, 2019).

Note that, for more accurate values of the coefficient G, it is recommended to
use the exact latitude values of the study area. For example, when conducting
studies related to areas with latitudes between 35°N and 38°N, using the
values listed in Table 12 below would yield more accurate results.
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Tible 12. Values of the latitude covrection coefficient G used in the Thornthwaite climate

classification method for latitudes between 35°N and 38°N

Latitude | J | F | M |[A[M|[ T |T]|]A|S|O|N|D

35°N  (0.8710.85]1.03(1.09|1.21|1.21{1.23]1.16{1.03|0.97]0.86(0.85
36°N |0.87(0.85{1.03|1.10|1.21|1.22(1.24(1.16]1.03]0.97]0.86 | 0.84
37°N 10.86(0.84|1.03|1.10|1.22(1.23(1.25|1.17|1.03]0.97(0.85(0.83
38°N  [0.85(0.84|1.03|1.10|1.23|1.24(1.25|1.17|1.04]|0.96(0.84(0.83
6. When calculating the water accumulated in the soil (storage) and its

10.

11.

monthly change (storage change), start from the month when the
potential evapotranspiration (PE) is greater than the precipitation
(P). In this case, there is no water reserved in the soil, that is, the
storage is empty. Reserved water (storage) only starts from the
month when the precipitation (P) is higher than the potential
evapotranspiration (PE), and this month is taken as basis for the
water budget.

The actual evapotranspiration (ET) is the evaporation from
the amount of water present in the soil at any given time. If the
precipitation (P) is greater than the potential evapotranspiration
(PE), the actual evapotranspiration (ET) equals the potential
evapotranspiration (PE). If not, the actual evapotranspiration (ET)
equals the difference between the precipitation (P) and the storage
change.

Water deficiency is calculated by the difference between the potential
evapotranspiration (PE) and actual evapotranspiration (ET) in
months where the precipitation (P) is less than the potential
evapotranspiration (PE).

Water surplus is calculated by the difference between the precipitation
(P) and actual evapotranspiration (ET).

When calculating runoff, one should start from the month with
the first water surplus. Half of the water surplus for that month is
recorded as runoff, and the other half is added to the water surplus
of the following month.

Moisture ratio is calculated by dividing the difference between the
precipitation (P) and the potential evapotranspiration (PE) by the
potential evapotranspiration (PE). If the result is positive, the water
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is sufficient, if it is negative, it is insufficient, and if the result is
zero, the excess water and the water deficiency are equal (Karaoglu,
2011).

3.3.7 Kriging Interpolation Method

Kriging interpolation method is an interpolation technique that estimates
the optimal values of data at other points using data from known nearby
points (Inal et al., 2002; Yaprak and Arslan, 2008). The most significant
feature that distinguishes the Kriging method from other interpolation
methods is the ability to calculate a variance value for each predicted point
or area, which serves as a measure of the confidence level of the estimated
value (Yaprak and Arslan, 2008). The variance value obtained through this
method is referred to as Kriging variance (Krige, 1951). The fundamental
equation used in the Kriging interpolation method is given in eq. (16).

N,=)FxN, (16)
t=1

where 7 is the number of points forming the model, N, are the geoid
undulation values of the points used in the calculation of N,, N, is the
sought undulation value, and P is the weight value corresponding to
each N, value used in the calculation of N , - The undulation value N,
at observation points from i=1...n is known. However, the weights to
be assigned to these values need to be calculated. In Kriging interpolation
method, these weights are determined such that the average of estimation
errors is zero, and the variance is minimum.

4. Results and Discussion

In this section, the formulae used in Thornthwaite climate classification
were applied to all the 11 districts of the study area (Burdur province),
namely, Aglasun, Altinyayla, Bucak, Burdur (Merkez), Cavdir, Celtikgi,
Golhisar, Karamanli, Kemer, Tefenni, and Yesilova, and water balance
tables were created for each district. Also, the results obtained using climate
classification methods developed by Koppen, Trewartha, de Martonne,
Aydeniz, Ering, and Thornthwaite for all the 11 districts of the Burdur
province are presented. So, this section is divided into subsections for
cach of the districts of the Burdur province. Subsequently, by using these
station points on the point map via GIS, the surface model was created
by selecting the Kriging interpolation method, one of the deterministic
interpolation methods, to produce climate boundary maps. Thus, regional
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climate boundary maps were produced from meteorological points with a
determined climate type and are presented in the last subsection.

Note that, the units of Unadjusted and Adjusted Evapotranspirations
(Unadjusted and Adjusted PE), Precipitation (P), Storage, Storage change,
Actual Evapotranspiration (ET), Water deficiency, Water surplus, and Runoff
are mm and the unit of Temperature is °C. Moisture ratio and of Latitude
correction coefficient G are unitless. Note also that, in order to make the
calculations more precise, the DMS (degrees, minutes, seconds) latitude
values of the districts of Burdur province given in Table 1 were converted to
dd (decimal degrees) latitude values, and the more appropriate values of the
latitude correction coefficient G are selected from Table 12 for each district.
The conversion is given in Table 13.

Table 13. Latitude (DMS) to Latitude (dd) conversion

District Latitude Latitude District Latitude Latitude
(DMS) (dd) (DMS) (dd)
Aglasun | 37°3811.0”"N | 37.6363°N | Golhisar |37°0833.9”N | 37.1428°N
Altinyayla |37°00°45.0°N | 37.0125°N | Karamanlh |37°24°26.6"N| 37.4074°N
Bucak [37°29°35.0"N| 37.4931°N Kemer |[37°21’18.0°N| 37.3550°N
Burdur (M.)|37°43°19.2”N | 37.7220°N Tefenni |37°18°57.9°N| 37.3161°N
Cavdir  |37°0921.0°N | 37.1558°N | Yesilova |37°30°02.0”N| 37.5006°N
Celtik¢i  |37°33°51.0°N | 37.5642°N




58 | Investigation and Comparison of Climate Boundary Maps Generated with Various Climate...

- 081 ¥ €0 L0 60" 60 L0 10 €1 a4 S¥C | L8IC onex JIMISIO
rese | see S0 01 0C 6¢ 8L LST | €1e | 929 | 042 | ¥08 | ¥¢es Jouny
€68¢ | S99 00 00 00 00 00 00 00 T8y | LeL | ¥L8 | SENn sngdims xem
9¥%LC | 00 00 00 8LS | TLI1 | L66 00 00 00 00 00 00 £Suspyop I91EM
L8L8 | 96 60T | o6v | 04C 08 eee | 6601 | 612 | 8248 | €41 9¢ $0 1a

- 6¢e | T0S | 091 00 00 | €% | 604~ | 6% 00 00 00 00 J3ueyo 23019

- 000T | 199 | 091 00 00 00 €¥%C | 1'S6 | 00001 [ 0000T | 0°00T | 0°00T a3eaong
0892 | 090T | 0TZ | 059 | 04T 08 06 0€e | 049 | 098 | 016 | 016 | OFIT d
Tes9 | 9s 60C | o6F | 8¥8 | T'SCI | 6CET | 6°€0T | 614 | 84E | €41 9¢ S0 dd pasnlpy
L'SLS | L9 6¥%C | 0TS | SI8 | 6901 | 901 | 8¢€8 | ¥8S | ¥¥e | 891 (44 90 Hd pasnipeun)

- €80 | ¥80 | 960 | %01 | 4T | sTT | ¥CT | €T | OUT | €0T | ¥80 | S80 [D 3903 wi0dspmney

's¥ €0 ST L€ 99 €6 T6 89 a4 (a4 60 T0 00 | xopur amyerduny,

- (a4 $9 811 | %41 | 81c | 21T | 841 | et S8 L'y ST €0 samyesaduway,

enuuy [ N (0] S \% ( ( W A% W a1 ( SYPUOy

2UVIVY 1V JIISIP UNSVIFTY FT 94T

PLIsiq unse[y Ty




Femin Yaden | Deniz Area | 59

The water balance of Aglasun district has been calculated according to the
Thornthwaite method (Table 14). Upon examination of the water balance
of the district, it is observed that there is a surplus of 389.3 mm of water
during months with abundant rainfall, while there is a deficit of 274.6 mm
of water during other months.

Table 15. Climate classifications of Aglasun district

Methods Climate Classifications
B, By S2 b’3
Thornthwaite . Large
. Mild .
Humid mesothermal | STmer water Marine
(34.38) P ;5 deficiency (55.41)
(653.25) (I, = 42.03)
Ering Humid (44.50)
Aydeniz Semi-humid (N, = 1.90)
de Martonne Mediterranean (Moderately arid) (20.14)
Trewartha Temperate (D type)
Koppen Warm-summer Mediterranean climate (Csb)




60 | Investigation and Comparison of Climate Boundary Maps Generated with Various Climate...

- 66 'l €0- 80 60" 60" L0- 1'0- 90 6T L'ST | €601 Onex SIMISIO
evec | o €0 90 Tl ST 6¥ 66 L6 | s6¢ | S¥S | ¥8S | L Jouny
s¥ec | 00 00 00 00 00 00 00 00 ¥¥c | 90S | 1%L | €58 snydims xem
TFIE | 00 00 ¥ST | 01Z | 6SIT | 0CIT | 00 00 00 00 00 00 £>uapyop 1o1EM
sose | T2 8¢ | 048 | OST | OTI | TST | §SOT | ¥TL | 98 | ¥4I 6T 80 LA

- 669 | ot 00 00 00 I%1- | §SZ- | ¥01- [ 00 00 00 8¢ J3ueyd 23019

- T96 | T9t 00 00 00 00 %1 | 968 [ 00001 | 0°00T | 0°00T | 0001 a3eong
0165 | 042 | 00S | 0z | ost | o1t | O1r | 00 | 0C9 | 0€9 | 089 | 04, | 006 d
L09 | 1L 8€C | ¥TS | 098 | 69¢T | U481 | SSoT | ¥22 | 98¢ | ¥4I 67T 80 dd pasnlpy
ge6s | S8 08C | 0%s | S€8 | S80I | 2601 | 8S8 | €65 | T'se | 891 ¥e 60 Hd pasnipeun)

- €80 | S80 | 460 | €01 | 41 | sTT | ¢Tr | Tt [ OUT | €0T | ¥80 | 980 [D J203 wi0dspmney
0'8% ¥0 81 ¥ 02 96 L6 TL 9% ¥ 0T 10 00 | xopur amyerduny,

- 67T S/ LTl | 081 | Tee | ¥TT | ¥SU | L€l 06 0S ¥ S0 samyexraduay,

enuuy [ N (0] S \% ( ( W A% W a1 ( SYPUOy

2ouvIVg 123V 1911951p VIABEWITY "] 94T,

wIsiq ededunyy ¥




Femin Yademn | Deniz Area | 61

The water balance of Altinyayla district has been calculated according
to the Thornthwaite method (Table 16). Upon examination of the water
balance of the district, it is observed that there is a surplus of 234.5 mm of
water during months with abundant rainfall, while there is a deficit of 314.2
mm of water during other months.

Table 17. Climate classifications of Altimyayla district

Methods Climate Classifications
G, By S2 b’;
Thornthwaite Moist Mild Large summer .
. . Marine
subhumid mesothermal water deficiency (55.00
(6.85) (670.73) (I, = 46.85) 09)
Ering Dry subhumid (36.13)
Aydeniz Semi-arid (N, = 1.23)

de Martonne Semi-arid (16.03)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Bucak district has been calculated according to the
Thornthwaite method (Table 18). Upon examination of the water balance
of the district, it is observed that there is a surplus of 502.5 mm of water
during months with abundant rainfall, while there is a deficit of 338.9 mm
of water during other months.

Table 19. Climate classifications of Bucak distvict

Methods Climate Classifications
B, B, S2 b’;
Thornthwaite
Humid Moderate Large sum@er Marine
(40.08 mesothermal water deficiency (55.55
08) (746.38) (I, = 45.40) 59)
Ering Humid (48.47)
Aydeniz Semi-humid (N, = 1.73)

de Martonne Mediterranean (Moderately arid) (21.10)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Burdur (Merkez) district has been calculated
according to the Thornthwaite method (Table 20). Upon examination of
the water balance of the district, it is observed that there is a surplus of 217.5
mm of water during months with abundant rainfall, while there is a deficit of
337.8 mm of water during other months.

Table 21. Climate classifications of Burduv (Merkez) district

Methods Climate Classifications
G B, S2 b’;
Thornthwaite
Moist Moderate Large summer .
. . Marine
subhumid mesothermal water deficiency (55.40
(2.09) (713.23) (I, = 47.36) 40)
Ering Dry subhumid (34.75)
Aydeniz Semi-humid (N, = 1.42)
de Martonne Semi-arid (14.80)
Trewartha Temperate (D type)
Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Cavdir district has been calculated according to the
Thornthwaite method (Table 22). Upon examination of the water balance
of the district, it is observed that there is a surplus of 68.9 mm of water
during months with abundant rainfall, while there is a deficit of 421.3 mm
of water during other months.

Table 23. Climate classifications of Cavdw district

Methods Climate Classifications
D B’2 d b’s
Thornthwaite
. Moderate Little or no .
Semi-arid mesothermal water surplus Marine
(-25.21) (729.41) (I, = 9.45) (56.14)
Ering Semi-arid (20.81)
Aydeniz Very arid (N, = 0.50)

de Martonne Arid (9.43)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Celtikgi district has been calculated according to the
Thornthwaite method (Table 24). Upon examination of the water balance
of the district, it is observed that there is a surplus of 514.1 mm of water
during months with abundant rainfall, while there is a deficit of 301.6 m
of water during other months.

Table 25. Climate classifications of Celtikei distvict

Methods Climate Classifications
B, By S2 b’;

Thornthwaite -

Humid Mild Large summer Marine

47.77 mesothermal water deficiency (55.26

77) (697.47) (I, = 43.24) 26)

Ering Humid (52.12)
Aydeniz Humid (N, = 2.17)

de Martonne Mediterranean (Moderately arid) (22.31)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Golhisar district has been calculated according
to the Thornthwaite method (Table 26). Upon examination of the water
balance of the district, it is observed that there is a surplus of 138.9 mm of
water during months with abundant rainfall, while there is a deficit of 365.0
mm of water during other months.

Table 27. Climate classifications of Golhisar district

Methods Climate Classifications
Cl B’l S b’g
Thornthwaite
Dry Mild Moderate winter .
. Marine
subhumid mesothermal water surplus (55.22)
(-11.29) (709.00) (I, = 19.59) ’
Ering Dry subhumid (27.77)
Aydeniz Arid (N, = 0.87)

de Martonne

Semi-arid (12.53)

Trewartha

Temperate (D type)

Koppen

Hot-summer Mediterranean climate (Csa)
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The water balance of Karamanh district has been calculated according
to the Thornthwaite method (Table 28). Upon examination of the water
balance of the district, it is observed that there is a surplus of 73.0 mm of
water during months with abundant rainfall, while there is a deficit of 393.1
mm of water during other months.

Table 29. Climate classifications of Kavamanly distvict

Methods Climate Classifications
D B’l S b’g
Thornthwaite
. Mild Moderate winter .
Semi-arid mesothermal water surplus Marine
(-23.37) (697.13) (I, = 10.47) (55.89)
Ering Semi-arid (22.05)
Aydeniz Very arid (N, = 0.58)

de Martonne Arid (9.75)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Kemer district has been calculated according to the
Thornthwaite method (Table 30). Upon examination of the water balance
of the district, it is observed that there is a surplus of 67.7 mm of water
during months with abundant rainfall, while there is a deficit of 395.0 m
of water during other months.

Table 31. Climate classifications of Kemer distvict

Methods Climate Classifications
D B’l d b’s
Thornthwaite - -
Semi-arid mesf:/lt}llli'mal V\{:ttedresiigﬁs Marine
(-24.46) (692.31) (I, = 9.78) (55.62)
Ering Semi-arid (21.30)
Aydeniz Arid (N, = 0.68)

de Martonne Arid (9.16)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Tefenni district has been calculated according to the
Thornthwaite method (Table 32). Upon examination of the water balance
of the district, it is observed that there is a surplus of 74.2 mm of water
during months with abundant rainfall, while there is a deficit of 390.7 mm
of water during other months.

Table 33. Climate classifications of Tefenni district

Methods Climate Classifications
D B’l S b’g
Thornthwaite
. Mild Moderate winter .
Semi-arid mesothermal water surplus Marine
(-23.10) (693.50) (I, = 10.70) (56.05)
Ering Semi-arid (22.01)
Aydeniz Very arid (N, = 0.51)

de Martonne Arid (9.80)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)
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The water balance of Yesilova district has been calculated according to the
Thornthwaite method (Table 34). Upon examination of the water balance
of the district, it is observed that there is a surplus of 90.4 msm of water
during months with abundant rainfall, while there is a deficit of 375.4 mm
of water during other months.

Table 35. Climate classifications of Yesilova district

Methods Climate Classifications
Cl B’l S b’g
Thornthwaite
Dry Mild Moderate winter .
. Marine
subhumid mesothermal water surplus (55.71
(-19.04) (707.99) I, = 12.77) 71)
Ering Dry subhumid (24.51)
Aydeniz Very arid (N, 0.65)

de Martonne Semi-arid (11.04)

Trewartha Temperate (D type)

Koppen Hot-summer Mediterranean climate (Csa)

4.11. Climate Boundary Maps

One of the most significant challenges in climate studies today is the lack
of a sufficient number of station data. Many meteorological stations are often
located within cities or along coastlines, resulting in insufficient coverage
in high-altitude inland or mountainous regions. This deficiency is being
addressed through the use of interpolation techniques aided by computer
systems and Geographic Information Systems (GIS). Consequently, instead
of relying solely on sample points taken along lines in the past, more
comprehensive values are now being obtained on a pixel-by-pixel basis. In
this context, for the production of climate maps covering Burdur province
and its districts, the results obtained through the Thornthwaite climate
classification method were analyzed using Kriging interpolation method in
the GIS software and the climate boundary maps for the

* Moisture index,
* Index of Thermal Efficiency (TE index),
* Aridity and Humidity indices,
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* Index of the ratio of potential evaporation to the sum of three summer
months’ potential evaporation (Summer concentration of Thermal
Efficiency)

were created respectively in the Figures 3-6.
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Figure 3. Moisture index map
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Figuve 6. Index of the ratio of PE to the sum of three summer months’ PE map

5. Conclusion

Knowing the climate characteristics of a region is crucial for planning
various activities related to that area. This includes planning the cultivation
of crops, establishing industrial facilities, determining suitability for healthy
living conditions, and planning vacation destinations and timing. Therefore,
in this study aimed at determining the climate type and water balance of
Burdur province, climate indices were calculated using Thornthwaite,
Ering, Aydeniz, de Martonne, Trewartha and Koppen cliamte classification
methods, utilizing monthly precipitation and temperature data from 11
stations within the borders of Burdur province.

According to the results obtained from the Thornthwaite method,
Aglasun, Bucak, and Celtikgi stations are in the “humid” climate class,
Altinyayla and Merkez districts are in the “moist subhumid” climate class,
Golhisar and Yesilova stations are in the “dry subhumid” climate class, and
Cavdir, Karamanli, Kemer, and Tefenni stations are classified as “semi-
arid” climates, all districts being characterized by their proximity to marine
influences.

According to the results obtained from the Ering method, Aglasun,
Bucak, and Celtikgi districts are in the “humid” climate class, Altinyayla,
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Merkez, Golhisar, and Yesilova districts are in the “dry subhumid” climate
class, and Cavdir, Karamanli, Kemer, and Tefenni districts have a “semi-arid”
climate classification.

According to the results obtained from the Aydeniz method, Celtikgi
district is in the “humid” climate class, Aglasun, Bucak, and Merkez districts
are in the “semi-humid” climate class, Altinyayla district is in the “semi-
arid” climate class, Golhisar and Kemer districts exhibit an “arid” climate
characteristic, and Cavdir, Karamanli, Tefenni, and Yesilova districts have a
“very arid” climate classification.

According to the results obtained from the De Martonne method,
Aglasun, Bucak, and Celtikgi districts are in the “Mediterranean” climate
class, Altinyayla, Merkez, Golhisar, and Yesilova districts are in the “semi-
arid” climate class, and Cavdir, Karamanli, Kemer, and Tefenni districts have
an “arid” climate classification.

According to the results obtained from the Trewartha method, all districts
have a “temperate” climate classification.

According to the results obtained from the Koppen method, Aglasun
district has a “Warm-summer Mediterranean climate” classification, while all
other districts have a “Hot-summer Mediterranean climate” classification.
It has been seen that similar results were obtained when all methods were
examined.

Drought is a concerning condition for all life forms dependent on water-
based activities. Whether it occurs due to climatic conditions or as a result
of climate parameters disrupted by global warming, accurate prediction and
analysis are crucial in minimizing the effects of drought. When looking at
the application of climate modeling, it is generally observed that especially
the districts of Cavdir, Karamanli, Kemer, and Tefenni exhibit a drier
characteristic compared to the other districts.

The water balance tables generated in our study enable the identification
and assessment of potential floods and water shortages, facilitating the
determination and storage of necessary water supplies during surplus and
deficit months. Maintaining a balance between stored water in reservoirs
and water usage for irrigation purposes requires an understanding of the
region’s climate type and water budget.
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Chapter 4

Evaluation of Rail Transportation Stops
Efticiency in Antalya by Applying Intuitionistic
Fuzzy TOPSIS Analysis 3

Emre Demir!

Abstract

Ensuring comfort, safety, security, and accessibility in public transportation
(PT) systems is essential for promoting equitable access and inclusivity,
especially within urban rail networks. This study evaluates the efficiency
of tram stops in Antalya’s urban rail system by employing an application
of multi-criteria decision-making (MCDM) method, Intuitionistic Fuzzy
Technique for Order Preference by Similarity to Ideal Solution (Intuitionistic
Fuzzy TOPSIS) analysis. The research focuses on the first tram line in
Antalya, examining its stops in central areas. Evaluations encompass various
aspects including comfort, safety, security, and accessibility. Particularly,
comfort levels are assessed based on the availability of amenities surrounding
tram stops. Safety is evaluated by analyzing the density and proximity of bus
stops, while security measures consider street lighting adequacy. Additionally,
accessibility for disabled individuals is examined, particularly regarding
the presence of stairs. This investigation centers on the Antalya tram line
as a case study, comprising 16 stops, thereby presenting 16 alternatives for
analysis. Three experts participate in the evaluation process, deploying four
established criteria. Results indicate variations in efficiency among stops,
with recommendations provided for improvement. By addressing critical
factors and utilizing MCDM methods, this research contributes to enhancing
PT services in Antalya, fostering a more efficient and inclusive urban transit
system.
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1. Introduction

Comfort, safety, security, and services for disabled people are principal in
public transportation (PT), particularly in urban rail systems and their stops,
for ensuring equitable access and inclusivity. Providing comfortable seating,
spacious layouts, and accessible amenities not only enhances the travel
experience but also promotes independence for disabled passengers. Safety
measures such as clear signage, tactile paving, and platform barriers mitigate
risks and ensure a secure environment. Lighting, surveillance cameras, and
existence of security staft contribute to the regular and disabled passenger
security. Furthermore, services such as boarding assistance and passenger
information systems make trips or journeys easier for disabled individuals.
They can reduce barriers to mobility and participation in urban life. By
making these aspects prioritized, urban rail systems can create an inclusive
PT network that fulfills the needs of passengers, thus a more accessible urban
infrastructure is obtained.

Comfortable PT enhances the experience for passengers. A smooth
journey reduces stress and makes commuting more relaxed. Moreover, it
positively affects passengers’ mood, especially for daily commuters. Besides,
comfortable PT systems can lead more ridership. People are more likely to
choose PT over other modes of transportation if they feel comfortable and
the services are convenient and reliable. Increased ridership leads to greater
efficiency in traffic by reducing congestion and greater sustainability by
decreasing environmental pollution. Ensuring safety in urban rail systems
and their stops is essential for protecting the passengers. Accidents or
crashes in PT contribute to injuries or fatalities, such as physical harm and
emotional distress. In this way, prioritizing safety measures helps prevent
such occurrences and supports a sense of security, because safety concerns
can damage public confidence in PT systems. Otherwise, they may opt
for alternative modes of transportation or even avoid travel. Therefore,
maintaining safety standards inspires trust in the reliability of urban rail
systems and encourage greater ridership. Moreover, security measures
help protect passengers from threats such as vandalism and assault. By
implementing surveillance systems, security personnel, and access controls,
urban rail systems create a safer environment for passengers to commute.
Thus, an effective security presence in PT systems improves public confidence
in the safety of PT. When passengers feel secure in their travel, they are more
likely to use PT. Thus, increased ridership and reduced traffic congestion can
be observed.
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This study focuses on investigating the tram line and its stops located in
the rail systems of Antalya city in Tirkiye. Specifically, this research takes
into account the first of the four tram lines in the city and the stops in the
central areas of the city. The analysis covers various aspects related to these
tram stops on the tram line. Firstly, the study assesses the comfort degree by
considering the availability of amenities such as cafes, restaurants, buffets,
and markets in the vicinity of the stops. Furthermore, safety is evaluated
by dealing with the density of bus stops near the tram stops in order to
understand the overall safety for commuters. Security aspects are also studied
by acknowledging the presence of street lighting adjacent to the tram stops,
which contribute to a secure environment for PT users. Moreover, the
study addresses the accessibility for disabled individuals by examining the
presence of stairs at and around the tram stops. In this manner, we utilize
the Intuitionistic Fuzzy TOPSIS method, one of the most contemporary
multi-criteria decision-making (MCDM) approaches, to identify the best
and worst-performing stops along the tram line.

This study offers an approach to examining the first tram line and its stops
within Antalya’s urban rail systems. It focuses specifically on consideration
of comfort, safety, security, and accessibility aspects. By employing advanced
decision-making methods such as the Intuitionistic Fuzzy TOPSIS, this
research reveals the performance of tram stops. The results will offer
recommendations for augmenting the quality of PT services in the city.

The following sections contain a literature review alongside an explanation
of the methodology applied in this study. Methodology part is followed by
the presentation of the application including criteria explanations and the
case study presentation. Subsequently, the results and findings are discussed
before the recommendations. Finally, the study is concluded with remarks
and suggestions for the case and potential research.

2. Literature Review

Several studies investigated aspects influencing passenger comfort in rail
transit systems in urban areas. For example, Nordin et al. (2016) examined
factors such as noise, vibration, and coach design. They gathered feedback
from rail transit passengers from many rail lines. Mohammadi et al. (2020)
proposed a model for assessing comfort levels during rail transportation
trips, while Ma et al. (2020) utilized longitudinal acceleration data and
passenger feedback to measure riding comfort in a large city subway. Roncoli
et al. (2023) introduced a pattern for on-board comfort degree, utilizing
passenger counting and vehicle location data. Moreover, many researchers
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such as Kici-ski and Solecka (2018), Li et al. (2019), Zhang et al. (2020),
and Gorgiin (2021) applied MCDM methods to assess the change of urban
PT systems. These works considered several criteria including comfort
to evaluate different scenarios. However, none of these studies explicitly
addressed comfort at rail transit stops, particularly in terms of amenities
or facilities available in their vicinity. This research gap in the literature
emphasizes the need for further research to address the comfort features at
rail transit stops.

Furthermore, various studies inspected safety characteristics within urban
rail transportation systems. For instance, Brons et al. (2009) investigated the
‘access-to-the-station” component of rail trips on passenger satisfaction. Also,
they explored the interaction between PT service features. Abenoza (2018)
explored factors such as travel and bus stop features that influence travelers’
safety observations. Additionally, Kici-ski and Solecka (2018) and Gorgiin
(2021) applied MCDM methods to assess different scenarios for urban PT
systems, integrating safety measures. Also, Cheng et al. (2015) introduced
an MCDM model for computing transfer efficiency between rail stations
and bus stops. However, as far as we know, none of these studies specifically
address safety concerns at rail transit stops concerning their proximity to bus
stops, indicating a gap in the literature that requires further investigation.

In addition, Fan et al. (2016) found that basic amenities like benches
and shelters play a crucial role in reducing perceived waiting times at rail
stops and stations. Murray and Feng (2016) highlight the positive impact
of public street lighting services on promoting transportation, including
rail PT. Furthermore, Badiora et al. (2020) investigated concerns regarding
personal security in PT facilities and explored measures to enhance the
sense of personal security. However, based on our knowledge, none of these
studies specifically address security concerns at rail transit stops, particularly
regarding the quantity of street lamps or street lighting.

Several studies have examined aspects about the conditions for disabled
people passengers in urban rail transportation stops or train stations
considering the steps or stairs in them. For example, Sze and Christensen
(2017) observed an increase in PT usage following the implementation of
accessible designs aimed at improving facilities such as stairs and elevators for
disabled individuals. However, stairs remain a significant challenge for many
disabled PT users (Seriani et al., 2022; Stjernborg, 2019). While Cheng et
al. (2015) developed an MCDM model to assess transfer efficiency for urban
rail stations and their connected bus stops, their analysis did not specifically
address the needs of disabled PT users in relation to stairs. Similarly, Ghosh
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and Ojha (2017) assessed passenger satisfaction with platform-based
amenities, including the presence of stairs, without focusing on disabled
passengers’ perspectives. Despite existing facilities for disabled passengers at
rail transit stops, considerations for the conditions surrounding these stops
are lacking, to the best of our knowledge.

3. Methodology

In this study, intuitionistic fuzzy TOPSIS method is used as Boran et
al. (2009) introduced. In the following the main steps of the method are
provided by assuming Alr ={Alt,, Alt,,..., Alt,} are the alternative sets and
Cr= {Crl,crz,, . -aC”m} are the criteria set:

Step-1 starts with the decision-makers’ weights which are defined. We
assume that the decision group takes / number of decision makers. Decision-
makers’ importance is made clear using linguistic expressions or phrases
and intuitionistic fuzzy numbers (Atanassov & Stoeva, 1986). Later, the
weighting of % th decision-maker is acquired.

Then, for step-2, we basically create an aggregated intuitionistic fuzzy
decision matrix according to the attitudes of decision-makers. In order to
generate an aggregated intuitionistic fuzzy decision matrix at the group of
decision-making process, all specific choice perceives must be united into a
group judgement or opinion. This is accomplished utilizing the intuitionistic
fuzzy weighted averaging (IFWA) operator (Xu, 2007).

In step-3, the criteria weights are determined. All factors may not be
considered equally important. To achieve the grades set of importance, all
individual or specific decision-makers’ opinions on the value of each criterion
must be combined. Therefore, the decision-maker gives an intuitionistic
fuzzy number to each criterion. Later, the weightings of each criterion are
then determined using the IFWA operator.

In step-4, the aggregated weighted intuitionistic fuzzy decision matrix
is established. Once defining the criterion weightings and the aggregated
intuitionistic fuzzy decision matrix, the aggregated weighted intuitionistic
tuzzy decision matrix is produced using the assessment method of Atanassov
and Stoeva (1986).

In step-5 and step-6 we get intuitionistic fuzzy positive-ideal solution and
intuitionistic fuzzy negative-ideal solution, and we compute the separation
measures, respectively. Normalized Euclidean distance measurements are
used to determine the separation between options in an intuitionistic fuzzy
set. The separation measures are then decided for each alternative from
intuitionistic fuzzy positive-ideal and negative-ideal solutions.
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In step-7, we define the relative closeness coefticient to the intuitionistic
ideal solution. The relative closeness coefficient between an alternative and
the intuitionistic fuzzy positive-ideal solution is established. Finally, in step-
8, the alternatives are sorted or ranked in an order based on the relative
closeness coefficients of the options or alternatives.

4. Application

4.1. Criteria Identified

Comfort, safety, security, and services for disabled people are considered
in this study, especially focusing on specific criteria. The total number of
cafes, restaurants, markets, and buffets is designated as the comfort criterion.
Additionally, the number of bus stops nearby the tram stops is specifically
assigned as the safety criterion. Moreover, while street lamps or street lights
are considered for the security criterion, the number of steps around the
tram stops is regarded as a criterion for assessing conditions for disabled
people.

4.1.1. Comfort Criterion

In urban transit systems, the comfort criterion encompasses various
factors contributing to passengers’ overall travel experience. Specifically, the
presence and accessibility of amenities such as cafes, restaurants, markets,
and buffets are designated as important indicators of comfort (Aksoy, 2022).
They provide passengers opportunities for relaxation and refreshment
during the PT journeys. By evaluating the availability of these amenities
at transit stops and stations, transportation planners and policymakers can
measure the level of comfort provided to passengers. Moreover, enhancing
the provision of such amenities contribute to a more enjoyable and satisfying
travel experience, thereby encouraging greater utilization of PT services.
Therefore, such PT facilities or services are considered a positive criterion.

4.1.2. Safety Criterion

Tram stops inherently incorporate traditional safety features such
as overpasses, pedestrian crossings, elevators, escalators, signalized
intersections, and guardrails. Therefore, assessing tram stops solely based
on these measures may not be pertinent for assessing safety. However, the
proximity of bus stops to tram stops emerges as a distinctive criterion for
evaluating safety, given its potential impact on passenger accessibility and
intermodal connectivity within the transportation network (Hess, 2012;
Kaszczyszyn & Sypion-Dutkowska, 2019). Evaluating this criterion can
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provide valuable understandings into enhancing safety and facilitating
smooth transfers for commuters. As a result, such PT infrastructure or
services are viewed positively.

4.1.3. Security Criterion

While the presence of security personnel at tram stops can represent a
fundamental security measure, its uniform implementation across all tram
stops renders it less suitable for being an individual criterion for security
assessment. Nevertheless, the density of street lamps or street lighting in
the vicinity of tram stops can be accounted as a critical factor for evaluating
security at the tram stops (Cao & Duncan, 2019; Loukaitou-Sideris, 2012).
Assessing the criterion of the number of street lighting around the tram
stops provides understanding of the illumination degrees and visibility at
tram stops. Thus, criminal activities can be deterred and overall security can
be enhanced within the urban PT. Therefore, considering the effectiveness
of street lighting systems around tram stops is essential for the security
assessments. Thus, such PT services can be considered as a favorable criterion.

4.1.4. Accessibility for Disabled People Criterion

The accessibility issues for disabled individuals should be included in
evaluating the rail transportation stops efficiency, because the presence of
stairs and steps in the vicinity of stops brings challenges for disabled people
by obstructing their mobility (Miiller et al., 2022; Naami, 2019). Therefore,
the consideration of conditions surrounding rail transit stops is vital to
identify barriers to accessibility. By inspecting the presence of stairs and
steps, transportation authorities can identify areas to enhance accessibility
for disabled passengers. Addressing such concerns promotes inclusivity
and equitable access to PT for all members of society. Therefore, such
transportation infrastructure environment, the more stairs or steps the more
obstacles for disabled PT users, can be considered as a negative criterion.

4.2. Case Study

The case study concentrates on examining the tram line within the urban
area of Antalya as mentioned earlier. The tram line contains 16 stops totally
that can be turned into 16 alternatives for the application. In addition, three
experts are involved in our process. Moreover, four criteria about comfort,
safety, security, accessibility for impaired passengers are established for the
analysis. Utilizing Intuitionistic Fuzzy TOPSIS methodology, this research
provides an assessment of tram stops in Antalya and their performance. The
outputs will demonstrate the strengths and weaknesses of the tram stops.
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Also, they will facilitate recommendations for improving the quality of PT
services in the city center. Accordingly, while Table 1 shows Fuzzy linguistic
descriptors and intuitionistic Fuzzy numbers employed in this study, Table
2 indicates the linguistic terminology for evaluating the importance of
decision-makers involved in the research and the related criteria described.
Additionally, in the context of linguistic terminology for rating alternatives
using Intuitionistic Fuzzy TOPSIS, the descriptors and abbreviations in Table
3 are utilized. Related descriptors and their corresponding intuitionistic Fuzzy
numbers allow for an assessment of alternatives in the evaluation process.

Table 1. Fuzzy linguistic descriptors and Intuitionistic Fuzzy numbers (Bovan et al. 2009)

e Intuitionistic Fuzzy number
Fuzzy linguistic .. Y
label Abbreviation u { J
Very Important VI 0.90 0.10 0.00
Important 1 0.75 0.20 0.05
Medium M 0.50 0.45 0.05
Unimportant U 0.35 0.60 0.05
Very Unimportant VU 0.10 0.90 0.00
Table 2. Linguistic terminology for assessing the significance of decision-makers and
criteria
Decision- . . Intuitionistic Fuzzy number Weight of
makers mportance u i 0 decision-maker
DM1 VI 0.90 0.10 0.00 0.90 0.406
DM2 1 0.75 0.20 0.05 0.79 0.356
DM3 M 0.50 0.45 0.05 0.53 0.238
Sum| 2.22 1.000
Table 3. Linguistic terminology for vating the alternatives
S Intuitionistic Fuzzy Number
Fuzzy. Linguistic Abbreviation ,
Descriptor u 14 0
Extremely Good EG 1.00 0.00 0.00
Very Very Good VVG 0.90 0.10 0.00
Very Good VG 0.80 0.10 0.10
Good G 0.70 0.20 0.10
Medium Good MG 0.60 0.30 0.10
Fair F 0.50 0.40 0.10
Medium Bad MB 0.40 0.50 0.10
Bad B 0.25 0.60 0.15
Very Bad VB 0.10 0.75 0.15
Very Very Bad VVB 0.10 0.90 0.00
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Table 4 provides a sample of linguistic terminology for rating the
alternatives based on the criteria discussed earlier, indicating the diverse
perspectives of decision-makers when rating alternatives. What stands out
are the varied ratings allocated to each option or alternative by different
decision-makers, highlighting the subjectivity characteristic in the evaluation
process. Some alternatives receive consistent ratings across decision-makers,
while others demonstrate considerable inconsistency.

Tible 4. Sample of linguistic terminology for rating the alternatives according to the
velated criterin

Alternatives| DM1 | DM2 | DM3|DM1 | DM2 | DM3 |DM1 | DM2|DM3 |DMI1|DM2 | DM3
Alt, MB B MB | MG | MG | F F MB B VB | VB | VVB
Alt, MG | MG | F F | MG | F MB F MB

Alt; MB MB F G | MG | MG | MG

Alt, MB | MG | MG | F VG | G MG

Al F F F F | MG | F F | VVB|VVB|VVB
Alty G | MG | MG | VG | G G | VG | VG | VG F MB B

Table 5 indicates the relative closeness coefticient C; and the ranking of

options or alternatives based on separation measures §° and §-. Also, it
illustrates that even slight differences in separation measures can significantly
influence the overall ranking of alternatives.

Table 5. Relative closeness coefficient C, and the ranking of alternatives

Alternatives S S- c; Ranking

Altyg 0.193 0.324 0.627

Alt, 0.193 0.302 0.610 2
0.249 0.295 0.542

Alty 0.315 0.174 0.356 14

Alty 0.341 0.154 0.312 15

Altg 0.376 0.129 0.256 16

5. Results and Discussion

Results indicate that Alt4 exhibits the highest efficiency in the ranking,
followed by Alt; and Alt,5, which demonstrate the second and third highest
performances among the other tram stop alternatives, respectively (Table
5). Conversely, Alts displays the lowest efficiency in the ranking, with
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Alty and Alt; showing the second and third lowest performances based
on the relevant criteria. Broadly speaking, the rankings demonstrate the
relative performance among the trams stop alternatives evaluated in the
tram line in Antalya. Particularly, A/t,4 secures the top ranking, indicating
its superior performance according to the evaluation criteria. On the other
hand, Alts ranks the lowest, suggesting areas for improvement or concerns
regarding its suitability. Moreover, Alt;, Alt\s, Alts, and Alt), achieves a
relatively high ranking, indicating its competitive performance compared
to other alternatives. The rankings provide an overview of the strengths and
weaknesses of each tram stop, aiding decision-makers in identifying optimal
choices for further consideration in the context of the evaluated criteria.

Since this study adopts critical factors such as comfort, safety, security,
and accessibility at tram stops, they should be considered carefully. Especially,
the number of amenities for refreshment at the vicinity of trams stops for
comfort, the amount of the bus stops near the stops for safety, the number of
street lighting around the stops, and the number of steps at or near the tram
stops should be taken into account for measuring the performance of the
efficiency of the tram stops. Decision-makers, stakeholders or policy makers
should pay attention to such features of the tram lines and stops. In this case,
especially, the alternatives or the trams stops Alt4, Alty, Alt;, Alt,, and Alt;
should be improved based on the related criteria in this study.

6. Conclusion

In conclusion, this study adopts a broad investigation into the tram
line and its stops within Antalya’s urban rail systems, with a specific focus
on the first tram line and its stops located in the city center. Additionally,
the research examines several areas critical to the operation and PT user
experience of the tram stops.

In this manner, the assessment of comfort, one of the four criteria,
considers amenities such as cafes, restaurants, buffets, and markets in the
vicinity of tram stops and signifies the comfort degree for commuters.
Secondly, safety is evaluated by examining the density of bus stops next
to the tram stops and their proximity to tram stops. The number of them
is assumed to indicate the effectiveness of safety measures for passengers.
Thirdly, security aspects are addressed through an exploration of the number
of street lighting around tram stops. Therefore, the prominence of well-
lit environments for passenger security can be highlighted. Furthermore,
this study considers the accessibility challenges faced by impaired people.
In this way, the presence of stairs and their abundance at and around tram
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stops is our concern particularly, because they create barriers to access the PT
services for disabled individuals. Therefore, such accessibility concerns point
out the need for accessibility improvements in order to ensure inclusivity in
PT systems.

The research identified the best and worst-performing and the most
effective and the least effective tram stops by applying the Intuitionistic
Fuzzy TOPSIS method. According to the results obtained, Alt4, Alt;, Alt;5
emerged as the top performing tram stops, while Altg, Alty, Alt; exhibited
the lowest efficiency based on the criteria and the opinions of the experts.
Thus, the strengths and weaknesses of the tram line and its stops are revealed
which guides decision-makers in identifying and determining the locations
for improvement in terms of transportation infrastructure and operations.

Besides, while this study addresses many essential characteristics of tram
stops for enhancement, a couple of limitations also exist. For example, the
results are mainly based on the expert perceptions, the technique or the
methodology applied, and a number of aforementioned criteria. Moreover,
the examination engaged in Antalya city’s first tram line only in the urban
area of the city. However, such limitations deliver many opportunities for
future academic studies. For instance, future studies could involve increasing
the number of experts and thus their variety of opinions and also expanding
the number of criteria with subcriteria. Furthermore, employing a couple of
techniques for the application and comparing their outputs could enhance
the evaluation.

Last but not least, this study contributes to the development of PT
services in the rail transit system of Antalya by taking into account critical
factors such as comfort, safety, security at the trams stops, and accessibility to
them in disabled individuals’ eyes. By operating modern MCDM methods
and providing actionable recommendations, this research can foster a more
efficient and inclusive urban PT system, especially the rail transit, for the
residents and visitors of Antalya.
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Chapter 5

Advanced Laser Material Processing Techniques

Sayit Ozbey'

Ismet Tikiz2

Abstract

The growing importance of laser material processing technologies in
various industries, expanding application areas, and decreasing costs of laser
systems make this technology critically important. This paper provides a
comprehensive review of the advances, applications and impacts of laser
technology in manufacturing, with a particular focus on laser surface
treatment, welding, cutting, drilling and cladding. Academic research in this
area is leading to the development of innovative manufacturing techniques
aimed at improving product quality, designing multi-material components
and supporting economic benefits. Numerous studies have been conducted
to investigate and optimize the effects of lasers on materials, leading to
significant advances in laser materials processing. Key findings highlight
the importance of laser surface treatment in enhancing material properties,
the versatility and precision provided by laser welding, the advantages
of non-contact machining, the high speed and flexibility of laser cutting,
and the capacity of laser drilling to effectively process hard and high-
strength materials. Furthermore, it is critical to carefully determine the
appropriate laser parameters to achieve the desired mechanical properties
in laser-processed materials. Ongoing research is directed toward further
understanding laser-material interactions and improving laser processing
techniques. In brief, laser material processing technologies continue to play
an important role in improving manufacturing processes and enhancing

product quality.
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1. Introduction

Laser material processing technologies are highly important for
various industries, due to the rapid expansion of laser applications and
the decreasing costs of laser systems (Grigoriev, Volosova, & Okunkova,
2022; Rahman, Haider, & Hashmi, 2014). In industrial contexts, different
applications such as drilling, welding and laser cutting (Deepak, R.P, &
Saran Sundar, 2023) have developed and achieved common acceptance.
However, new developments in laser technology, particularly in the areas
of additive manufacturing and micro/nanofabrication, have increased the
potential applications of lasers in manufacturing industries (Murzin &
Stiglbrunner, 2023). The availability of ultrafast lasers such as femtosecond
and picosecond lasers, as well as high-brightness lasers such as disk and fiber
lasers, are significant advancements in laser technology (Sugioka & Cheng,
2014). Processing is now possible more precisely and effectively because of
the novel beam material interaction phenomena that these types of lasers
have revealed (Brown & Arnold, 2010). Thus, advancements in the science
and technology of laser material processing will increase the accessibility of
laser use (L. Li, 2010).

The main characteristics of lasers that make them ideal for material
processing are their repeatability, directivity, and adjustability of the energy
that reaches the target (Ion, 2005). The material processing process can
be controlled by setting the correct laser parameters and selecting the
appropriate physical properties. The high-intensity laser beam can remove
atoms from the target by creating eftects such as heating, melting, boiling
and ionization in the material. These interactions can lead to entrapment
in the electronic state of the material, changes in bonds, and the formation
of defects. Figure 1 summarizes the specific physical interactions of the
material with the laser (Bauerle, 2011; William M. Steen & Mazumder,
2010).
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Laser beam
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Figure 1. Laser matevial processing and physical interactions (William M. Steen &
Mazumder, 2010).

Lasersare not only established and essential tools for current manufacturing
technologies but also can provide solutions to upcoming complex challenges
in industrial materials processing. Laser-related research is actively focused on
developing innovative manufacturing techniques to improve product quality,
explore the engineering of integrated multi-material and multi-functional
components, and improve economic and executive benefits (Kukreja, Kaul,
Paul, Ganesh, & Rao, 2013). Due to the diversity of laser types and usage
areas, many studies have investigated, analyzed, and optimized the various
changes that lasers cause on materials (Alhajhamoud, Candan, et al., 2022;
Alhajhamoud, Ozbey;, et al., 2022; Joe et al., 2017; Solheid et al., 2022)

Laser material processing techniques can be classified as drilling, cutting,
welding, surface treatment and cladding. Subclasses within this classification
can be created based on material qualities (conductors, semiconductors,
insulators), energy, wavelength, pulse duration, and response rate of the laser
employed, and the size of the work performed (centimeters, micrometers,
and nanometers) (Demir, 2010). The following chapters include general
information regarding the laser beam and lasers. Thereafter, the primary
laser material processing techniques, laser surface treatment, laser welding,
laser cutting, laser drilling, and laser cadding were discussed in detail.

2. Laser Beam and Lasers

The laser derived from “Light Amplification by Stimulated Emission
of Radiation,” is a device that amplifies electromagnetic radiation through
stimulated emission (Zohuri, 2016). The laser can produce a broad spectrum
of radiation from ultraviolet to infrared. To obtain a laser beam, three
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essential components are required: the gain medium for light amplification,
a pumping source for stimulation, and feedback systems for saturation
(Siltvast, 1996). The basic principle of laser beam generation is shown in
Figure 2.

High
Reﬁ'gclilyve
End Mirror

I | . [ o Laser
N\ - - < Partially Output
I | Transmissive
I d >| Output Coupler

Figurve 2. Basic principles of laser beam generation (Justander, 2022).

Lasers are light oscillators that amplify light by excited emission from
atoms within an optical resonator. Laser light is very spatially compatible and
has a restricted spectral width. Laser beams can focus on a small spot and are
highly directional. Because they produce incredibly short light pulses, pulsed
lasers have extremely high peak power (Agrawal, 2016). Since its creation in
1960, the laser has played an essential role in several scientific developments
and the development of numerous light-based technologies (Affan Ahmed,
Mohsin, & Zubair Ali, 2021).

Lasers have quickly expanded in several industries because of their
superior and remarkable qualities. Currently, practically every industry,
including national defence, agriculture, and manufacturing, uses lasers
extensively (Ion, 2005; Tong et al., 2022; Zhou et al., 2023). High-power
laser sources ofter new opportunities for material processing with different
wavelengths. As laser power increases, the power consumption of the system
decreases. The laser focal point with increased mobility has improved many
manufacturing processes (laser welding, cutting, drilling etc.). Therefore,
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manufacturers across the world recognize lasers for their success and
adaptability (Casalino, 2018).

Laser systems have various types based on the active medium in which
they are produced (Singh, Zeng, Guo, & Cai, 2012). They can be classified
into fundamental categories such as gas lasers, liquid lasers and solid-state
lasers (Fujimoto, Nakanishi, Yamada, Ishii, & Yamazaki, 2013) . Each
category has multiple laser types depending on the diversity of the active
medium. In gas lasers, laser mediums are created using atoms, molecules,
ions, or metal vapor. One notable example of an atomic laser in this category
is the helium-neon (He-Ne) laser. Similarly, in solid-state lasers, there are
various laser types depending on the medium. Yb (Ytterbium) -doped lasers
serve as another example within the solid-state laser category (Yalizay, 2011).

3. Laser Surface Treatment

Laser surface treatment is a significant technology for enhancing a range
of material qualities, encompassing improvements in surface strength,
hardness, roughness, coefficient of friction, chemical resistance, and corrosion
resistance (Shukla & Lawrence, 2015). Material surface qualities are often
improved by using laser surface treatment, which modifies a substrate’s
microstructure, phase composition, and topography. Conduction electrons
in the surface area of a material absorb light when it is incident on it. Heat
is produced quickly when these excited electrons hit the lattice ions. A layer
larger than the typical beam absorption depth rapidly heats up because of
the heat in this thin layer being transmitted to the bulk substrate. Heat
transfer causes the material to cool when the laser beam is removed. Figure
3 shows the laser interaction with the material. This procedure provides
an adaptable method to enhance the material surface characteristics in a
controllable manner (WM Steen & Powell, 1981).

Formation of an
energetic
region, melting |

Thermalization
of absorbed
laser energy

‘ Laser excitation of
optically active

states of substrate resolidification

Substrate

Figuve 3. Laser material intevaction.



108 | Advanced Laser Materinl Processing Techniques

Laser surface processing allows precise control of the final material
properties by choosing appropriate laser parameters. This enables the design
and optimization of processing procedures to achieve the best material
functionality for the intended application. This technique includes various
applications of laser surface heat treatment, such as non-melt laser annealing,
laser surface melting, cladding, laser cleaning, hardening and laser surface
texturing. These applications has various purposes, such as improving material
surface properties, incorporating new materials, providing cleanliness,
and enhancing tribological characteristics. Laser surface processing offers
advantages such as precise control, cost-eftectiveness, and flexibility compared
with other methods (Etsion, 2004; Sugioka, Michael, & Pique, 2010).

Figure 4. Example of (a) laser suvface cladding and (b) laser surfice texturing (Sugioka
etal., 2010)

4. Laser Welding

Laser beam welding was first used in the 1970s, when lasers began to be
used industrially (Wise, 2001). Laser welding is a high-power density fusion
welding process and produces high aspect ratio welds with a lower heat
input, compared to conventional arc welding techniques. It is a type of fusion
welding. Furthermore, near-infrared solid-state laser beam transmission by
tiber optics offers higher flexibility than other welding methods, and laser
welding can be performed out of vacuum (Blackburn, 2012).

Laser welding is characterized by two different modes of operation:
conduction and keyhole, as shown in Figure 5. The applied power density
is the principal difference between the two modes. Conduction welding is
associated with lower intensity and leads to melting of the material without
causing boiling. In contrast, keyhole welding involves higher intensity,
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leading to vaporization of the material and formation of a keyhole in the
molten pool. The conduction mode is suitable for scenarios characterized
by lower material density, exhibiting a more superficial penetration depth.
In contrast, the keyhole mode is well suited for applications involving
higher material density and facilitates deeper penetration. The transition
between these modes depends on factors such as laser power, welding
speed and material properties. Precise control of these modes is essential
for the optimization of laser welding and is compatible with the specific
requirements of the materials and joints involved in the process (Assuncao,
Williams, & Yapp, 2012; L Quintino & Assungao, 2013).

Laser beam Laser beam

vapor plume

f— Melt pool (liquid) Melt pool (liquid)
Traverse direction Melt pool /
(solidified) Vapor M

Traverse direction

Figuve 5. Laser welding modes: a) conduction welding and b) keyhole formation
(Petring, Polzin, & Becker, 2007)

5. Laser Cutting

Laser cutting is an established and reliable technique for cutting various
materials (Mahrle & Beyer, 2009). Laser cutting is one of the non-contact
cutting technique based on thermal power processes. It is generally used
for metals such as titanium, stainless steel, aluminium and aluminium
alloys. Laser cutting is also applied to non-metallic materials such as wood,
glass, plastic, ceramics and composites in various manufacturing industries
(Naresh & Khatak, 2022). Three variations of laser cutting technology are
currently recognized: inert-gas fusion cutting, reactive-gas fusion cutting,
and vaporization cutting (W. Steen, 1998).

Industrial laser cutting performs the cutting process by focusing large
amounts of energy on specific areas. This method generally uses laser cutting
beams with diameters between 0.003 and 0.006 inches. During the cutting
process, the high amount of heat produced by the laser melts or vaporizes the
material in the work area. To remove the evaporated material resulting from



110 | Advanced Laser Material Processing Techniques

the interaction of the laser beam with the workpiece protective gasses such
as oxygen, CO,, nitrogen or helium are used (Nedic, Milan, & Aleksijevic,
2016; Tahir & Rahim, 2016; Wardhana, Anam, Ogana, & Kurniawan,
2019).

Laser cutting offers numerous advantages, including its non-contact
nature, high speed, and flexibility and ability to cut various materials
with minimal waste (Sharma & Yadava, 2018). The process is computer-
controlled, ensuring precision and reducing human intervention, while
its low running costs and short setup times enhance efficiency. However,
laser cutting has limitations such as restrictions on cutting reflective metals,
heat exposure leading to a narrow heat-affected zone, and a relatively high
initial capital cost (Anghel, Gupta, Mashamba, & Jen, 2018; Eltawahni,
Benyounis, & Olabi, 2016; Gupta & Jain, 2013).

In machining, it is essential to determine the ideal cutting parameters
based on the interaction of the insert, workpiece material and cutting
parameters (Iynen, Sahinoghi, Ozdemir, & Yilmaz, 2020). Laser cutting is a
complicated process that is controlled by many variables whose interactions
are unpredictable. The parameters of the laser cutting process can be divided
into three categories: used laser system, workpiece, and process parameters
as shown in Figure 6 (Anghel, Gupta, & Jen, 2020).

INPUT PARAMETERS ':D-l::)l OUTPUT PARAMETERS |

~ Laser system - Surface roughness
-Maximum output laser power - Kerf geometry
-Beam quality - Surface integrity
-HAZ

Work[?iece parameters - Dross and recast formation
-Material type -MRR
-Material thickness

Processing parameters
-Laser power

-Cutting speed

-Gas type and pressure
-Frequency

-Focal position

-Focal point diameter
-Focal distance

-Nozzle diameter and
stand-off

Figure 6. Laser cutting input and output pavameters (Anghel et al., 2020).
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6. Laser Drilling

Laser drilling is a non-contact unconventional machining process
specifically designed for the precision machining of stift and high-strength
materials, including metal alloys, ceramics, composites, and superalloys.
Conventional machining methods often struggle with the difficulty of
working on these materials. Laser drilling addresses this challenge by offering
the capability to create complex and precise holes that might be unattainable
through traditional machining processes. Therefore, laser drilling has
considered as a crucial technique for effectively machining such materials
(Gautam & Pandey, 2018; Sarfraz, Shehab, Salonitis, & Suder, 2021)

Laser drilling is capable of drilling holes of any shape, regardless of the
hardness of the material. Highlights of the advantages of laser drilling include
the ability to drill holes in difficult-to-machine engineering materials, such
as diamond, highly refractive metals, superalloy, ceramics and composites,
without tool wear. In addition, this technique has the advantages of being
able to produce high-quality holes with minimal spatter and splatter, drill
holes of any size and shape, drill holes at different angles and have high
drilling speeds. The combination of all these features makes laser drilling a
cost-effective process (Dahotre & Harimkar, 2008; Nath, 2014; William M.
Steen & Mazumder, 2010)

Laser drilling involves the process of melting or vaporizing material from
the workpiece using a fixed high-power-density laser beam. Laser drilling is
based on the energy balance between the energy of the laser beam delivered
to the workpiece and the conductive heat to be delivered to the workpiece,
as shown in Figure 7. Energy losses occur when the melting temperature
of the material is reached, because of factors such as plasma formation and
low material absorption. While the advantages of laser drilling include its
thermal nature, high precision and fast processing speeds, its main limitations
include the inability to produce step diameter holes and the lack of accurate
depth control (Chryssolouris & Salonitis, 2012).
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Laser
beam
Workpiece
Plasma formation
Phase change Erosion front
(vaporization)
/ Molten layer
Phase change // l \\
(melting) Conduction
heat

Figure 7. Basic principles of laser dvilling (Chryssolouris, 1991).

There are several methods to perform laser drilling, including helical,
percussion, single pulse, and trepanning drilling, as shown in Figure 8.
Higher quality holes are often produced by helical and trenching drilling,
although the drilling time is increased. Although percussion drilling has the
benefit of faster drilling, the holes produced by this method are often of
lower quality than those produced by trepanning (L. Li, 2010).

i
Single pulse Percussion Trepanning Helical drilling

Figuve 8. Laser dvilling methods (Dausingera, Hiigel, & Konov, 2003).



Sayit Ozbey / Ismet Tikiz | 113

7. Laser Cladding

Laser coating is a leading production technology, finding applications
in prototype development, repair, and manufacturing in diverse industries
such as aerospace, automotive, defense, and medicine. Its widespread usage
demonstrates its versatility and effectiveness in various fields (Dindar, Altay,
& Aydin, 2021). This technology is a highly effective method for modifying
material surfaces (Chen, Wu, Li, & Liu, 2019). The fundamental principle
of this technology involves the direct penetration of metallic powder into
the base material through melting. Metallic powder is transferred to the base
material via a nozzle and material feeding system, with the simultaneous
application of a laser beam to melt the metallic powders (X. Li et al., 2020).

Laser cladding is gaining increasing popularity in applications related
to the repair and protection of material surfaces (Hemmati, Ocelik, & De
Hosson, 2015). By applying laser cladding, a variety of surface alloys and
composites with the necessary qualities can be produced (Shivamurthy,
Kamaraj, Nagarajan, Shariff, & Padmanabham, 2012). This technique
produces minimal heat input into the part, eliminates a large amount of
distortion and reduces the need for post-machining. It also prevents the loss
or hardening of the alloying elements of the base material (Luisa Quintino,
2014). In the laser coating process, the powder and substrate materials are
heated, evaporated and chemically transformed by the laser beam, as shown

in Figure 9.
s~ A
Laser
head - = =
Hot melt
—— %
-——4 A Laser beam
Coating powder i s
(eg.,Co,W) | w Coating tempentus
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(co,) powder Ll

\

'~

Figure 9. Laser Cladding (Rabman et al., 2014).
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8. Conclusion

In conclusion, laser material processing technologies have become
important in various industries because of the rapid expansion of laser
applications and the decreasing cost of laser systems. With the wide
acceptance of applications such as laser surface treatment, welding, cutting
and drilling, new developments in laser technology have increased the
potential applications of lasers in manufacturing industries, especially in the
tields of additive manufacturing and micro/nanofabrication. Technological
advances, such as ultrafast lasers, have enabled more precise and efficient
processing and introduced new phenomena of beam-material interaction.
The potential of the laser to direct energy in a repeatable, direct and tuneable
manner makes it ideal for materials processing and enables processes that can
be controlled by specific laser parameters.

Laser-related research is actively contributing to innovative manufacturing
techniques aimed at improving product quality, designing multi-material
components and improving economic and procedural benefits. The diversity
of laser types and applications has led to various research efforts to investigate
and optimize the effects of lasers on materials. The following conclusions
can be drawn from this study:

* Laser surface treatment improves material properties such as strength,
hardness and chemical resistance and offers a controllable method for
improving surface characteristics.

e Laser welding provides flexibility and precision in joining materials
with conduction and keyhole modes.

* Laser cutting, offers the advantages of non-contact processing, high
speed and flexibility, while laser drilling addresses the challenges of effectively
processing hard and high-strength materials.

¢ Laser cladding finds versatile applications in prototype development,
repair and manufacturing, demonstrating its effectiveness in various
industries.

e It is essential to set the appropriate laser parameters to achieve the
expected mechanical properties of the laser-processed material.

e There are several studies in the literature that aim to investigate
laser material interactions and will continue to do so as there are various
parameters that affect laser material input.
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Chapter 6

Brain-Computer Interfaces: Brain Chip From
Past to Present
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Abstract

Brain-computer interface (BCI) is a mechanism that enables individuals
to manipulate and control computers or other technological devices by
utilizing their brain activities. This technology involves receiving and
analyzing brain signals, which are then transformed into commands that can
be easily conveyed to intelligent devices, enabling them to perform specific
operations. This investigation analyses the evolution of brain chips as brain-
computer interfaces from the past to the present. Brain implants and chips
serve as apparatus for interfaces, transmitting information through physical
interaction with neurons in the brain. No changes in content have been
made. The language used is clear, objective, and value-neutral, with a formal
register and precise word choice. The structure is clear, with a logical flow
of information and causal connections between statements. The text is free
from grammatical errors, spelling mistakes, and punctuation errors. Brain-
chip interfaces provide individuals with the opportunity to comprehend
and interact with their surroundings. The given text strictly conforms to the
traditional format, encompassing standard academic divisions and consistent
citation of the author and institution. This research employs a method of
historical investigation to analyze the development of brain chips over time,
spanning from the past until the present era.
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1. Introduction

Recently, microelectromechanical systems have become increasingly
popular in biomedicine. The development of micromachining
and microelectronics technologies has led to the creation of new
microelectromechanical systems that aim to achieve scientific, diagnostic,
and therapeutic goals. The use of microchips to record neuronal activity
has undergone significant development, resulting in a highly sophisticated
technology with considerable potential for innovative applications in this
field (Vassanelli, 2011).

It is a fact that current supercomputers cannot match the cognitive
abilities of the human brain. However, experts predict that within ten years,
the next generation of supercomputers will have the necessary computational
power to do so (Moravec, 1997). Brain-computer interfaces (BCls) assess
the signals and activity of the brain, subsequently empowering users to
manipulate devices solely through their cognitive processes by converting
said signals into commands for computers. These devices entail swiftly
progressing technology that integrates diverse technologies, encompassing
sensors, techniques for processing signals, algorithms for machine learning,
and applications or software designed for control (Savic & Arico, 2023).

The Brain-Computer Interface (BCI), also referred to as the Brain-
Machine Interface (BMI), is a mechanism that facilitates the interaction and/
or regulation between the human brain and external apparatus. Examples of
these external devices encompass wheelchairs, computers, robotic arms, and
muscle-stimulating devices. Primarily, the objective of BCI is to identify and
examine cerebral signals that depict an individual, subsequently transforming
these signals into instantaneous instructions for the aforementioned devices
(Alkaff et al., 2023).

Brain-computer interfaces are responsible for enabling interaction
between artificial devices and humans. In the past, human-machine interfaces
heavily relied on human motor control. However, the purpose of interfaces
has been transformed by the emergence of powerful computers, innovative
microchips, microstimulation technology for neural tissue interaction,
and the rapidly progressing field of neuroscience, accompanied by signal
detection algorithms. They now rehabilitate motor or sensory function
(Kubler & Neumann, 2005). BCIs, whether they are implantable or non-
implantable, capture brain signals related to cognitive processes or functional
motor movements and utilize these signals to regulate a computer, a robotic
arm, or any other external apparatus (Canny et al., 2023).
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Fig. 1. The basic avchitectuve of the BCI system (Mvidha et al., 2021).

As depicted in Figure 2, BClIs are intricate systems designed to receive
and decipher neural signals emanating from the brain. These systems
meticulously analyze and encode said signals, subsequently transforming the
encoded information into actionable commands that are then transmitted to
a designated device for their intended purpose. The BCI system comprises
a convergence of diverse functions that collectively enable the recognition,
encoding, and transformation of neural signals into executable commands.
This comprehensive system is composed of four fundamental steps: (a)
signal acquisition, (b) feature extraction, (c) translation of the feature, and
(d) device output. These constituent components collaboratively operate
sequentially to facilitate the seamless interaction between the user and the

BCI system (Alkaft et al., 2023).

Recent technological advancements have enabled the creation of brain
chip implants, which are designed to improve cognitive functions. These
devices interact with the neural connections of the brain and are currently
being developed for individuals with therapeutic needs. However, as scientific
progress continues, it is anticipated that their utilization will expand in the
future to enhance cognitive capacity. As a result, the future use of brain chip
implants presents numerous research opportunities for scientists, as it holds
the potential to enhance cognitive performance in individuals who do not
require therapy (Marinkovic, Marinkovic & Jelic, 2023).
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1.1. The History of Brain Implants

On the 26th day of January in the year 1781, Galvani executed a
renowned scientific experiment, commonly known as the “first experiment”,
in which he caused the extremities of a frog to contract, triggered by an
electric discharge from a distance (Bresadola, 1998). Galvani’s initial work
did not seem sufficient to detect the disruptions caused by powerful electrical
discharges on the neuromuscular system. In his experiment, Galvani
conducted a comparison between the impacts of electrical stimulation on a
frog by establishing a connection with one nerve and detaching the other.
He demonstrated the inclusion of a nerve property within the framework
of neuroelectricity theory, the phenomenon under discussion is the capacity
of nervous tissue to transmit electrical impulses with different levels of
independence. Specifically, this result was found to be consistent with certain
assumptions of neuroelectric theory (Piccolino, 2006).

Galvani began his experiments to substantiate the neuroelectric theory
and validate its results. In 1797, Galvani was able to induce muscular
contractions in a pair of frog legs using a method in which a single nerve was
used to make a connection between two specific points on another nerve

(Piccolino, 2006).

In the year 1870, the partnership between Eduard Hitzig and Gustav
Fritsch achieved the feat of instigating the movement of canines by applying
electric current to specific regions of the cerebral cortex (Hagner, 2012).
Hitzig observed that the application of electrical stimulation to a person’s
cerebral cortex resulted in the movement of their eye organs. To substantiate
his findings, Hitzig conducted an experimental study on a rabbit.
Subsequently, in collaboration with Fritsch, a systematic study of applying
electrical stimulation to the dog encephalon was carried out (Thomas &
Young, 2010).

Fritsch and Hitzig’s exhibition of the cerebral cortex’s electrical excitability
is widely acknowledged as a noteworthy contribution to the realm of scientific
understanding. The primary importance of their investigation resides
in its role in proposing distinct functions in various areas of the cerebral
hemisphere. As such, Fritsch and Hitzig’s work served as a pioneering effort
for subsequent investigations into the physiology of the brain (Thomas &
Young, 2010).

Psychologists frequently refer to the research carried out by Gustav Fritsch
and Eduard Hitzig in 1870, which is widely recognized as a groundbreaking
investigation into the utilization of electrical stimulation on the human
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brain (Thomas & Young, 2010). This research has stimulated interest in the
study of empirical neurophysiology and has enabled scientists to redefine the
relationship between cerebral impairment and mental disorders (Hagner,

2012).

Roberts Bartholow’s experiment conducted in 1874 is widely
acknowledged as the inaugural demonstration of motor excitability. During
this seminal study, stimulating electrodes were employed to elicit stimulation
in the cortical region of the human brain. Bartholow skillfully inserted
stimulating electrodes through a malignant opening in the cerebrum of a
young woman named Mary Rafferty to maneuver the patient’s physical
form. Consequently, this particular endeavor marked the first manifestation
of the neural network’s capacity for motor excitability within the human
brain (Harris & Almerigi, 2009).

Fiy. 2. Vavious forms of electrodes and electvolytic needles (Bartholow, 1872a).

The metallic bars positioned on both ends of the device exhibit a
translational motion in conjunction with the coil, thereby enabling the
movement of the metallic rods when the coil oscillates. Each distinct
rod forms an electrical connection with one extremity of the coil and is
additionally electrically linked to the coil through the metallic supports
(Bartholow, 1872).
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The descriptions of Bartholow’s experiments suggest that the
investigations aimed to examine the excitability of the cortical region and its
localization (Harris & Almerigi, 2009).

In 1924, Hans Berger became the first person in history to successfully
document electroencephalographs (EEGs) (Haas, 2003). The study of
electroencephalography (EEG) is a major investigation into the measurement
of brain activity. In 1924, by using a vacuum tube amplifier (which amplifies
the electric current by a factor of 100), it was possible to obtain a precise and
readable electrical trace from the surface of the brain of a patient who had
suffered a head injury. K. Berger continued to refine the results over several
years. Berger simultaneously exhibited the disparity between brain waves
in a state of repose and brain waves while engaging in diverse cognitive
activities (commonly referred to as alpha waves or Berger waves). He also
successfully demonstrated that the electrical activity surrounding the brain
tumor had stopped, as well as the differences between brain activity during
sleep and cognitive processing (Kaplan, 2011).

Presently, the application of electroencephalography (EEG) apparatus is
considerably efticacious in the domains of neurology; critical care, psychiatry,
and experimental psychology (Kaplan, 2011). The researcher used the
terms alpha and beta waves (alternatively referred to as Berger waves) in
his research. Berger also studied electroencephalogram (EEG) recordings of
people of difterent ages and genders.
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Fiy. 3. Examples of EEG (Berger, 1929).
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As part of his empirical efforts, Berger noted the changes in brain waves
that occur during cognitive processes and sleep. Today, the use of EEG has
become commonplace in the detection of disease in various fields, including

neurology and psychiatry (Incel, Adanir & Sevmez, 2020).

Deep brain stimulation (DBS) originated from the field of
neurostimulation techniques. This area of study has experienced global
expansion since the 1940s and has proven to be a valuable therapeutic
intervention for individuals with neurological and psychiatric conditions
resistant to alternative treatments (Gardner, 2013). During the 1960s,
advancements in neurostimulation technologies began to reveal the curative
impacts of neurostimulation to many medical practitioners (Gardner, 2013).

During the carly 1960s, Medtronic, an expanding manufacturer of
medical equipment, unveiled the inaugural pacemaker that was accessible
for acquisition within the marketplace. In a similar vein, a contingent hailing
from California employed cardiac pacemakers to elicit stimulation within
designated sections of the cerebral cortex. In their study, Hosobuchi et
al. (1973), performed ablation surgery guided by stereotactic techniques
to alleviate chronic pain in patients. To address the inadequate response
to conventional treatments, deep brain stimulation (DBS) was tested
on multiple individuals. The thalamus was surgically targeted for precise
electrode implantation, which was subsequently linked to a pacemaker
device, as reported by Hosobuchi et al. (1973). The study conducted by
Hosobuchi demonstrated that pain relief was achieved in three out of the
four initial participants (Gardner, 2013).

The enduring implantation of electrodes in the cerebral cortex of the
animal permits the examination of brain activity for a prolonged duration
devoid of the usage of anesthesia (Delgado, 1955). Delgado, the scientist
at the forefront of cerebral microchip technology, has developed a device
capable of receiving and transmitting stimuli from nerve cells, an electronic
instrument with the ability to manipulate cognitive abilities (Horgan,
2005). Electrodes specifically designed to monitor and regulate behavior and
physical coordination, as shown in Figure 3, have been surgically implanted
in primates, cats, and Homo sapiens.
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Fig. 4. The moment when Delgado used the radio to electvically stimulate the brain of
the bull (Delgado, 1981).

Successful implantation of these electrodes has been maintained for over
two years. A wide range of electrodes have been inserted into the anatomy
of cats, primates, great apes, cattle, and even Homo sapiens, demonstrating
the ability to manipulate both mental cognition and physical abilities at the
touch of a button (Horgan, 2005).

In 1963, in a bullfighting arena in Spain, an impressive bovine specimen,
equipped with a cerebral apparatus, began an attack on Delgado. Afterward,
however, the said animal stopped its advance and changed its trajectory; all
in response to Delgado’s communication. Although Delgado’s signaling did
not succeed in suppressing the bull’s innate propensity for aggression, it did
succeed in forcing the creature to turn to the left (Horgan, 2005).

Delgado’s accomplishments have cleared the path for the advancement
of brain implant technology, a field that is presently assisting individuals
afflicted with neurological conditions like epilepsy, Parkinson’s disease, and
dystonia (Horgan, 2005).

In the 16th century, Volta initially inspired a sense of optimism among the
hearing-impaired by proposing the possibility of providing them with new
hearing organs. By applying an electric current to the skull of individuals,
Volta carefully observed their ability to perceive auditory stimuli. This
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technique was later successfully applied to people with hearing impairments,
leading to reports of auditory hallucinations. In the mid-20th century, the
practice of implanting electrodes in animals and humans gained momentum.
Djourno and Eyries, renowned pioneers in the field of electrophysiology,
conducted a groundbreaking experiment in which an electronic cochlea
was implanted in a patient suffering from deafness caused by a cholesterol-
induced tumor. Although the patient was unable to hear speech, he was able
to detect environmental sounds (House & Urban, 1973).

The responsibilities of the synthetic internal auditory system include
(1) electronics (hardware); (2) tissue acceptance; (3) excitation of small,
distinct nerve fibers; (4) persistence of electrical currents in tissue and
electrodes; and (5) auditory detection and stimulus encoding (Simmons
& Calif, 1969). In the year 1961, William House executed the inaugural
surgical intervention for cochlear implantation, whereby he introduced a
solitary wire, followed by a 5-wire electrode array, into the scala tympani
area of the cochlea belonging to an individual afflicted with auditory
impairment (House, 1976). Now, after more than five decades, cochlear
implants have become a widely accepted medical intervention for restoring
hearing function in individuals with congenital deafness and those who have
experienced hearing loss (Dorman & Parkin, 2015).

In the mid-1970s, a significant transformation occurred in the field of
integrated circuits. During this period, it became possible to construct a
computer using only ten thousand components, even though the smallest
details approached a tiny size of 3 micrometers. However, the number of
impurity atoms defining these small chips had decreased to such an extent
that the statistical distribution posed a risk of making many components
obsolete. The dwindling number of signaling electrons worsened the
situation. Atoms were able to traverse the crystal due to the electrical
gradients across the narrow gaps, which disturbed the circuit. The risk of
signal distortion increased as the wires became closer. As a result, the chips
now have many connections, making external connections unnecessary. An
analysis of computer development shows a rapid triumph over numerous
challenges. The progress of chips has not only persevered but has also
accelerated significantly. The implementation of shorter wavelength light
has successfully improved the process of impurity implantation. Voltage
levels have been reduced, contributing to increased efficiency. Furthermore,
advancements in insulator technology and optimized shielding designs
have further improved overall performance. As stated by Moravec (1997),
transistor designs have undergone significant enhancements, such as the use
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of non-radioactive packaging materials, denser pin patterns, and improved
heat sinks.

In 1996, a revolutionary development took place in the field of
neuroscience. Specifically, neurotrophic electrodes were surgically implanted
in the body of a paralyzed individual. This innovative procedure allowed
the individual to regain control of their motor functions, giving them the
ability to manipulate a computer cursor with great precision and accuracy.
Researchers Philip Kennedy and Roy Bakay presented a brain implant that
produces amplified neurological stimuli to facilitate voluntary motor activity.
In 1998, the aforementioned patient received the implant and developed the
ability to manipulate a computer cursor through learned motor coordination
(Kennedy & Bakay, 1998).

In 1997, deep brain stimulation was first used to treat the tremor
associated with Parkinson’s disease. The use of this method has led to
long-term improvements in patients’ health (Benabid, 2003). Deep brain
stimulation mimics the effects of a brain lesion without damaging brain
tissue. The implementation of this methodology has resulted in a notable
enhancement in the motor capabilities of individuals suffering from
Parkinson’s disease who do not exhibit any positive response to traditional
medical measures (Deep-Brain Stimulation for Parkinson’s Disease Study
Group, 2001).

In 2002, the US Food and Drug Administration (FDA) approved the
application of deep brain stimulation (DBS) as a remedial measure for those
afflicted with Parkinson’s disease. DBS has also been authorized for the
management of dystonia (Gardner, 2013).

In 2005, the BrainGate initiative developed a brain-computer interface
that allowed a tetraplegic individual to manipulate a robotic arm with
success. The experiment aims to assist individuals diagnosed with tetraplegia
in controlling a computer cursor and other devices using their cognitive
processes. This would enable them to use communication tools, such as
email, by simply imagining hand gestures (Bogue, 2010).

Thanks to the pioneering efforts of Cyberkinetics Neurotechnology, a
groundbreaking nine-month human trial was conducted. During the trial,
a patient was able to use an artificial hand through the implementation
of a chip implant. The BrainGate implant, comprising 96 electrodes,
was surgically implanted into the patient’s right anterior central gyrus, a
region within the motor cortex that is closely linked to arm mobility. This
groundbreaking technique enabled the patient to exert control over a robotic
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arm, manipulate a computer cursor, and manipulate television functions
solely through the power of their cognitive thoughts and volitional desires
(Arafat, 2013). In 2012, a woman was able to drink from a container using
only her thoughts thanks to the development of a BrainGate mechanized
limb (Hochberg et al., 2012).

In 2016, Elon Musk founded Neuralink intending to develop cutting-
edge brain-computer interfaces that have superior data transmission
capabilities (Fiani et al., 2021). The interface provided by the Neuralink
chip enables the transmission of signal information from an implanted
electrode array to process brain signals. This transmission facilitates the
transfer of these signals to a receiving device, such as a computer. The chip
can extract data from brain signals and use it to generate activity. In addition,
during the implantation process of the Neuralink Brain-Computer Interface,
a total of approximately 3072 electrodes are meticulously positioned by a
robotic system. These electrodes are used to convert brain signals into data,
helping to facilitate human interaction and control of a wide range of devices
(Jawad, 2021).

Fig. 5. Neuvalink Company has developed a device that can be implanted in humans.
The device is designed with a USB-C interface for BCI. The experimentation of
Neuralink’s BCI in a vat model has been conducted (Dadia & Greenbaum, 2019).

Neuralink’s recently developed neurointerface has great potential to
serve as the next brain-machine interface for both research and treatment.
The use of invasive brain-machine interfaces, such as Neuralink, will allow
individuals to interact directly through the medium of their thoughts
(Pisarchik et al., 2019). Neuralink aims to alleviate a wide range of brain
disorders and improve memory and cognitive performance. Accordingly,
this microchip has the potential to alleviate depression, anxiety, and various
other psychiatric disorders (Fadziso, 2020). Neuralink, the brain-computer
interface project led by Elon Musk, aims to enhance memory and establish
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a means of communication with computers and devices by being surgically
inserted into the human brain (Gurtner, 2021). The application for a human
trial by Neuralink, which had been rejected by the United States Food and
Drug Administration (FDA) in the past, has now gained approval for a
second trial. It is noteworthy, however, that this particular trial, despite
reportedly occurring, has not been registered on ClinicalTrials.gov, an online
data repository overseen by the National Institutes of Health (NIH) in the
United States (Drew, 2024).  In 2018, three patients were able to walk
with the help of wireless spinal cord implants. A new technological innovation
has been developed that enables individuals with chronic tetraplegia to stand
upright and walk. This objective is realized via a digital connection that
establishes a natural connection between the cerebral cortex and the spinal
cord. The device responsible for this breakthrough is called the brain-spinal
cord interface (BSI), which includes fully embedded stimulation systems
that target the spinal cord (Lorach et al., 2023).

The patient’s ability to control the movement of their lower limbs and
perform actions such as standing upright, walking, and climbing stairs
has been recorded. This has expedited the patient’s neurological recovery.
The patient successfully restored their capacity to ambulate by using a
walking aid, even when they were not actively utilizing the device. This
digital mechanism has helped to regain control over the body after paralysis
(Lorach et al., 2023).

2. Conclusion

BCIs has surfaced as a mechanism that enables the exchange of information
between the brain and the encompassing external milieu. The introduction
of BCIs has introduced a mechanical framework for scrutinizing neural
activities and transforming them into neural information. This framework
has opened up numerous avenues for effortless engagement with diverse
mechanisms (Ye et al., 2024). BClIs are technological systems that allow for
the interaction between the brain and external devices, thereby facilitating
the acquisition of data and the stimulation of neurons. Depending on the
placement of electrodes, BCIs can be categorized as either invasive or non-
invasive, with the former involving implantation within the brain and the
latter involving placement on the scalp. Primarily utilized in medical contexts,
these interfaces have proven invaluable in the diagnosis of neurological
conditions and the provision of neurostimulation. The utilization of BClIs
in neurostimulation has demonstrated efficacy in the identification of
ailments such as epilepsy and sleep disorders, in addition to facilitating brain
imaging for the detection of anomalies. Furthermore, BCIs have exhibited
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considerable success in the treatment of illnesses like Parkinson’s disease and
obsessive-compulsive disorder, particularly when traditional pharmaceutical
interventions have proven inadequate. Notably, the popularity of BCIs has
surged in recent years owing to their reduced cost and smaller size, making
them more accessible to a broader population. Additionally, advancements
have been made in minimizing the dimensions of invasive BClIs, thereby
enhancing patient safety. Prominent companies like Neuralink are actively
engaged in research and development efforts aimed at creating systems
capable of reading and stimulating individual neurons in the brain, with the
ultimate goal of democratizing neurotechnology (Lépez Madejska et al.,
2024).

BClIs are classified into two primary categories: implantable, which are
surgically implanted, and non-implantable, which are applied externally.
Implantable electrodes provide high precision and superior capability
in executing intricate commands compared to surface-based electrodes.
However, non-implantable electrodes, such as scalp patches, are considered
safer and more widely accepted. Despite their limitations in terms of
accuracy and range, non-implantable alternatives are indispensable for users
who do not have any health conditions. The process of acquiring signals
encounters obstacles such as power interruptions and artifacts caused by eye
movements. These challenges are mitigated through the application of EEG
and cortical EEG models for analysis purposes. Re-encoding techniques are
employed to transform decoded data into specific tasks, such as controlling
the movements of a robotic arm. BCIs can be integrated with various fields
of engineering by utilizing diverse encoding methods. The feedback process
involves the reception of sensory input, which is essential for managing
multi-modal perception and is crucial for the successtul implementation of
BClIs (Qin, 2024).

The connection between the brain and the chip is a complex network that
allows for interaction between the chip and neurons. This particular system
facilitates bidirectional signal transmission, allowing for communication
between the brain and the computer via the utilization of a chip. As a result,
the computer can process messages generated by brain cells. It should be
noted that this interaction is bidirectional, as the computer also can transmit
messages back to the chip (Saba et al., 2017).

The benefits of brain chips are as follows: they facilitate efficient
performance. Researchers have found that the insertion of the chip into
the human brain is reliable and adaptable, making it significant in enabling
individuals to utilize their brain function. Brain chips are also endowed



134 | Brain-Computer Interfaces: Brain Chip From Past to Present

with self-regulation, allowing them to assist individuals in enhancing
their memory voluntarily. Brain chips are versatile and can be effectively
applied in diverse circumstances. They can also be personalized to cater to
the distinct requirements of each individual. These chips enhance cognitive
abilities, ensuring productivity. Furthermore, they provide a sense of security
by safeguarding an individual’s memory from potential loss. The drawbacks
of brain chips include the high costs of manufacturing and potential risks
associated with the implantation procedure (Saba et al., 2017).

Advanced brain-chip interfaces with high resolution enable the
investigation of cerebral functionalities at sub-cellular levels. Technological
advancements have allowed for the collection and documentation of vast
amounts of data from various cerebral domains. To decode this data, certain
apparatuses were necessary (Mahmud et al., 2017).

The development of brain chip implants represents a groundbreaking
advancement in the fields of engineering and neuroscience, particularly
for individuals afflicted with neurological disorders. By utilizing nano-
technology, scientists can fabricate diminutive and superior chips, making
brain chip technology a more dependable alternative. One of the main
advantages of this innovation is that it restores bodily functions for patients,
making rehabilitation efforts easier (Saba et al., 2017). In recent times, the
emergence of cutting-edge methods in device fabrication, namely 3D printing
and injection molding, has facilitated the efficient creation of devices. The
implementation of standardized protocols during the manufacturing process
of chips can eftectively minimize variations among chips and offer accessible
platforms that cater to the needs of novice users (Ahn & Kim, 2024).

Intracortical ~ brain-computer interfaces represent an innovative
technological advancement employed to reinstate both motor control
and communication capabilities in persons afflicted with disabilities. By
deciphering cerebral movement signals, IBCIs facilitate the regulation of
paralyzed limbs, thereby enabling individuals to engage in a myriad of tasks
including controlling robotic appendages, transcribing manual gestures into
written language, and comprehending spoken discourse (Deo et al., 2024).

When it comes to the development of brain-computer interfaces, it
is crucial to adopt a multidisciplinary methodology that encompasses a
comprehensive analysis of cerebral functions and the symbiosis between
the nervous system and neuroprosthetic devices (Vassanelli, 2011). The
effectiveness of brain-computer interfaces in the forthcoming times will rely
on their capacity to furnish individuals with valuable skills, their enduring
safety, and the degree of convenience they offer (Daly & Wolpaw, 2008).
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These advances have the potential to enhance the well-being of many people.
They can improve individuals’ standard of living and enable them to lead
more productive and purposeful lives (Maguire & McGee, 1999).

The ever-changing technical environment is a result of the rapid progress
in technology. The main goal of this article is to bring together previous
research on brain-computer interfaces and tackle the obstacles faced, thus
contributing to the current global applications in this domain. In future
research efforts, the integration of deep transfer learning and neural
networks is anticipated to enhance the potential of brain-computer interface
applications, thereby providing support to a larger population (Qin, 2024).

BCIs can transform how we interact with technology, enabling more
intuitive and seamless control of devices through direct brain signals. This
could lead to advances in areas such as VR, AR, and immersive gaming
experiences. However, there are still many technical, ethical, and sociological
issues that need to be addressed before BCIs can be widely adopted. These
include issues related to data privacy, security, reliability, and accessibility.
Despite these challenges, the future of brain-computer interfaces appears
promising, with the potential to profoundly impact various aspects of our
lives.
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Chapter 7

Renewable Energy Solutions for Commercial
Ships
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Abstract

Maritime transportation is a keystone of the global economy, facilitating more
than 90% of international trade by a fleet of nearly 90,000 vessels. However,
the sector’s reliance on fossil fuels brings with it significant environmental
challenges, including greenhouse gas emissions, air and water pollution,
and impacts on marine ecosystems. To address these issues and increase
sustainability, there is a growing trend towards integrating renewable energy
sources in the maritime sector. In particular, ocean-going vessels contribute
more than 3% of global carbon dioxide emissions, while petroleum-based fuels
emit significant amounts of nitrogen oxides and sulphur dioxide. In addition,
shipping emissions are a major source of ambient air pollution in coastal
areas. Projections indicate a potential 50-250% increase in carbon dioxide
emissions from international shipping by 2050 if current trends continue.
Renewable energy solutions such as wind, solar and nuclear power offer
promising alternatives, with advances in technology increasing their efficiency
and affordability. However, the transition to marine renewable energy requires
overcoming technological barriers, infrastructure limitations and financial
challenges. Despite these barriers, adopting renewable energy sources offers
an applicable way to reduce the environmental impacts of shipping and ensure
a sustainable future for the industry. This study focuses on renewable energy
sources used in commercial ships and discusses alternative solutions such as
wind, solar and nuclear energy. Furthermore, by highlighting the potential and
advantages of renewable energy sources used on commercial ships, this study
can be seen as an important step towards reducing environmental impacts and
increasing sustainability in the maritime industry.
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1. Introduction

Shipping plays a crucial role in the global economy, since more than
90% of global trade is transported via oceans by around 90,000 vessels
(Kodak, 2022; Pandya, Herbert-Burns, & Kobayashi, 2011). The shipping
industry not only plays a significant role in global trade but is also a major
contributor to environmental challenges. The use of fossil fuels in ships
causes greenhouse gas emissions, pollution of the air and water, and other
negative impacts on marine ecosystems. There is a growing trend in the
marine industry to employ more renewable energy sources to solve these
problems and improve sustainability (Huang et al., 2021).

The increase in transport activity is a natural consequence of the trend
toward global integration. Transportation and manufacturing processes
are accelerating because of factors including globalization, increased needs
and technological developments. Increased usage of machines and vehicles
causes environmental damage, especially when fossil fuels are used (Millet,
Fidan, & Oz, 2023; OECD (Organisation for Economic Co-operation and
Development), 2010; Raza & Ather, 2014). Based on information from
the International Maritime Organization (IMO), ocean-going ships are
responsible for over 3% of the world’s carbon dioxide (CO,) emissions.
15% of global emissions of nitrogen oxide (NOx) and 6% of emissions
of sulfur dioxide (SO,) are caused by the use of petroleum-based fuels in
marine vessels. (Samosir, Markert, & Busse, 2017). Furthermore, in coastal
parts of Europe, shipping emissions account for 1-7% of ambient air PM
(per million)10 levels, 1%-14% of PM2.5, and at least 11% of PMI.
(Stathopoulou, 2021). According to the projections made by the IMO for
the year 2050, carbon dioxide emissions from international shipping could
increase by 50% to 250%. The extent of this increase depends on factors
such as future economic growth and energy development (IMO, 2015).
However, it is possible to minimize the consumption of fossil fuels by using
renewable energy sources (Millet et al., 2023).

According to the data in Figure 1, when CO, emissions from various
means of transport are examined between 2000 and 2020, maritime
transport accounts for 10.86% of the CO, emissions in the total transport
sector. (IEA, 2023). Although the amount of CO, emissions for maritime
transport is lower compared to other sectors such as road transport, it
represents a significant share. However, the continued growth in goods
transported by sea could lead to a 50% increase in global greenhouse gas
emissions if no precautions are taken by 2050. Therefore, if precautions are
not taken to decrease greenhouse gas emissions, a possible large increase in
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emissions from maritime transport may occur (Comer & Rutherford, 2020;
IEA, 2023; Tatar & Ozer, 2018; Tay & Konovessis, 2023).
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Figure 1. Emissions of carbon from diffevent forms of transportation (IEA, 2023; Ty &
Konovessis, 2023)

On a global scale, as of 2019, nuclear energy and other renewable energy
sources account for around 19.8% of the world’s total energy consumption.
Traditional biomass and nuclear energy contribute 8.6% of this scale, while
modern renewable energy, which is mostly derived from solar, hydropower,
and wind sources, accounts for 11.2% as shown in Figure 2.
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Nuclear ene
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Biofuels for
transport
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Figure 2. Distribution of energy types in 2019 (Balata, Almed, Youssef, & Elgohary,
2023; International Renewable Energy Agency, 2015)
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Primary, hybrid, or auxiliary propulsion for onboard and onshore
purposes are among the several types of renewable energy solutions for
ships that attempt to eliminate the traditional fuel need. Potential renewable
energy sources that can be used for vessels include wind energy, solar energy
(photovoltaics), biofuels, wave energy, and supercapacitors. (Balata et al.,
2023; International Renewable Energy Agency, 2015; Karaca & Dincer,
2023; Margaritou & Tzannatos, 2018)

Considering technological improvements, it is expected that future ships
will release fewer pollutants into the environment. However, considering
the substantial energy requirements of ships, it is evident that the only way
to mitigate the adverse environmental impacts of the shipping industry is
through the adoption of hybrid systems employing alternative energy sources.
Moreover, research on renewable energy studies for shipboard applications is
still in the initial stages and faces significant challenges. (Aijjou, Bahatti, &
Raihani, 2019; Margaritou & Tzannatos, 2018)

2. Renewable Energy for Ships

The majority of the energy needs of today are supplied by traditional
energy sources such as gas, oil, and coal, all of which have a negative
influence on human health and the environment (Kamran & Fazal, 2021).
Renewable technologies reduce their negative effects on the environment,
generate less secondary waste, and are sustainable because of their capacity
(Panwar, Kaushik, & Kothari, 2011).

In many scientific fields, the creation of reliable renewable energy systems
remains a primary concern (Chen, Pao, & Yin, 2018; Dincer & Rosen, 2007;
Heitz, 2004). This reliability may be achieved by concentrating on selecting
an improved technology that is applied properly. Both conventional and
renewable energy sources are now used to produce power. Fossil fuels are
used to generate conventional electricity, while renewable energy sources,
including photovoltaic (PV), wind, and concentrated solar power (CSP),
may also provide power. In addition, because nuclear energy is not entirely
secure and fossil fuels are running out, renewable energy frequently uses local
renewable energy sources and improves local manufacturing capacities. The
production of energy by renewable resources is gaining increasing attention
worldwide (Kiikner & Kaplan, 2017). Based on the REmap 2050 prediction
(IRENA, 2019), figure 3 displays the distribution of renewable energy use
in terms of total final energy consumption. The marine industry is predicted
to employ renewable energy sources at a rate of 2% in the REmap 2050
projections (Gielen et al., 2019).
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Figure 3. Distribution of the usage of venewable eneryy according to the final total
eneryy used (Gielen et al., 2019)

Renewable energy propulsion systems, such as wind, solar and nuclear,
are frequently employed in ships. These sources of energy are environmentally
friendly and generate no carbon emissions. Over time, advancements in the
efficiency of these renewable technologies have been notable and substantial
cost reductions make them promising and clean alternatives to traditional

fossil fuels. Figure 4 shows the main renewable energy types for ships (Yung
& Konovessis, 2023).
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Figure 4. Types of venewable eneryy for ships (Yung & Konovessis, 2023)

2.1. Wind Energy

The shipping industry, which is one of the biggest and fastest-growing
industries in the world, mostly uses fossil fuels as its main energy source.
Waves at sea have a permanent presence, which presents an unrealized
potential as a sustainable energy source given the inherent character of
this sector. Wave energy is easily accessible, although it has not been used
significantly in the maritime industry. Wave energy can be a reliable and
sustainable alternative to fossil fuels in the maritime sector if used effectively
(Balata et al., 2023).

2.1.1. WingS8ail

Sails for motor vessels can generally be categorized as soft, hybrid and
hard sails (rigid sail). Table 1 provides a brief description of sail types and
examples (Atkinson, Nguyen, & Binns, 2018)
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Table 1. Sail types for motor vessels (Atkinson et al., 2018)

Sail Type  Description Examples

Soft Sail A sail made from a lightweight Square rigged sail. Sails used on most
material that deforms, sags and flexes recreational yachts. All sails used on
due to the wind forces acting upon it.  commercial shipping during the 1800s

Rigid Sail A sail that is made from a material Japan Marine Machinery
which does not deform, sag or flex Development Association (JAMDA)
significantly due to the wind forces sail, Walker WingSail
acting upon it.

Hybrid A sail that includes characteristics of ~ National Maritime Research Institute
Sail both a soft sail and a rigid sail. (NMRI) hybrid sail, DynaRig

Figure 5 from B9 Shipping provides an example of a soft sail ship. This
organization is developing an innovative idea to build the first cargo sailing
ships that run without using fossil fuels. Their strategy uses an off-the-shelf
Rolls-Royce engine running on liquid biomethane made from municipal
waste in conjunction with a Dyna-rig sail propulsion system (Lowry, 2017).
This innovative design aims to replace traditional bunker fuel with sustainable
alternatives for a more environmentally friendly maritime industry (B9
Shipping, 2012).

ﬁ
ﬁ
e,
e e

Figure 5. Soft sail ship (B9 Shipping, 2012)
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Figure 6 shows a ship that uses a hard sail system. The primary energy
source for this ship is wind, but its wing sails exhibit more similarities to
airplane wings than conventional sails. Consequently, acrodynamics plays a
crucial role in conceptualizing and developing this innovative design. The
wing configuration comprises a main sail and a flap, strategically optimizing
aerodynamic forces for enhanced efficiency and performance (Oceanbird,

2022) .

Figure 6. Rigid sail from Oceanbivd (Oceanbivd, 2022)

In recent decades, hybrid sail concepts have emerged that integrate,
design features from both soft and rigid sails. The National Maritime
Research Institute (NMRI) hybrid sail, in particular, demonstrated superior
performance in lift and drag compared with traditional soft and rigid sails, as
indicated by wind tunnel experiments and calculations (Fujiwara, T., Hirata,
K., Ueno, M., & Nimura, 2003). This suggests that hybrid sails represent
a promising advancement in sail technology, combining the advantages of
both soft and rigid designs for improved efficiency (Atkinson et al., 2018).

2.1.2. Flettner Rotor

Anton Flettner invented and demonstrated the Flettner rotor in the 1920s,
using the Magnus effect for propulsion as an effective means of reducing fuel
consumption and enhancing ship stability in commercial ocean shipping.
Despite the effectiveness of the first prototypes, the concept did not receive
significant attention at that time, probably because of the lower cost of fossil
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fuels and the emergence of diesel ship propulsion engineering. However,
in the last decade, significant progress has been made, as leading marine
designers and researchers have actively studied the modern application of
Flettner technology to achieve significant results (Nuttall & Kaitu’u, 2016).

Studies in the literature (Barreiro, Zaragoza, & Diaz-Casas, 2022; Searcy,
2017; F Tillig, Ringsberg, Mao, & Ramne, 2016; Fabian Tillig & Ringsberg,
2019; Fabian Tillig, Ringsberg, Mao, & Ramne, 2018) suggest that Flettner
rotors offer significant potential savings and economic appropriateness
when installation and maintenance expenses are considered. Fuel savings
of as much as 40% are possible, depending on the distance, type of ship
and number of rotors involved. Flettner rotors are a major and promising
solution for lowering transport emissions because of their ease of use and
large savings. (Fabian Tillig & Ringsberg, 2020).

Figuve 7. Fletter Rotor system for a ship (Fabian Tilliy & Ringsbery, 2020)

2.1.3. Kite

The cleanest and cheapest energy source is offshore wind power. Based
on this, a technique was developed that uses wind energy, has a tow kite
and attempts to save fuel and cost while lowering pollutants. The ship is
propelled by wind power through the automated giant kite system depicted
in Figure 8. The system was designed by Skysails GmbH, which was
established in 2001. The technology is mostly used on contemporary fishing
boats and cargo ships. Research into its suitability for yachts is still ongoing.
The sail area, which was initially 6-10 m?, has grown to 320 m? which
can now support 2 MW of main engine propulsion power. In the event of
favourable wind conditions, the primary engine is supported by the towing
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kite propulsion system. The towing kite with rope, the control system for
automated operation and the release and retrieval system are the three
primary parts of the wind propulsion system (Kiikner & Kaplan, 2017).

Flying System:
Towing Kite. Controd Pod,
Towing Rope
Control System:
Switchboard, Workitation
Wind inclicator, SAT-Com
Launch & Recovery System:

Winch, Hast, SAM

Figure 8. Kite assisted sail (EDT Offshore, 2020)

2.2. Solar Energy

Solar energy is a renewable energy source that might be extremely
important in supplying the growing need for energy while preserving the
finite supply of fossil fuels. To increase ship efficiency, the use of clean,
renewable energy sources, such as solar energy, is suggested. Ships can profit
from solar energy because, particularly in tropical areas, most of their top
decks are always exposed to the sun (Ajjjou et al., 2019).

Shipboard solar photovoltaic technology has progressed and current
popular subjects include efficient operation strategies and techniques. This
is one of the simplest renewable energy sources to use while on board and
will be an essential method to improve a ship’s energy structures (Huang et
al., 2021).

PV panels are used to generate electricity from solar energy and wind
turbines are used to generate electricity from wind energy. Currently,
renewable energy sources are reported to be used on ships involved in
commercial activities, even though they are still found on ships with low
power requirements. Figure 9 shows how solar energy is used on ships
(Yigit, 2018).



Sayit Ozbey | Ismet Tilkiz | 151

Figure 9. Solar energy powered ship “SolarSailor”

2.3. Nuclear Energy

Studies on nuclear sea propulsion began in the 1940s, and the first test
reactor in the United States became operational in 1953. The commissioning
of the USS Nautilus in 1955 marked the return of nuclear-powered
submarines to warships capable of fast cruising for weeks underwater and
these developments led to the development of a new generation of nuclear
power units such as PWR (pressurized water reactor)-powered submarines
and aircraft carriers (Hore-Lacy, 2007).

Particularly for ships that must remain at sea for extended periods
without refuelling and for strong submarine propulsion, nuclear power is
ideal. According to information provided by (Hore-Lacy, 2007), more than
150 ships are working with more than 220 small nuclear reactors, and a total
of more than 12,000 reactor years of naval operations have accumulated;
they are mostly used in various applications, from submarines to icebreakers.

A few studies have been conducted on nuclear systems alone or on fossil
fuel renewable hybrids and there is a lack of research on nuclear renewable
hybrid energy systems for oceangoing marine vessels (Gabbar, Adham, &
Abdussami, 2021). According to a study by (Wen et al., 2017), energy
storage systems, solar PV, wind energy, hybrid systems with diesel engines
and other renewable energy sources might all have a positive economic
impact when integrated into maritime vessels.
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Figuve 10. Nuclear-powered icebveaker Yamal (Wikipedin, 2015)

3. Conclusion

A significant portion of international trade is operated by the shipping
sector. However, environmental problems caused by fossil fuels used in this
sector pose a significant threat to global environmental health, especially
with effects such as greenhouse gas emissions, air and water pollution.
In particular, the fact that it corresponds to 3% of the carbon dioxide
emissions released by ships into the atmosphere stands out as a problem
that needs to be reduced. In this context, the maritime transport sector is
showing a trend toward renewable energy sources to increase environmental
sustainability and minimize negative impacts. Renewable energy sources
such as wind, solar and nuclear energy offer potential solutions to meet the
energy needs of ships. Using these technologies, it may be possible to reduce
the environmental impact of ships, control emissions and minimize future
negative impacts. However, for this transition to be successfully realized,
overcoming technological and infrastructural difficulties, financial support
and a transformation across the sector are required.
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Bolim 8

Faz Degistiren Kimyasal Maddelerle Enerjt
Depolama

Kamil Kaygusuz'

Ozet

Gizli 151l enerji depolama son yillarda 6nemle iizerinde durulan, enerji
verimliligini artirict yontemlerden biridir. Gizli 1s1l enerji  depolamada
kullanmilan yiiksek 1s1l kapasiteye sahip ve belirli bir sicaklik degerinde faz
degistirerek enerji absorblayan veya salan maddelere Faz Degistiren Maddeler
(FDM’ler) ad: verilir. FDM’ler organik, inorganik ve otektik bilesikler
olmak tizere ii¢ ana grupta toplanir. Organik FDM’ler kati-sivi faz degisimi
gosterirken kiiciik hacim degisimine ugramalart ve yiiksek gizli 1s1l enerji
depolama kapasitesine sahip olmalarindan dolayr diger FDM’lere gore
daha gok tercih edilmektedir. Kapsiilleme ¢aligmalari organik FDMlerin 1s1
transfer alanini artirmak ve faz degisimi sirasindaki hacim degisimini kontrol
altinda tutmak amagl yapilmaktadir. Ayrica organik FDM’lere nano yapida
malzemelerin ilave edilmesi 1s1l iletkenligin artirilmasini saglamaktadir.
Bununla birlikte, 1511 davramglarin incelenmesi igin yapilan modelleme
caligmalar1 ile organik FDM’lerin kullanimi giderek yayginlagmaktadir. Bu
caligmada, son 20 yilda organik FDMlerin kapsiillenmesi, 1s1l iletkenliginin
artirtlmasi ve 1s1l davraniginin modellenmesi konusunda yapilan aragtirmalarin
sonuglart sunulmustur.

1. Giris

Giiniimiizde artan niifus ve geligen teknolojiyle birlikte enerjiye olan ge-
reksinimin artmasi yaninda gevre bilincinin geligmesi de yenilenebilir enerji
kaynaklarinin 6nemini ve dolayist ile bu enerjinin depolanmasina olan ilgiyi
stirekli olarak artirmaktadir. Enerji gereksinimi biiyiik oranda fosil kaynakli
yakitlardan (petrol, komiir ve dogal gaz) kargilanmaktadir. Fosil yakitlar is-
tismar edilerek kullanilmasi sonucu yakin gelecekte tamamen tiikenme teh-
likesi ile kargi kargiyadir. Ayrica fosil yakitlarin atmosferde istenmeyen ve

1 Karadeniz Teknik Universitesi, Fen Fakiiltesi, Kimya Boliimii, Trabzon, Tiirkiye
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kiiresel 1sinmaya neden olan gazlarin birikmesinde ciddi etkisi bulunmak-
tadir. Dolayli olarak fosil yakitlar hava kirliligine ve iklim degisikliklerine
yol agarlar. Bu durum insanoglunu var olan enerjiyi tasarruflu kullanmak
durumunda biraktigr gibi bilim adamlarini da yeni ve yenilenebilir enerji
kaynaklar1 bulmaya itmistir.

Yenilenebilir enerji kaynaklari dogrudan veya dolayh kullanilabilir. Dog-
rudan kullanima giines enerjisi ile galigan aletler, jeotermal 1s1tma ve riizgar
degirmenleri ornek olarak verilirken, elektrik {iretiminde kullanilan riizgar
tiirbinleri veya foto voltaj pilleri dolayll kullanima 6rnektir. Yenilenebilir
enerji genellikle giivenli olup yaygin olarak kullanilabilirler. Kurulum ma-
liyetleri diginda ¢ok diigiik isletme maliyetleri vardir. Kullanimlar sirasinda
neredeyse hig gevre kirliligine neden olmazlar. Kullanilan enerjinin fazlasinin
depolanarak yeniden kullanilabilmesi de yenilenebilir enerji kaynaklar: ara-
sinda diigiiniilebilir. Enerjinin depolanmasi, bir yandan enerjinin kullanildigt
alanlarda olusan atik enerjiyi depolama (6rnegin sanayi ve endiistrideki atik
1sinin depolanmasi gibi), diger yandan yalmz belirli zamanlarda enerji ve-
rebilen (6rnegin giines enerjisi gibi) yenilenebilir enerji kaynaklarinin ener-
jisini depolayarak enerji temin zamani ile talebi arasinda dogabilecek farki
gidermeyi amaglamaktadir.

Enerji depolama, enerji sistemlerinin performansini diizenler ve verimini
artirtr. Ozellikle, enerjinin depolanmast ile yardimet enerji kaynagina duyu-
lan ihtiyag azaltilir. Boylece, degerli olan fosil yakit rezervleri (komiir, petrol
ve dogal gaz gibi) muhafaza edilmis olur. Enerji depolama, 6zellikle tekno-
loji uzmanlarmin ve bilim adamlarinin giiniimiizde en yogun ugrastiklar
konularin baginda gelmektedir. Bu konu {izerine yapilan galiymalarin temel
amaci, enerjinin en verimli sekilde depolanmasi ve ihtiyact kargilayabilecek
en uygun doniigiimiin gelistirilmesidir.

Enerjinin en verimli sekilde depolanmasi ve etkin bir bigimde kullanilma-
sinda verimli, ekonomik ve giivenli bir enerji depolama metodu 6nemli bir
rol oynamaktadir. Enerji mekanik, elektrik, kimyasal ve 1s1l enerji depolama
gibi farkli gekillerde depolanabilir. Bu enerji depolama yontemleri arasinda
en verimli ve ekonomik olant 1s1l enerji depolama yontemidir. Ist enerjisi iki
sekilde depo edilebilir. Bunlardan bir tanesi 1sinin maddenin kinetik enerji-
sini artirarak duyulur bicimde depo edilmesidir. Tkinci depolama yontemi
ise faz degigim yoluyla 1s1 enerjisi depolamaktir. Bu yontemde 1sinin fazlasi
taz degisim sicakliginin tizerinde faz degisimi igin sogurulurken sicaklik diis-
tiigiinde ortama geri salinmak suretiyle depo edilip salimr. Islem tamamen
tersinir olup isletme maliyeti ve gevreye zararli bir etkisi yoktur.
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Faz degisimi yoluyla enerji depolama konusunda yapilan ¢aligmalarin bii-
yik bir kismi, yeni tip Faz degisim maddelerinin (FDM) gelistirilmesi ve
bunlarin farkli iklim gartlarina gore 1s1l enerji depolama igin 1s1l karakteris-
tiklerinin iyilestirilmesi iizerine odaklanmugtir. Diger taraftan, FDM’ler, be-
lirli sicaklik araliklarinda fazlarini degistirme yetenegine sahip maddelerdir.
Bu maddeler i¢inde bulunduklar1 ortamin sicakligi faz degisim sicakliginin
tizerine giktiginda, ¢evreden 1s1 alirken (gizli 1s1), soguma esnasinda bu 1s1-
y1 tekrar gevreye yaymaktadirlar. Bu sayede faz degistiren maddeler iginde
bulunduklar1 ortamda sicakligin dalgalanmasini diizenleyerek ederek konfor
saglamaktadir. FDM’lerin bu sekilde bina i¢i 1sitma ve iklimlendirme sistem-
lerinde ciddi 1s1 tasarrufu saglayabildigi bilinmektedir.

2. Isil Enerji Depolama

Yenilenebilir enerji kaynaklan ve bunlarin depolanmalart ile ilgili gok
sayida aragtirma yapilmugtir (Abhat, 1983; Lane, 1983; Garg, vd, 1985;
Kaygusuz, 1999; Dinger ve Rosen, 2002). Giin boyunca siirekli gelmeyen
giineg 191n1mu; geceleri hig gelmedigi gibi giindiizleri de saatlere gore farklilik
gosterir. Oysa enerji tiiketimi siireklilik arz eder ve giiniin saatlerine ve aylara
gore degisimi azdir. Hatta giineg 1s1n1inin olmadigr veya az olugu zamanlar-
da enerji tiiketimim daha da ¢oktur. Depolama yapilmadig: takdirde giines
enerjisinden sadece giines 1g1ninin oldugu saatlerde faydalanilir

Depolama yontemlerinden en verimli ve ekonomik olani termal (1s1])
enerji depolama yontemidir. Daha sonra kullanilmak amaciyla, farkl: sicak-
liklarda gelen giines enerjisinin depolanmast anlamina gelen termal 1s1 depo-
lama sistemlerinin baglica avantajlar1 agagida siralanmugtir;

* Depolama i¢in ilk yatinm maliyetinin ve enerji kaybinin diigiik
olmasidir.

* Kullanilan cihazlarin basit ve imalatlarinin kolay olmast.

Termal enerji depolama sistemlerinin segimi; depolama periyodu, eko-
nomiklik, teknolojik olarak uygulanabilirligi, ¢calisma sartlan gibi ¢esitli fak-
torlere baghdir. Bu tiir depolama; bina, 1sitma, sogutma ve hava kullanilan
uygulamalar i¢in en ideal olanidir. Giines enerjisinin 1s1l olarak depolan-
mast diigiik sicaklikta giines uygulamalart i¢in 6nemlidir. Isil depolama iki
sekilde gergeklestirilir: duyulur (sensible) 1s1 depolama ve gizli (latent) 1s1
depolamadir.

Isil depolamanin yapildig: birinci durumda (sensible) enerjinin depola-
nacagl maddenin sicakligr 1s1 yiikleme ve bogaltma siiresince degisir. Oysa
depolamanin ikinci seklinde (latent) faz degisimi yoluyla madde sicakliginin
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¢ok az orandaki degisimiyle 1s1 depolanir. Diger bir deyigle birinci sekilde
maddeni kapasitesinden yararlanilarak 1s1 depolanr. Tkinci geklinde ise mad-
denin faz degisimi sirasinda ig enerjisindeki artig ile sabit sicaklikta 1s1 depo-
lanir. Cizelge 1, 1s1l enerji depolamanin farkl ¢esitlerini vermektedir.

l Isil Enerjii Depolama ‘

|

Isil Kimyasal ‘
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Cizelge 1. Giines enerjisi 1sise depolamann farkls tiplevi

2.1. Duyulur Is1 Depolama (Sensible Heat Storage)

Termal 1s1 depolamanin bir gesidi olan duyulur 1s1 depolamada maddenin
1s1 kapasitesi 6zelliginden faydalanilir. Sicaklik artirilarak enerji duyulur 1s1
seklinde depolanir. Bu tiir depolamada yiikleme veya ortamdan 1s1 gekme
esnasinda ortamin sicakligi degisir. Ornegin, m kiitleli bir maddenin
sicakligr T, den T,’ye ¢ikarildiginda depolanan duyulur 1s1 agagidaki Esitlik
(1) ile hesaplanabilir;

Q=mC,(T,-T,) = V,C AT (1)

Burada V; maddenin hacmi, p, maddenin yogunlugu ve C ; sabit basing-
taki Ozgiil 1s1s1dir.

Bu tiir depolama maddelerinin 6zellikleri agagidaki gibi olmalidir;
* Hacimsel 6zgiil 1s1lar1 biiyiik olmal,

*  Madde uzun siire 6zelliklerini korumali,

*  Yanma ve alevlenme 6zellikleri olmamali,

* Zehirli ve korrozif (agindirict) olmamal,

* Kolay temin edilebilir ve ucuz olmalidir.
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Duyulur 1s1 depolamada kullanilan ve bu 6zellikleri saglayan depolama
ortamlari olarak genellikle su, toprak, kaya, tugla, seramik, beton ve degisik
bina yapim malzemeleri kullanilabilir. Bina 1sitma/sogutma ve su 1sitma gibi
1s1] uygulamalarda duyulur 1s1 depolama ortami olarak genellikle su kullanilir.
Su, 6zellikle donma ve kaynama noktalar1 arasinda tutuldugu zaman istenilen
ozelliklerin tiimiinii saglar. Daha diisiik sicaklik uygulamalarinda ise su ile
karigtirilmig ikincil soguyucular (tipik olarak glikol ¢ozeltileri) 1s1 transfer
ortamt olarak kullanilirlar. Bunlar donma noktas: ve faz degisim noktalarinin
agagisinda kullanilabilen belirli depolama ortamlaridir. Yiiksek sicakliktaki 1s1
depolama igin 1s1 depolama ortamui olarak genellikle kaya, tugla veya seramik
maddeleri kullanilir.

Tablo 1. Baz: duyulur 151 depolama maddelerinin 300 K (27 °C) swaklyjindaki 1sisal ve
[fiziksel ozellikleri (Dinger, 2002; Cengel, 2003).

Malzeme Yogunluk | Isiiletim Ozgiil 1s1 | Is1 vayihm Is1
(ke fms) kaiisa}-'m (J/kg K) katsayis1 | kapasitesi
(W/mK) 1075m2/s) [(10%1/m K]
Odun 721 0.159 1260 0,17 0.91
Beton 1600 0,790 840 0,59 134
Tugla 1920 0.900 790 0,59 1.52
Cam 2710 0.760 837 033 227
Aliminyum 2702 2237.000 903 97.13 244
Karbon celigi
(Mn=251,51=240,1) 7854 60,500 434 17.75 341
Saf demir 7870 80.200 447 22.80 3.52
Cakil tas 2050 1,730 1840 0,46 3.77
Su 996 0.615 4178 0,15 4.16

2.2. Gizli Is1 Depolama (Latent Heat Storage)

Gizli 151 depolamay; sabit bir sicaklikta maddenin faz degisimi siiresince ig
enerjindeki artigla birlikte 1s1 enerjisi depolamasina denir. Maddenin kati-ka-
t1, kati-sivi, kati-gaz, sivi-sivi ve sivi-gaz seklindeki faz degisimi siiresince
enerji, gizli 1s1 olarak absorplanir ya da saliverilir. Kati-gaz ve sivi-gaz gegis-
leri daha yiiksek gizli 1s1 degerine sahiptir fakat faz gegisi esnasinda biiyiik
hacim degisiminin meydana gelmesi yiiksek basinca dayanikli kaplarin kul-
lanilmasini gerektirdigi igin bu tip faz gegisleri yoluyla 1s1l enerji depolama
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sinirl konuma sahiptir. Sivi-stvi doniigiimlerinde depolanabilecek enerji gok
azdir. Kati-kat1 gegiglerinde; madde bir kristal yapidan bagka bir kristal yapi-
ya dontisiirken 1s1 depolar. Bu gegis genellikle kati-sivi gegisinden daha kiigiik
gizli 151 degerine ve hacim degigimine sahiptir (Wang ve ark., 2000; Pillai ve
Brinkwarth, 1976).

Kati-kat1 dontigtimleri sivi-gaz dontigtimleri ile mukayese edildiginde
daha kiigtik gizli 151 degerine sahiptirler. Kati-siv1 gegisleri ekonomik baki-
mundan 1s1 depolama sistemleri i¢in en uygun faz degisim tipidir. Ayrica, bu
faz degisimi esnasinda hacim degisimi (% 10 veya daha az) oldukea kiigiik-
tiir. FDM’li gizli 1s1 enerji depolama sisteminin enerji depolama kapasitesi
Esitlik (2) ve (3) ile hesaplanur.

Tm Tf

Q= ImcpdT + mam Ahm + ImcpdT (2)
Ti Tm

Q=m[C (T, -T)+a Ah +C (T,-T)] (3)

Gizli 151 depolama metodunun diger metotlara gore tistiin yanlarini genel
olarak goyle siralamak miimkiindiir:

* Duyulur 1s1ya gore 1s1 depolama kapasitesi daha yiiksektir ve kullanilan
151 deposu hacmi daha kiigiiktiir.

¢ FDM’nin birim kiitlesinin 1s1 depolama kabiliyeti daha yiiksektir.

* FDM’nin faz degisim sicakligi, sabit sicaklikta depolama ve geri
kazanim igin uygundur.

* Sabit sicaklikta 1s1 gerektiren uygulamalar i¢in uygundur (Mazman,
2000).

3. Faz Dengesine Genel Bir Bakis

Her hangi bir kati-siv1 faz degistiren madde (FDM) sinde erime ve don-
ma sirasinda s1vi faz en azindan bir kati fazla etkilesmelidir. Fakat bu fazlarin
termodinamik bakimdan dengede olmasina gerek yoktur. Heterojen denge
sartlan altindaki mevcut karsilikli etkilegimleri, bu iligkinin sicaklik ve ba-
singla nasil degistigini belirlemek igin faz diyagramlar1 (denge diyagramlarr)
kullanilmaktadir. Bu diyagramlar ilk olarak 1876 yilinda Willard Gibbs tara-
findan agiklanmistir.

Gibbs; kimyasal bir sistemde dengede mevcut olan fazlarin sayigim, siste-
min serbestlik derecesi ve sistemdeki kimyasal bilesen sayist arasindaki iligki-
yi asagidaki Esitlik (4) de gosterilmistir.



Kamil Kaygusuz | 163

F=C+2-D (4)

Bu esitlikte F: varyans veya serbestlik derecesi, C: mertebe veya bilesen
sayist, P: faz sayisi olup bu terimlerin her birim kisaca agiklamaya ¢alisalim.

Faz; bir sinurla sistemin diger kistmlarindan mekanik yolla ayrilabilen,
sistemin homojen olan kismudir. Sinirin meveut olmasina gerek yoktur, ayni
kristal yapidaki ve bilesimdeki farkl: kristaller tek bir faz olugtururlar. Yinede
kimyasal olarak farkl kristal yapidaki ayn1 maddelerin bile kabul edilen farkli
kristal karigtminda her bir kristal formu ayr1 bir faz olarak diisiiniilebilir. Tki
maddeden olugan homojen olarak karigmig bir kat1 ¢ozeltisi tek bir faz olarak
diistiniilebilir, ¢linkii bilegenler mekanik yolla birbirlerinden ayrilamazlar.

Dizin veya Bilesen sayisi; Sistemin tiim fazlarinda mevcut olan en kii-
ciik bagimsiz madde sayisidir. Faz degisim uygulamalarinin ¢ogunda dizin
kavrami daha dogru olarak kullanilir.

Varyans veya serbestlik derecesi; tamamiyla dengedeki bir sistemin ge-
reklerine uyan, bagimsiz olarak distan degistirilebilen faktorlerin sayisidir.
Genellikte kullanilan bu faktorler basing, sicaklik ve konsantrasyondur. Den-
gede olan bir sistemde basing ve sicaklik sistemin her noktasinda ayn1 olmali
ve faz i¢in de her bir konsantrasyonun ayni olmasi gerektigi vurgulanmak-
tadir.

Faz kurali dengedeki sistemler i¢in depolamada kullanilacak FDM’ leri
aragtirmada biiyiik oranda kullanilmaktadir. Faz kurali yalnizca dengedeki
sistemlere uygulanir. Gibbs 1876 da yalnizca teorik olarak faz kuralm agik-
lamugtir. Bu kurali fizikokimyaya H.W. Roozeboom uygulamustir.

Faz diyagramlar1 dengedeki bir sistemin sicaklik, konsantrasyon ve ba-
sing iligkilerini belirlemenin en uygun yoludur. Bu diyagramlar 1s1 depolayici
FDM aragtirma-gelistirme ¢aligmalar igin oldukga kullanighdirlar ve siste-
min sartlarim tarif etmekte kullanilirlar.

Bir maddenin, faz degistiren enerji depolamada kullanilabilmesi igin yo-
gunlugunun, spesifik 1sisinin ve flizyon 1sisinin bilinmesi gerekir. Yiiksek
gizli 1s1larda birim agirhik bagina daha yiiksek 1s1l enerji depolanmasi gerekir.
Daha kiigiik biiyiikliikteki depolama kaplarina olanak sagladig: igin yiiksek
yogunluk daha ¢ok arzu edilmektedir. Ozel uygulamalar igin FDMlerin se-
¢iminde 1s1tma ve sogutma sistemlerinin galigma sicakligt FDM’nin enerji
depolama sicakligryla uyusmak zorundadir, FDM’nin erime noktasi ¢aligma
sicakligindan biraz yiiksek bir aralikta se¢ilmek zorundadir. Bu aralik yeterli
miktarda sicaklik farki (gradienti) saglayacak kadar biiyiik olmalidir, fakat bu
aralik ¢ok fazla olmamalidir, ¢iinkii 1s1 kaybi artar ve sistemin etkinligi azalir.
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Faz degisiminde genelde dort durum s6z konusudur. Bunlar kati-kati,
kati-gaz, kati-stvi ve sivi-gaz gegisleridir. Kati-kat1 gegisi i¢in faz degisim gizli
sisiin mutlak degeri kati-sivi gegisinden genellikle daha azdir. Bu gegisler-
den kati-gaz ve sivi-gaz gegisleri 1s1 depolamada kullanilmazlar, bunun nede-
ni; gazlar ¢ok genis hacim kapladiklari i¢in ¢ok biiyiik depolama ortamlarina
ihtiyag gerektirirler. Kati-kat1 ve kati-sivi gegislerinde ise ¢ok az miktarda
hacim degismesi oldugundan gizli 1s1 depolama uygulamalari igin iyi bir du-
rumdur.

FDM olarak genellikle organik ve inorganik bilesikler kullanihir. Inorga-
nik bilegiklerin 1s1l (termal) enerji depolama gizli 1s1 kapasiteleri organik bile-
siklerin yaklagik iki kat1 olmalarina ragmen organik maddelerin uygun erime
yetenekleri, kendiliklerinden gekirdeklesmeleri nedeniyle FDM olarak daha
cok tercih edilmektedirler.

Su ana kadar 1s1] enerji depolama sistemlerinde kullanilmig dort tiir faz
degisim sekli vardir. Sekil 1 de maddenin dort hali ve faz degisim prosesleri
verilmektedir. Bunlar;

e Kati-Siv1 Faz Degigimi
e S1vi-Gaz Faz Degisimi

e Kati-Gaz Faz Degigimi
e Kati-Kat1 Faz Degisimi

ymﬁ PLAZMA 4

Giderme

GAZ %harlaqma
‘f?ﬁu nlaﬁia

SIVI
KAT

Sistemin Entalpisi

Cokme

Erlmﬁﬂ /
/"' Dorfima
z"',

= Siubllimlestirme

Sekil 1. Gizli 151 depolama wygulamalavinda diisitk, ovta ve yiiksek islem swcakliklor
icin gok sayida FDM avasturimastur (Abhat, 1983; Lane, 1983).
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Tyi bir faz degistiren maddenin agagidaki 6zelliklere sahip olmasi gerekir:
* Yiiksek gizli 1s1 degerine sahip olmali

* Erime sicakligiyla sistemin iglem sicakligi ayni olmalidir.

e Tyi bir faz ayrimi olmahdur.

* Yogunlugu yiiksek olmalidir.

* Agir1 soguma olay1 goriilmemelidir.

* Kiristal bityiime hiz1 yiiksek olmalidir.

* Kimyasal olarak kararli olmalidir

* Giivenli olmali, zehirleyici, yamg1 ve patlayict olmamalidir.

* Ekonomik olmali ve bol bulunmalidir.

Faz degistiren maddelerle yapilan 1s1 depolama igleminde duyulur 1s1 de-
polamaya gore ¢ok daha fazla 1s1 depolanir. FDM’Ierle yapilan 1s1 depolama
islemlerinde bir miktar duyulur 1sida depolanir, fakat bu faz degigim gizli
1s1s1 yaninda ¢ok kiigiik kalir.

Faz degistiren bir sistemde; kimyasal bir degisme yoksa, termodinamigin
birinci kanununa gore sabit basingtaki toplam 1s1l enerji depolama Esitlik
(5)’ de gosterilmistir;

q, =dT+ h +dT (5)
seklinde yazilabilir.

Burada, ¢, ve ¢ (kJ\kgK), sira ile kat1 ve stvinin sabit basingtaki 6zgiil
iilan; dT (K), sicaklik farki (gradienti) ve h (kJ\kg), erime gizli 1sisidur.
Bu esitlikteki ilk terim kati1 fazdaki FDM’nin duyulur sisini, ikinci terim
FDM’nin erime gizli 1s1s1n1 ve tigiincii terim ise sivi fazdaki FDM ‘nin duyu-
lur 1ss1n1 temsil etmektedir.

Gizli enerji depolama igin yaygin olarak kullanilan depolama ortamlar:
su-buz, tuzlu su-buz ¢ozeltisi, hidrat tuzlar ve polimerler gibi diger faz de-
gisim maddeleri kullanilabilir. Degisik sicakliklardaki gizli 1s1 depolama sis-
temleri igin kullanilan alternatif depolama ortamlari olarak Clathrate (kafes
seklindeki kristal yapr) tuzlari, CO, ve parafin waks’lar1 kullanilir. Tklimlen-
dirme uygulamalari igin su-buz karigimi en yaygin olarak kullanilan depola-
ma ortamidir ve bu ortam yukari da listesi verilen 6zelliklerin cogunu saglar.

Istenilen herhangi bir sicaklik araliginda (organik, inorganik ve Gtektik
) ¢ok sayirda FDM mevcuttur. FDM’ lerin bir siniflandiriimasi Tablo3’de
verilmistir. Erime sicakligr ve erime gizli 1s1s1 noktasindan birgok organik
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ve inorganik kimyasal madde FDM olarak tanimlanabilir. Bununla birlikte,
caligma sicakhigr arahgindaki erime noktast harig, sinirli sayida FDM daha
onceden tartisildigr gibi istenilen depolama ortami igin gerekli kriterleri sag-
layamamaktadir. Tdeal bir 1sil-depolama igin istenilen 6zelliklerin tamamina
sahip bir madde yoktur. Bu yiizden, bir uygun sistem tasarimiyla zayif fizik-
sel ozellikleri iyilestirmeyi denemek ve mevcut olan maddeleri kullanmak
zorundayiz. Ornegin, metalik kanatgiklar FDM lerin 1sil iletkenligini artir-
mada kullanilabilir.

4. Faz Degistiren Maddelerin Istenen ve Istenmeyen Ozellikleri

4.1. Faz ayrilmas1 ve asir1 soguma

Faz degistiren maddenin erime esnasinda diizgilin erime gostermesi ge-
rekir. Maddenin inkongruent erimesi durumunda, kat1 ve siv1 olarak iki faz
olusumu gostererek, farkls kristal yapida ¢okelme olur. Béylece madde farkl
bir yapr ve sicaklikta donar. Bu olay da depolama igin uygun degildir.

Madde donarken diizensiz kristalleserek donma noktasindan diisiik bir
sicaklikta donmaya baglar ki buna asz sofuma denir. Bu nedenle depolama
yapilacak sicaklik degisir. Agir1 soguma sorununu giderebilmek i¢in FDM ile
benzer kristal orgiiye sahip ¢ekirdeklestiriciler kullanilabilir.

4.2. Faz degistiren maddenin kimyasal 6zellikleri

Faz degistiren maddenin kimyasal yapist kararli olmalidir. Tekrar tekrar
kullanilacag igin kimyasal yapis1 bozulmamalidir. Kimyasal yapida ki bozul-
malar termal kararlilik deneyleri sonunda, FTIR analizleri ile degerlendirilir.
FDM korozif etki gostermemelidir. Yanici, zehirli veya patlayict 6zellikte ol-
mamalidir. Is1 depolama sistemlerinde kullanilacagi icin FDM’nin 1s1l ilet-
kenligi yiiksek olmalidir (Farid ve ark.,2004; Mazman,2006).

4.3. Faz degistiren maddenin ekonomik 6zellikleri

Geligtirilecek FDM’ler gok farkli uygulamalarda ve ticarilestirilmig {iriin-
lerde kullanilacag igin pahali bir {irtin olmamalidir. Ayrica bol miktarda bu-
lunmalidir.(Dinger ve Rosen, 2002)

5. Isitma ve Sogutma Uygulamalarinda FDM ler

Son yillarda iklim degisikliginin de etkileriyle yaganan sicak hava dalgalar:
binalarda konfor sartlarini saglamak i¢in sogutma ihtiyacini hizla artirmak-
tadir. Ayrica sanayide tiretkenligi artirmak igin ¢alisma kosullarinin iyilestiril-
mesinde sogutmaya onem verilmektedir. Sogutma ihtiyacinin kargilanmasi
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elektrik enerjisinin Ozellikle yaz aylarinda daha fazla tiiketilmesine neden
olmaktadir. Bu nedenle iilkemizde yaz aylarinda sikqa elektrik kesintileri go-
riilmektedir. Elektrik tiretiminin %70’den fazlasini niikleer enerji ile kagila-
yan Fransa’da 2005 yili yazinda goriilen sicak hava dalgalarinda yiizlerce kisi
hayatin1 kaybetmistir. Niikleer enerji santrallerini sogutmada kullanilan yii-
zey sularinin 1sinmig olmasi santralleri devre dig1 birakmugtir (Paksoy, 2007).
Bu nedenle, binalarda sogutma yiikiinii azaltarak elektrik enerjisi tiiketimini
azaltan ¢oztimlere gereksinim vardir. FDM’lerin bina yapi elemanlarinda ve
malzemeleri kullaniminda sogutma yiikii 6nemli olgiide azaltilabilmektedir
(Ozonur, 2007). FDM’ler cephe kaplama malzemelerine eklenerek veya bina
sogutma sistemlerinde klima kanallari, asma tavan veya dogseme altinda kul-
lanilabilinir.

FDM’lerin kullanildigr sogutma amagh diger bir uygulama sicakliga
duyarli malzemelerin (gida, tibbi iiriinler, organ, vb.) taginmasidir. Hayati
onem tastyan bu {iirlinlerin saglikli bir gekilde sicakliginin istenilen seviyede
uzun siireli korunabilmesi i¢in FDMlere ihtiyag vardir. FDM’ler taginma ku-
tularinda ve/veya frigorifik tagitlarin sogutma sistemlerinde kullanilabilinir.

Buzdolaplari ve derin dondurucularda FDM kullanarak daha yiiksek eva-
porasyon sicakliklarinda ¢alisilmasi saglanarak enerji tiiketimi azaltilabilir.
Ayrica buzdolabr kabini i¢inde kullanilacak FDM ile sicaklik salinimlarinin
azaltilmasi saglanarak gidalarin saklama kogullari iyilestirilerek daha hijyenik
gida korumasi saglanabilir. FDM’ler elektrik kesintilerinde buzdolabr igeri-
sindeki gidalarin daha uzun siire soguk kalmasini da saglayabilir. Tarimda
ozellikle narenciye’de dondan korunmak amaciyla da FDM’den yararlanila-
bilir.

Bu sogutma uygulamalarinda kullanilabilecek FDM’lerin erime sicaklik-
larinin agagidaki aralilarda olmasi beklenir:

* Bina yap1 malzemeleri ve elemanlari: 22 — 25 °C (Mehling ve Cabeza,
2007)

* Bina sogutma sistemleri: 5 — 10 °C (He ve ark., 1999)

* Tagima kutular: : -30 - +24 °C (Cabeza ve Mehling, 2007)

* Frigorifik tagitlarin sogutma sistemleri (Kato, 2008)

* Buzdolaplari ve derin dondurucu: -25 - +8 °C (Azzouz ve ark., 2007)

e Tarimda dondan korunma: -5 - +5 °C
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Sekil 2. FDM wygulamalary (www.fskab.com/Annex17)

6. Faz Degistiren Maddelerin Simiflandirilmasi

Faz degistiren maddeler baglica ti¢ gurup halinde siniflandirilirlar. Bunlar;
organik FDM’ler, inorganik FDM’ler ve otektik karigimlardir. Asagida veri-
len Cizelge 2 de bu simiflandirma goriilmektedir.


http://www.fskab.com/Annex17
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Parafinler

Parafin olmayanlar

Tuz hidratlar
Metaller
Organik-Organik
inorganik-inorganik

Inorganik-Organik

Cizelge 2. FDM levin sumiflandwilmas:.

6.1. Organik faz degisim maddeleri

Organik maddeler parafin ve parafin grubundan olmayan olmak iizere ta-
nimlanabilir. Organik maddeler genellikle korrozif degillerdir, az agir1 sogu-
ma davranist veya hig agir1 soguma davranist gostermezler, kendi kendilerine
kristallenme 6zelligine sahiptirler ve gizli 1s1 depolama kapasitesinde azalma
olmaksizin tekrarlanabilen erime ve katilagma performansina sahiptirler.

6.1.1. Yag Asitleri ve Parafin Olmayan Diger Organik Maddeler

Genellikle bu gurup yag asitleri, esterler, alkoller ve glilkoller gibi bir ¢ok
organik maddeyi kapsamaktadir. Literatiirde erime aralig1 7-187 °C ve erime
entalpisi 42-250 kJ/kg olan yaklagik 70 civarinda parafin olmayan organik
maddeler faz degistiren madde olarak aragtirilmugtir (Lane, 1983).

Parafin olmayan organik maddeler;
* Yag asitleri

* Yag asidi karigimlari

* Diger parafin olmayan organik maddeler olarak 3 sinifa ayrilirlar.
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Bu guruplardan yag asitlerinin 1s1 degerleri parafinlerle karsilagtirtlacak
kadar yiiksektir. Doymusg yag asitlerinin tiimii bir alkil gurubu ile ona bagh
bir karboksil gurubundan olugmaktadir. Genellikle RCOOH yada CH,(-
CH,), COOH genel formiilleri ile gosterilmektedirler. Oda sicakliginda
diistik karbon sayili olanlar siv1 halde bulunurken karbon sayis1 arttikea vis-
koziteleri artar ve daha yiiksek karbon sayisinda kristalin formda bulunurlar.
Diisiik karbon sayili tiyeler suda ¢oziiniirler ve zayif asit 6zelligi gosterirler.

Yag asitlerinden FDM olarak genellikle agagidaki yag asitleri kullaniimak-
tadir;

* n-Kaprik asit (dekanoik asit); CH,(CH,);,COOH kapali formiiliine
sahip beyaz kristal halinde erime noktas1 31,6 °C «dir suda ¢ok az
¢oziiniir, (0,015 gr/100gr su, 20 °C) fakat organik ¢oziiciilerde
rahatlikla ¢oziinmektedir.

* n-Laurik asit (dodekanoik asit); CH,(CH,),,COOH kapal
tormiiliinde, dogada palmitik ve stearik asitle birlikle en gok bulunan
doymus yag asitlerinden biridir. Laurik asit erime noktas1 44,2 °C olan
kristalin bir katidir, suda pratik¢e hi¢ ¢oziinmez ( 0,0055 gr/100 gr
su, 20 °C ), dietil eterde rahatlikla ¢oziiniirken etanol ve propanolde
pek ¢oziinmez.

* Miristik asit (tetradekanoik asit); CH,(CH,),,COOH kapali
formiiliinde, diisiitk oranda tiim bitkisel ve hayvansal yaglarda
bulunmaktadir. Beyaz kristalin yapida ve erime noktasi 53,9
°Cdir. Organik ¢oziiciilerde rahatlikla ¢oziiniirken suda oldukga az
¢oziinmektedir (0,0020 gr/100 gr su, 20 °C).

* DPalmitik asit (hekzadekanoik asit); CH,(CH,) ,COOH kapl
formiiliinde tiim hayvansal ve bitkisel yaglarda diisiik oranda
bulunmaktadir (%5 ‘den daha az). Waxl1 yapidadir suda hemen hemen
hig ¢6ziinmez (0,00072 gr/100 gr su, 20 °C) fakat organik ¢oziiciilerde
rahatlikla ¢6ziinmektedir, ticari olarak % 90 saflikta satilmaktadir.

Laurik asit ve miristik asit 6tektik karigiminin iklim gartlarina gore giines
enerjisinin 1sitma amagh depolandigr sistemler igin potansiyel bir enerji de-
polama maddesi oldugu yapilan deneysel ¢alismalarda goriildii. Yag asitleri
parafin ve tuz hidratlara nazaran daha iyi uygun erime ozellikleri sergilemek-
tedirler, ayrica yag asitleri agir1 soguma 6zellikleri sergilememektedirler (Sar1
ve Kaygusuz, 2002). Yag asitleri digindaki diger parafinik olmayan organik
maddelerde yag asitlerine benzer ozellikler sergilemektedirler.

Enerji depolama ortami olarak kullanilan parafin olmayan organik mad-
deler genellikle asagidaki ozelliklere sahiptirler;
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* Yiiksek fiizyon silart vardir

* Alevlenme 6zellikleri yoktur

* Diigiik termal iletkenlige sahiptirler

* Diisiik oranda zehirleme 6zelligine sahiptirler

* Yiiksek sicakliklara dayaniksizdirlar

6.1.2. Parafin Hidrokarbonlar (Alkanlar)

Parafinler karbon sayisinin n>16, kimyasal formiillerinin C H, ., oldugu
biiyiik oranda agir hidrokarbonlardan olugan mineral yag (petrol) iiriinleri-
dir. Saf parafinler sadece alkanlar igerirler. Serideki ilk dort alkan oda sicak-
liginda ve atmosfer basincinda gazdirlar. 5 ile 17 karbon arasindaki bilegikler
sividirlar ve 17 karbon itizerindeki alkanlar ise oda sicakliginda waxl katilar
halinde bulunurlar. Alkanlarin erime ve fiizyon 1gilan karbon sayis1 artma-
styla artar. Parafin wax’lar1 yaklagik 20-30 °C atomu igeren erime noktalan
30-70 °C arasinda degisen az miktarda yapisinda %2 ile %10 arasinda izo ve/
veya sikloalkanlar ve % 0,1 ile % 3 arasinda yag igeren diiz zincirli parafinik
hidrokarbonlardan olusurlar. Erime noktalar1 30-40 °C arasinda olan waxlar
match parafinler olarak bilinirler, erime noktalan 38-42 °C arasinda olanlar
yumusgak parafin wax’lari, erime noktalar1 44-46 °C arasinda olanlar orta
sertlikteki parafin wax’lar1 ve erime noktalan 50-65 °C arasinda olanlarda sert
parafin waxolar1 olarak adlandirilirlar.

Parafin wax’lar1 esas olarak n-alkanlarin karigimlarindan olugurlar. Bir pa-
rafin wax’indaki normal alkan yiizdesi %751 geger ve hemen hemen %100’
ulagabilir. n-Alkanlarin diginda parafin wax’larinin geriye kalan kismini ¢o-
gunlukla izo alkanlar, siklo aklanlar ve alkilbenzenler olugtururlar. Wax’lar ge-
nellikle az veya ok dallanmug parafinik hidrokarbonlari igeren kangimlardir.
Parafin waxlar’inm flizyon silar1 34 kcal/kg ile 64Kcal /kg arsinda degisir

Molekiildeki atomlarin diizenlenmesiyle ortaya ¢ikan stearik etki yiiziin-
den cift ve tek numarali karbon atomlari arasinda bir fark vardir. Tiirdes cift
sayililar tiirdes tek sayililardan daha yiiksek gizli 1s1ya sahiptirler. Cift sayili C
atomlu alkanlar bu gegisi tek sayili C atomlu alkanlara gore erime noktasina
daha yakin bir bolgede sergilerler. Kafes gegisi, genellikle erime noktasinin
2-5 K agagisinda sergilenir. Gegig sicakligi ve erime noktas: arasindaki bu
fark molekiiler agirliginin artmasiyla azalir ve 36 °C dan biiyiik C atomlu
alkanlarda goriilmez. Parafinler kullanigh 6zelliklerinin yaninda istenmeyen
ozelliklere de sahiptirler. Bunlar;

* Diisiik termal iletkenliklere sahiptirler
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* Faz degisimi siiresince biiyiik hacim degigimi sergilerler.
* Alevlenme riskine sahiptirler.

Yukarida bahsedilen olumsuz 6zelliklerin tamami wax’in ve depolama
ortaminin diizenlenmesiyle giderilebilmektedir. Faz degisim sonucu olugan
%10 civarindaki hacim artig1 6nemli bir sorun olusturmaktadir.

Avantajlari: Parafin yaglar erime siiresince faz ayrimi gostermezler ve
kimyasal olarak kararhidirlar. Sharma ve ark., (1998, 1999; 2005); ticari de-
recedeki parafin yaglarin 1500 kez tekrarlanan 1s1l doniigiimden sonra 1s1l
tiziksel 6zelliklerindeki degisimler bakimindan oldukga giivenilir olduklarini
rapor etmiglerdir. Parafin yaglar tekrarlanan erime/katilagsma doniigiimlerin-
den sonra 1s1l 6zelliklerinde diizenli azalma gostermezler. Parafin yaglar Tab-
lo 2’ de gosterildigi gibi yiiksek erime gizli 1s1sina sahiptirler. Agir1 soguma
egilimi gostermezler bu nedenle ¢ekirdeklestirici madde gerektirmezler
(Lane, 1983; Buddhi ve ark., 1994; Hasnain, 1998). Metalden yapili biitiin
depolama kaplarinda korozyona neden olmazlar ve 1s1 depolama sistemlerin-
de kolaylikla kullanilabilirler (Lane, 1983).

Dezavantajlar1: Parafinler Tablo 2°den goriilebilecegi gibi kati halde dii-
stik 151 iletkenlige sahiptirler. Diigiik 1s1l iletkenlige sahip olmalar1 katilagma
islemi siiresince 1s1 transfer hizinin yiiksek olmasi gerektigi durumlarda bii-
yiik bir problem teskil etmektedir. Velraj ve ark., (1998); bu problemin ka-
natgikli depolama kaplar1, metalik dolgular ya da gizli/duyulur 1s1 depolama
sistemlerinin bir kombinasyonu kullanilarak azaltilabilecegini rapor etmigler-
dir. Hale ve ark., (1971); sistem performansini arttirmak igin aliiminyumdan
yapilt bal petekleri gelistirmislerdir. Parafinler kati-sivi faz degisimi esnasinda
biiyiik hacim degigimi gosterirler. Bu 6zellik depolama kabinin tasariminda
bir¢ok probleme sebep olur (Hasnain, 1998). Tuz hidratlarin aksine ticari
parafinler genellikle iyi belirlenebilen bir erime noktasina sahip degillerdir.
Parafinler yanicidir fakat bu sorun 6zel kaplarin kullanilmast ile kolaylikla
giderilebilir (Himran ve ark., 1994; Hale ve ark., 1971, Hasnain, 1998).
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Tablo 2. Baz: pavafinlerin evime swakliklary ve evime gizli sdary (Lane, 1983; Abhat,
1983; Gary ve ark., 1985; Buddhi, 1994; Hale ve ark., 1971; Sharma, 1999).

Bilesik “C"atomu Erime Yopunluk | el dletkenlik | Gizliin
sayist | Sicakhpi°C) | (kgim) | (WmK) | (kg)
n-Dodekan 12 12 750 0.21%
n-Tetradekan 14 4,5-5,6 m 231
n-Pentadekan 15 10 168 017 07
n-Hekzadekan | 16 182 74 0,21% 238
n-Oktadekan 18 282 814, 775° [ 035" 0,149° | 245
n-Nonadekan 19 319 o12* 769" | 021F m
n-Dokosan i 44 249
n-Trikosan k] 47 234
n-Tetrakosan 24 51 255
n-Pentakosan 25 L] 238
Parafin wax - 32 785%, 749° [ 0,514%0,224° [ 251
n-Hekzakosan 26 36 770 021 257
n-Heptakosan 27 39 173 236
n-Oktakosan 28 61 910™ 765° 255
n-Triakontan 30 65 252
n-Dotrikontan 32 70
K: kati; 5: sv1

6.2. Tuz Hidratlar

Tuz hidratlar kullanilan en 6nemli inorganik FDM’lerdendir. Genellikle
sahip olduklar yiiksek yogunluklari, ideal 1s1] 6zellikleri, diigiik maliyetleri ve
alevlenme riskleri olmadig igin genellikle tercih edilirler. Kullanmilan tuz hid-
ratlarin sahip olduklar: faz degistirme sicaklik araligr 0-150 °C arasindadir.
Tuz hidratlarin tercih edilmelerine neden olan yukarida bahsedilen olumlu
ozelliklerinin yaninda yaygin olarak kargilagilan uygunsuz erime, faz ayril-
masi glicliigii agir1 soguma gostermeleri, korrozif olmalari ve kullanimlarinin
stireklilik gostermemeleri gibi istenmeyen Ozelliklere sahiptirler.



174 | Eaz Dejistiven Kimyasal Maddelerle Enerji Depolama

Erime esnasinda agiga ¢ikan kristalizasyon suyu ortamdaki kati fazi ¢oz-
meye yetmedigi i¢in ve kat1 faz siv1 faza nazaran daha yiiksek yogunluga sa-
hip oldugu igin kabin alt kismina ¢oker ve sonugta faz ayrilmasi ve uygunsuz
erime Ozellikleri ortaya gikar.

Tuz hidratlardaki faz ayrimim ortadan kaldirmak igin agsagidaki islemler
uygulanabilir;

* Susuz tuzun ¢okmesini 6nlemek i¢in koyulastirict kullanmak
* Karigtirma, titrestirme gibi mekanik yontemler uygulamak
* Fazla su ilave etmek

e Faz ayrimim azaltmak i¢in FDM’yi kapsiil igine koymak, fakat
korozyonu 6nlemek icin kapstil kullaniminda plastik kapsiiller tercih
edilmelidir.

Tuz hidratlardaki agin sogumay1 6nlemek igin maddenin kristal yapisina
benzer yapidaki bir kristal, ¢ekirdeklesmeyi hizlandirmak igin ilave edilmeli-
dir veya ¢ekirdeklesmeyi hizlandirmak igin kullanilan 1s1 degistirici veya kap-
stillerin ytizeyleri piiriizlii yapilarak agin soguma ortadan kaldirabilmektedir.

En ¢ok iizerinde aragtirma yapilan tuz hidrat Na,SO,.10H,O dir (Glou-
ber tuzu). Yapilan uzun siireli ¢aligmalar sonucunda Glouber tuzunun ser-
giledigi uygunsuz erime, kristalizasyon ve kullanimlar1 sonucunda perfor-
manslarindaki diisiig gibi olumsuz 6zellikleri giderilmistir.

Glouber tuzunun fiziksel ve kimyasal 6zellikleri oldukga ilgi ¢ekicidir. Bu
tuzun erime sicakhigr 32,4 °C, erime gizli 1s1s1 241 kJ/Kg ve uygun inorganik
tuzlar ilave edilerek erime sicakligi 4 °C degerine kadar diisiiriilebilir.

CaCl,.6H,O pasif giineg 1sitma sistemleri iizerine ¢aligtlan diger yaygin
bir tuz hidrattir. Erime noktasi 29,8 °C dir ve fizyon 1s1s1 170 kJ/kg dir. Bu-
rada kargilagilan uygunsuz erime dezavantaji BaCO,, SrCl,, SrCO, ve BaF,
gibi gekirdeklestiricilerle giderilir.

6.3. Metaller ve Alasimlar

Metaller ve alagimlarin faz degistiren madde olarak kullanilmalarinin en
biiyiik dezavantajlari bazi hallerde maliyetlerinin yiiksek olmasi ve depolama
giigliigii gostermelerine ragmen termal iletkenliklerinin gok iyi olmasidir.
Alagimlarini ¢ogunun gegis sicakliklar1 343 ile 956 °C arasindadir, fakat me-
taller ve alagimlar depolama ortami olarak pek tatmin edici 6zelliklere sahip
olmadiktan i¢in kullanimlar pek tercih edilmemektedir.
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6.4. Clathrate ve Yar1 Clathrate Hidratlar

Bu siif maddeler son yillarda 1s1l enerji depolama ortami olarak yaygin
bir sekilde aragtirilmaktadir. Gergek clathrate hidratlar, su ile giiglii bir gekil-
de etkilesmeyen komsu molekiiller ve ana molekiiller iginde kapal bogluklar
iceren siirekli olarak kati sulu yapida olan molekiillerdir. Bu ana molekiiller
buz yapisinda siirekli ve kararl bir sekilde kalan molekiillerdir. Ayrica direkt
olarak su kafesi igine ana molekiillerin katilimiyla olugan bagka yapilarda var-
dir, bunlar yan clathrate hidratlar olarak bilinir, bunlara amin hidratlar ile
tetra-alkil amonyum tuzlan 6rnek verilebilir. Clathrate hidratlar 0 °C den
daha yukar1 erime noktalarina sahiptirler ve uygun erime 6zellikleri goster-
mektedirler. FDM olarak kullanilan bazi Clathrate hidratlarin termofiziksel
ozellikleri Tablo 3’ de verilmektedir.

Tablo 3. EDM olavak kullanian bazr Clathvate ve Yar: Clathvate hidvatiarmn
termofiziksel ozellikleri (Lane, 1983).

Madde Erime nok. °C Fiizyon 1sist

1 tiir clathrate hidratlar

$02.6 H20 (101,3 kPa) 7.0 247
S02.6 Ha0 (233 kPa) 12,1

C7H40. 6.9 Ha0 11,1

2 tiir clathrete hidratlar

C4H20.17 2 Hz20 44 255
(CH3)zN.10.25 Ha0 5.9 239

Tetrabutilamonyumtuzlars
Yan clathrate hidratlar

BwNCL32H:0 15.7
BwNN0332H:0 5.8
BwNOH32H:0 302
(BusN)2.C204.64 Ha0 16.8
Tetraizoamilamonyum

tuzlan

Yanclathrate hidratlar
-AmsNC1.38 H20 29.8
+-AmsNCHO; .40 Ha0 15-20
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6.5. Organik ve Inorganik Otektikler

Bu simifa giren organik ve inorganik bilesiklerin belli yiizde oranlariyla
birlesmig olan bu karigimlar sabit bir erime noktasi gostermektedirler. Bu ka-
risimlarin entropi degigimleri bilegenlerinin entropi degigimlerinin toplami-
na yaklagik olarak egittir. Tablo 4. Baz1 organik ve inorganik otektik karigim-
larin erime noktalan ve flizyon 1silar1 verilmistir. Organik 6tektik karigimlar
olarak yag asidi otektik karigimlarin diger FDM’lerden daha iyi fiziksel ve
kimyasal 6zelliklere sahip olduklarindan enerji depolama uygulamalar1 igin
tercih edilmektedir.

Literatiirde bu 6tektik karigimlarin 11 6zelliklerinin incelenmesi i¢in ¢ok
sayida aragtirma yapilmug, fakat bu maddelerin pratik amaglar igin enerji de-
polama ozelliklerinin belirlenmesi igin yapilan ¢aligmalar az sayidadir. Bu
caligmada laurik-miristik asit otektik karigiminin 1s1l 6zellikleri ve 1s1l enerji
depolama karakteristiklerinin deneysel olarak belirlenmesi igin ¢aligma yapi-
larak bu eksiklik giderilmeye ¢alisiimistir.

Tablo4. Bazi organik ve inovganik otektik karissmlar (Lane, 1983).

Madde Erime nok. UC Fizyon 1ss1 (kJ/Kg)
CaNOz)4H20 +Mg(NOs)2 6H20 30,0 136
(%47 +%33)

Mg(N03)p.6H20 +MeCh 6H20 59.0 1322
(%38.7 +%41.3)

Mg(INOs)2.6H20 +AL(INOs)2 SH20 61.0 148
(%33 + %47

Mg(N03)2.6H20 +NHsNOs3 52,0 125.5
(%e61.5 +%38.4)

CaClztMgCla H20 250 95.0
Minstik asit + kaprik asit 240 147.7
(%34 + %66)

Naftalin + benzoik asit 67,0 1234
(%67 1+%%32.9)

CHsCONHz+ Ci7Has COCH 65.0 120.0
NH:2CONH: + NHsN0O3 46.0 95.0
NH2CONHz2 + NH4Br 76.0 123 4
(%066,6 +%33.4)

Laurik asit + kaprik asit 18 120
Laurik asit + palmitik asit 33 145
Laurik asit + stearik asit 34 150
Palmitilkc asit + stearik asit 51 160
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7. Enerji Depolama Maddelerinin Karsilagtirilmas:

7.1. Tuz Hidratlar

Tuz hidratlar, en eski ve en ¢ok ¢aligilan 1s1 depolayici faz degistiren mad-
delerdir (Lane, 1983). Bunlar tuz ve sudan ibaret olup madde katilagtig1 za-
man kristal yapida birlesirler. Tuz hidratlar tek bagina yada otektik karigimlar
halinde kullanilabilirler. Pek gok tuz hidratin erime aralig1 15-117 °C arasin-
da degismektedir (Lane, 1983). Tuz hidratlar faz degistiren maddeleri en
onemli grubudur ve bunlar gizli 1s1 termal enerji depolama sistemlerinde kul-
lanilmak i¢in fazlaca ¢aligilmugtir. Erimis tuzlarin {i¢ ¢esit davranist su sekilde
verilebilir: Uygun, uygun olamayan ve yar1 uygun erime. Uygun erime,
susuz tuz erime sicakhiginda kendi hidrat suyu ile tamamen ¢oziindiigiinde
meydana gelir. Uygunsuz erime ise erime noktasinda tuzun kendi hidrat
suyu ile tamamen ¢oziinmemesidir. Yar1 uygun erime ise; sivi ve kati fazlarin
taz gegisi sirasinda dengede olduklarinda meydana gelir.

7.1.1. Avantajlar1

Diigiik fiyat ve kolay elde edilebilir 6zelligi tuz hidratlar: 1s1 depolamada
cazip yapmaktadir (Lane, 1999). Ucuz ve en ¢ok bulunabilir iki tuz hidrat,
kalsiyum kloriir hekzahidrat ve sodyum siilfat dekahidrat (CaCl,.6H,O ve
Na,SO,.10H,0)’tir. Tuz hidratlar diger 1s1 depolama faz degistiren madde-
lerle kargilagtirildiklar1 zaman keskin erime noktasi ve yiiksek 1s1l iletkenlige
sahiptirler. Bu durum depolama iinitesinde sarj ve desarj sirasinda 1s1 transfe-
rini artirir. Tuz hidratlar, yliksek erime gizli 1s1sina sahip olduklarindan daha
kiigiik depolama hacmine sahiptir. Yine tuz hidratlar diger faz degistiren
maddelere gore daha diigiik hacim degismesi gosterir. Bu durum, depo tasa-
riminda hacim degismelerini dikkate fazla almay1 gerektirmez.

7.1.2. Dezavantajlar:

Faz ayrigmasiyla diger hidratlarin olusmasina sebep olur. Bu durum 1s1
depolama i¢in kullamilabilir aktif hacmin azalmasina yol agar. Abhat (1983)
yaptig1 ¢aligmada, sodyum siilfat dekahidrat (Na,SO,.10H,O : Glauber
tuzu) 1000 erime/katilagma ¢evriminden sonra erime gizli 1sinsin %73’den
fazlasinin azaldigini bildirmistir. Bu problem koyulastirict karigim kullanila-
rak ¢oziilebilir (Lane, 1983).

Tuz hidratlar diger faz degistiren maddelerin donma noktalarinda kris-
tallesmeye baglamadiklarindan asgir1 soguma gosterirler. Bu durum uygun
gekirdeklestirici kullanilarak 6nlenebilir. Cok bilinen tuz hidratlar igin ¢ekir-
deklestirici maddelerin genig bir listesi Lane (1983) tarafindan verilmistir.
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Diger taraftan Abhat (1983), deneyler agik kaplarda yapildig1 zaman sadece
iki ¢evrim sonunda kalsiyum kloriir hekzahidrat’da faz ayrigmasini tespit et-
migtir. Bundan dolay1 depolarin tasariminda suyun uzaklagmamast igin iyi-
ce kapalt kaplar kullanilmalidir. Tuz hidratlar igin diger bir problem metal
kaplarda korozyon etkileridir. Dolayisiyla tuzlar depolamada kullanilmadan
once depolama malzemesiyle uyumlar test edilmelidir.

7.2. Otektikler

Otektik, iki yada daha fazla maddenin minimum erime bilesimine sahip
olmasidir. Burada 6tektigi olugturan her bir madde uygun bir sekilde erir
ve donar. Boylece kristallesme esnasinda bilegen kristalinin bir karigimi
meydana gelir. Otektikler, hemen hemen daima faz ayrigmasi olmaksizin erir
ve donarlar. Ciinkii, onlarin yeni karigimi, herbir maddenin kendi kristalleri
oluncaya kadar donarlar. Erime durumunda ise, otektigi meydana getiren
her iki kristal kendiliginden sivilagir ve birbirinden ayrilirlar.

7.3. Gapraz Bagl Polietilen

Capraz bagli polietilen, plastik siselerin yapiminda kullanilan polietilene
oldukga benzerdir. Sivi-kati FDM’ye benzer sekilde kristal yapisinin olugma
ve bozulmasinda enerji depolar. Capraz bagl polietilen sivi-katt FDM’den
daha kararlidir ve diger maddelerle birlikte kapsiz kullanilabilir.

7.3.1. Avantajlar1

Diger FDM’lere gore fiyatinin yiliksek olmasina ragmen onlar bir kapali
bir kaba (kapsiil) ihtiya¢ duymazlar. Boylece tiim 1s1 depolama sistemi igin
maliyet diigiik olur ve bu nedenle diger FDM’lerden daha ekonomik olur.
Capraz bagl polietilen zehirleyici degildir ve kimyasal olarak da inerttir.

7.3.2. Dezavantajlar1

Caligma sicakliklart 110-140 °C arasinda degistiginden ortam ve su 1sitma
uygulamalari igin uygun degildir. Literatiirdeki bilgilere gore, 1s1 depolama
igin ticari tiretimi yoktur.

7.4. Polialkoller

Polialkoller, enerjiyi yapilarin1 daha diigiik sicakliklardaki heterojen hal-
den daha yiiksek sicakliklardaki ylizey merkezli kiibik forma doniistiirerek
depolarlar. Polialkoller, kati stvi FDM’lere gore kiigiik hacim degismesi ve
maddenin bozulmamas: gibi pek gok avantaja sahiptir. Bu avantajlarin ya-
ninda diigiik gizli 1s1, yliksek faz degistirme sicakligi ve yiiksek maliyet gibi
dezavantajlar dikkate alinmaz.
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Tablo 5. Ist depolamadn kullanidan ovganik ve inorganik maddelerin kavsilasturmas:

Organikler Inorganikler
Kotozyon yok Biiyiik etme entalpist
Agn sogutma yok yada az

Kimyasal ve temmal denge

Dezavantailan Dezavantajlan
Diigitk erime entalpisi Agn sofuma
Disiik 151 Korozyon
Kolayca yanabilme Faz aynigmast

Issal olarak dengesiz

8. Sonug

Termal veya elektriksel gii¢ ihtiyaci zamana bagl olarak degisir. Ayrica
ihtiya¢ olan enerjinin giines enerjisi gibi bazi termal ve elektriksel enerji
kaynaklarindan saglanmasi diizenli degildir. Arz ve talebin biiyiik oranda de-
gisken oldugu durumlarda 6nceden yeterince depolanan enerji maksimum
ihtiyag oldugu durumlarda sisteme verilir. Ancak, bu sistemler biiyiik oranda
yatirim gerektirmektedir. Buna karsin, yatirrm maliyetleri diizenli giig ihtiya-
a1 olusturularak veya enerji depolama sistemlerinin kiigiik giig iiretimine izin
verecek gekilde kullanilmasiyla azaltilabilir. Nispeten kiigiik sistemler giicii az
olan periyotlardaki fazlalik enerjiyi depolayarak genellikle maksimum kapa-
sitede ¢alisir ve depoladiklari enerjiyi maksimum ihtiyagta devreye sokar. Bir
miktar enerjinin depolama sirasinda kaybolmasina ragmen, enerji depolama
islemi enerji kaynaklarinin verimli kullanilmasinda gittik¢e artan 6neme sa-
hiptir. Baz1 durumlarda, enerji depolama sistemleri mevcut atik 1s1y1 fark-
I amaglarda kullanabilirler. Gelecekte 6zellikle gilines enerjisinin konut ve
igyerlerinde 1sitma ve sogutma amagh kullanilmasiyla geleneksel kaynaklar
tizerine asir1 talebi azaltacaktir.

Enerjinin tasarruflu kullaniminda enerji depolama 6nemli bir rol oynar.
Enerji depolama, atik enerjinin tekrar kazanimi, enerji iiretim sistemlerinin
bosa calistirilmasi ve sonlu fosil yakitlardan tasarruf edilmesine imkan verir.
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Diger taraftan, ticari, endiistriyel, evsel sektorlerdeki enerji ihtiyaci, giinliik,
haftalik ve mevsimlere gore degisir. Bu talepler, degisik enerji doniigiim sis-
temleri tarafindan kargilanir. En yiiksek enerji ihtiyaci olan saatler aym za-
manda enerjinin en zor ve en pahali olarak elde edildigi saatlerdir. Elektrik
ithtiyacinin en fazla oldugu donemlerde ilave enerji pahali ve az bulunur ni-
telikte olan gaz tiirbinleri veya petrol ile galigan jeneratorler tarafindan kar-
silanir.  Enerji depolama enerji ihtiyacinin maksimum oldugu donemlerde
alternatif enerji saglama yontemleri olarak ortaya ¢ikar.  Enerji depolama
sistemleri giines, riizgar, hidrolik enerji gibi dogal kaynaklarindan iiretilen
enerjiden etkin bir sekilde yararlanilmasini saglar.

Dogal enerji kaynaklarinin sonradan kullanimi veya enerji ihtiyacinin az
oldugu donemlerde fazlalik enerjinin, ihtiyacin maksimum oldugu dénem-
lerde kullanilmas1 igin ¢ok farkli enerji depolama yontemleri ve bu yontem-
lere dayali olarak da ¢ok degisik depolama sistemleri kullanilmaktadr.

Mekanik ve hidrolik enerji depolama sistemleri genellikle elektrik enerji-
sini sikigtirma, yiikseltme ve dondiirme enerjisine ¢evirmek suretiyle depo-
lar. Pompalanmig suda enerji depolama ile birlikte sikigtirilmig hava seklinde
enerji depolanabilmekte ve bu yontemler tizerine ¢aligmalar siirdiiriilmekte-
dir. Alternatif olarak enerji kimyasal olarak da depolanabilinir. Dondiirme
enerjisi volan igerisinde depolanabilir fakat bunun i¢in depolama hacmi ve
maliyeti azaltacak yiiksek dayanimli malzemelerin kullamldigi gelismig di-
zaynlara ihtiyag duyulur. Mekanik ve hidrolik sistemlerden meydana gelen
verimsizlik nedeniyle %50’ye varan bir oranda enerji kayb1 meydana gele-
bilir.

Elektrokimyasal enerji depolama sistemleri daha iyi verimlilige sahiptir.
Fakat maliyeti de yiiksektir. Pillerin depolama kapasite oranlarinin artirilma-
sina yonelik yogun bir aragtirma ¢aligmalar1 devam etmektedir. Buna yonelik
caligmalar daha ¢ok agirlik/depolama kapasitesi oranmnin diigiiriilmesi yo-
niindedir. Bu da hareketli araglarda 6nemli bir parametredir.

Termal enerji depolama sistemleri degisik tiplerde dizayn edilmis olup
ana parametre enerjinin depolama yontemidir. Yer alt1 golleri, tugla ve dok-
me demirlerin sicakliginin artirilmasi ile duyulur 1s1 olarak termal enerji de-
polanirken, tuz ve parafinler gibi malzemelerin faz degisimi sirasinda termal
enerji gizli 1s1 olarak depolanir. Duyulur 1s1 depolamaya gore gizli 1s1 depo-
lamada depolama hacimleri yiiz katina kadar azaltabilir. Ayrica; iki yonli
kimyasal reaksiyonla da termal enerji depolama depolanir. Boylece diigiik
sicaklikl 1s1 kimyasal formda depolanir. Fakat bunlarin pratik olarak uygu-
lanmas1 tam olarak gerceklestirilememigtir. Ayni kategoriye giren bir diger
diisiince ise metal hidritler igersinde hidrojen depolanmasidir.
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Yeni teknolojilerin depolamada kullanilmast ile gelismig depolama iini-
teleri kurulmakta ve boylece sistemler daha verimli ve etkin olarak ¢alistiril-
maktadir. Enerji depolama tekniklerinin gesitlendirilmesi, iyilestirilmesi ve
gelistirilmesi iizerine yapilan galigmalar devam etmektedir. Ornegin, giines
enerjisi depolama teknolojilerindeki ¢aligmalar geleneksel depolama yaninda
yeni depolama teknikleri elektrikle ¢alisan otomobillerin geligtirilmesindeki
ilerlemeleri hizlandirmigtir.

Tesekkiir: Yazar bu boliimiin hazirlanmasinda maddi katkilarindan dola-
y1 Tiirkiye Bilimler Akademisi (TUBA) ya tesekkiir eder.
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Bolim 9

Makine Halilarinda Hav Ipligi Olarak Kullanilan
Sentetik Polimerler

Cemile Emel Yaz!

Ozet

Halilar, yagam alanlariin vazgegilmez bir unsurudur ve eski ¢aglardan
beri kullanilmaktadir. Gerek el halist gerekse makine halist tiretiminde her
donem yiiksek prestije sahip olan yiin elyaf arzinin artan tiiketim talebine
yetisememesi, yiitksek maliyeti ve tiiketici beklentilerinin daha fonksiyonel
iriinlerden yana olmasi nedeniyle, uzun yillardir makine haliciiginda
hav ipligi materyali olarak dogal elyaflardan ziyade sentetik lifler tercih
edilmeye baglanmistir. Hav ipligi tiretiminde kullanilan baghca sentetik
lifler polipropilen, akrilik, poliamid ve polyesterdir. Her polimer, spesifik
karakterdedir ve halida kullanim performanslart agisindan birbirlerine gore
avantaj/dezavantajlara sahiptir. Bu caligmada, sentetik polimerlerin fiziksel
ve mekanik ozelliklerinin, hali hav ipligi kullanim performanslarina etkileri
degerlendirilmistir.

1. Giris

Yagam alanlarinin temel unsurlarindan biri olan halilar, kullanim alanlarina
gore farklilasan fonksiyonellikleri ve tiiketici talepleri goz Oniine alinarak
farkli hammaddelerden iiretilebilmektedir. Geleneksel el haliciliginda, en gok
tercih edilen hav ipligi malzemesi yiin elyaf olmustur, ancak artan tiiketim
talebi, miisterilerin daha fonksiyonel {irtin beklentileri ve maliyet unsurlar
gibi durumlar, yiin elyafina alternatif hammaddelere gereksinim duyuldugunu
gostermigtir. Uzun yillardir gelismekte olan makine halicihig1 sektoriinde de
bu ihtiyaglarin kargilanmasina yonelik hav ipligi materyali olarak sentetik
polimerler tercih edilmeye baglanmistir. Makine halilari ti¢ boyutlu yapilardir
ve hav iplikleri halilarin kullanim performansini belirleyen en 6nemli yap:
bilegenidir. Hali konstriiksiyonunun halinin 6zelliklerine en ¢ok etki eden

1 Dr Ogr. Uyesi, Gaziantep Universitesi Naci Topguoglu Meslek Yiiksekokulu, Makine ve
Metal Teknolojileri Boliimii, Tekstil ve Hali Makineleri Programi, 0000-0003-4456-4898
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parametreleri ise hav siklig1 ve hav yiiksekligidir. Bununla birlikte, halilarin
kullanim siiresi boyunca maruz kalacag: etkiler kargisinda hav ipliklerinin
mekanik davraniglar ve kimyasal tepkileri, baslica hammadde 6zelliklerine
bagl olarak degiskenlik gosterir. Bu sebepten, malzeme se¢iminin halida en
onemli faktor oldugu soylenebilir. Hav ipligi tiretiminde kullanilan sentetik
tekstil lifleri, farkli tiiketici beklentilerini karsilayabilir gesitliliktedir ve
birbirlerine karst avantaj/dezavantajlar1 bulunmaktadir.

2. Hav Ipligi Uretiminde Kullanilan Sentetik Lifler

Makine halicihiginda hav ipligi olarak kullanilan baghca sentetik tekstil
lifler1 polipropilen, akrilik, poliamid ve polyesterdir. Diinya genelinde farkl
bolgelerde yasayan insanlarin hali tercihleri de farklihk gostermektedir.
Ulkemizde en ¢ok tercih edilen hav ipligi materyali akrilik ve polipropilendir.
Akrilik hallar yiine benzerligi ve renk canliligi sebebiyle tercih edilirken,
polipropilen halilar dayaniklihg: ve diigiik maliyeti ile 6n plana ¢tkmaktadir.
Polyester ve poliamid halilar ise yiiksek asginma direnglerinden dolayr uzun
omiirlii kullanim imkani sunmaktadir. Avrupa’da polipropilen ve polyester
siklikla tercih edilirken, Amerika’da miigteri talepleri polipropilen ve
poliamid halilardan yana olmaktadir. Orta Dogu iilkelerinde akrilik halilar,
Uzak Dogu iilkelerinde ise polyester halilar daha yaygindir [1, 2].

2.1. Polipropilen (PP)

Propilen gazinin polimerizasyonu ile elde edilen polipropilen, bir¢ok
endiistriyel alanda kullanilan olduk¢a popiiler bir polimerdir ve diisiik
yogunlugu, kimyasal direnci, yiiksek dayanimi ve kolay ekstriizyon yetenegi
sayesinde tekstil sektoriinde makine haliciiginda da 6n plana ¢ikan bir
hammadde tiiriidiir. Diger sentetik polimerlere kiyasla diigiik maliyetli olmasi,
polipropileni daha avantajli hale getirmektedir [3]. Polipropilen polimeri tig
tarkli konfigiirasyonda (taktisite) iiretilebilir; metil gruplarinin ana zincirin
tek bir tarafinda oldugu izotaktik polipropilen (iPP); zincirin alternatif
taraflarinda metil gruplarma sahip olan sindiotaktik polipropilen (sPP) ve
metil gruplarinin rastgele dagildig: ataktik polipropilen (aPP). Polipropilenin
kristalligi polimerin konfigiirasyonuna yani yapisal diizenliligine dogrudan
baghdir, 6rnegin; iPP ve sPP kristal yapiya sahip olabiliyorken, aPP kristal
olusturma yetenegi ¢ok zor oldugundan amort yapidadir ve bu sebepten lif
iretimine uygun degildir. Tekstilde lif {iretimi igin en uygun konfigiirasyon
izotaktik polipropilendir [1,4-6].
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Sekil 1. Polipropilenin kimyasal formiilii [3].
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Sekil 2. Polipropilenin farkls konfigiivasyonlavdaki zinciv dizilimi [3].

Polipropilen elyaflarin tutum ve goriiniim 6zellikleri yline benzer olmakla
birlikte fiyat agisindan ¢ok daha avantajhidir. Termal iletkenlik agisindan
diigiik bir yetenege sahip oldugundan, sicak tutan lifler kategorisinde yer
alir bu anlamda halida hav ipligi olarak kullanima oldukea elverislidir
[7]. Ayrica, polipropilenin 0,90-0,92 g/cm¥lik diigiik ozgiil agirhgr,
halida hav ipligi olarak kullanildiginda diger elyaflara gore daha iyi bir
ortiictiliik saglar ve yiliksek hacimli ipliklerle bu ortiiciiliik seviyesi daha da
artirilabilir. Polipropilenin nem ¢ekme yetenegi neredeyse hi¢ olmadigindan
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(~ %0,04), hahlar kiiflenmeye, paslanmaya ve su bazhi kirlere karst
dayanikhidir, kirlenme gergeklestiginde dahi kolay temizlenebilir. Ancak
bununla beraber, diigitk nem orani lif {izerinde statik elektrik birikimine
sebep olacagindan, ortam havasindaki yag bazli kirler polipropilen halilarda
sorun olabilmektedir. Polipropilen lifinin aginma dayanimi yiiksektir, ayrica
3-8 cN/dtex araligindaki tenasitesi ile yiiksek mukavemetli bir lif olarak
degerlendirilebilir ve diigitk nem ¢ekme yeteneginden dolayr da islandiginda
mukavemetini 6nemli Olgiide korur. Ancak hali hav ipliklerinde yiiksek
mukavemetten ziyade basi sonrasi geri donme olarak tanimlanan rezilyans
yeteneginin yiiksek olmasi beklenmektedir [1, 8]. Polipropilen lifleri, gok
yiiksek rezilyansa sahip olmamakla beraber, bu durum hav yiiksekliginin
azaltilmasi ve hav yogunlugunun artirilmasi ile telafi edilebilir, fakat uzun
stireli kullanimlar sonunda hav diizlesmesi ve kegelesme polipropilen hav
ipliklerinin en Onemli dezavantajdir. Polipropilenin yiiksek sayilabilecek
kristalitesi ve nem ¢ekme Ozelliginin oldukga diigiik olmasi, elyaf haline
getirildikten sonra boyanmasim zorlagtirmaktadir (6zel kogullar altinda
veya bazi modifikasyonlarla boyanabilir) ve bu nedenle polipropilen
polimeri genellikle eriyikten boyama olarak tanimlanan ekstriizyon sirasinda
masterbatch eklenmesi yoluyla renklendirilir. Bu bakimdan polipropilen hav
iplikleri, halilarin kullanim siiresi boyunca iyi bir renk hasligina sahiptir. Ote
yandan, polipropilenin erime sicakligi 160-165 °C dolaylarindadir ve bu
sicaklik degeri polimerin iglenebilirligi agisindan kolaylik saglamakla beraber,
halilarda kullanim esnasinda yiiksek sicakliga kars: hassasiyet gerektiren bir
durumdur [1,9,10].

2.2. Akrilik / Poliakrilonitril (PAN)

Akrilik, akrilonitril polimerinin farkli komonomerlerle polimerizasyonu
ile iiretilen bir sentetik polimerdir. %100 akrilonitril elyaflarinin mukavemeti
oldukga yiiksek olmasina ragmen, ¢ok yiiksek kristallik ve diigiik nem tutma
sebebiyle boyamada yaganan zorluklar, bu liflerin tekstilde bagarili olmasini
engellemigtir. Bu nedenle, ticari olarak temin edilebilen akrilik polimeri,
tekstilde kullanima uygun olabilmesi adina %85-94 akrilonitril igerirken,
%15’ kadar bagka bir komonomerden (metil akrilat, metil metakrilat,
vinil asetat vb.) olugmaktadir (kiitlece %85ten az oranda akrilonitril
igeren lifler modakrilik olarak adlandirilir) [11,12]. Bu yapisal gesitlilik,
akrilik polimerinin kristalitesini diigiirerek daha amort bir karakteristige
neden olmaktadir. Kristallik derecesinin diigiik olmas: akrilik liflerinin iyi
derecede boyanabilmelerine imkan tanir ve istenen renk canliligina kolaylikla
ulagilabilirken renk hasliklar1 da oldukga iyidir. Akrilik lifleri, tutum agisindan
yline alternatif bir sentetik lif tiiriidiir ve yiin elyafinin performansi ve estetik
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ozellikleri talep edildigi siirece akrilik elyaflarin ticari olarak kullanilmasi
beklenmektedir. Termal iletkenligi de diigiik oldugundan sicak bir tutuma
sahiptir. Ayrica, o6zgiil agirhgr 1,14-1,19 g/cm® arahgindadir, bagka bir
deyisle orta derecede bir yogunluga sahiptir (polipropilen halilara kiyasla
nispeten daha agir halillar tiretmeye imkan tanir). Nem ¢ekme yeteneginin
ise %1,5-2,5 arahiginda olmasi kirlenme agisindan polipropilene gore daha
dezavantajli oldugunu gostermektedir. Akrilik lifleri orta seviyede bir aginma
direncine sahiptir ve tenasite degerleri de polipropilene gore daha diigtiktiir
(1-3,5 cN/dtex), ayrica 1slandiginda mukavemetini %15-20 oraninda
kaybeder. Bununla birlikte, hav ipligi kullanim performansi agisindan
degerlendirildiginde rezilyans yetenegi polipropilenden daha iyidir [1,8].
Akrilik elyaflarin erime sicakligi ise 215-255 °C araligindadir ancak erime
ile birlikte kimyasal degradasyon da bagladig: i¢in eriyikten ¢ekim yerine
kuru veya yag ¢ekim metotlar ile filament tiretimi gergeklesir ve sonrasinda
genellikle stapel formuna getirilerek iplik tiretimi yapilr.

——CH,—CH—

CN
n

Sekil 3. Akrilonitrilin kimyasal formiilii [13].

Akrilik elyaflar yiiniin prestijine, poliamid ve polyesterin dayanikliligina
veya polipropilenin fiyat avantajina sahip degildir; ancak halida hav ipligi
kullanimi agisindan birgok beklentiyi karsilayabilmektedir. Akrilik halilarin
en biiyiik dezavantaji, akrilik ipliklerin gtapelden {iiretilmesinden kaynakli
kisa lif oranin fazla olmasi ve halida kullanim esnasinda tozuma probleminin
goriilmesidir (alerjik reaksiyona sebep olabilir). Polipropilen, polyester ve
poliamid gibi diger sentetik polimerlerden ftiretilen hav iplikleri filament
yapili oldugundan bu problem yaganmamaktadir [1,14-17]. Ote yandan bazt
saghk otoriteleri, akrilik liflerin bashca bileseni olan akrilonitrilin yanmasi
sonrasinda toksik gazlar agiga ¢ikarmasindan dolay: insan saghg tizerinde
onemli zararlar1 olabilecegi konusunda uyarilarda bulunmaktadir [18,19].

Modakrilik lifleriise, akrilik liflerine gore kiitlece daha az oranda akrilonitril
(%35-%85) igerir ve komonomer yiizdesi daha yiiksektir. Modakrilik
liflerinin 6zgiil agirhigr (1,35 g/cm3) akrilik liflerinden daha yiiksek olmakla
birlikte, daha diisiik sicakliklarda (190-210 °C) erime davranigi gostermeye



190 | Makine Hablavindn Hav Ipligi Olarak Kullamlan Sentetik Polimerler

baglarlar (akrilik liflerinde oldugu gibi erimenin baglamas: ile birlikte
kismen bozunma baglar). Ancak modakrilik liflerinin Limit Oksijen Indeksi
(LOI) degeri 25-30 araligindadir ve bu deger malzemenin yanmasi igin
ortam havasinda bulunmasi gereken minimum oksijen miktarini ifade eder.
Akrilik ve polipropilen liflerinin LOI degerleri 18-20, polyester ve poliamid
liflerinin LOI degerleri ise 20-22 arahgindadir ve modakrilik lifine gore
daha kolay tutugma davranigi gosterirler. Modakrilik liflerinin yiiksek LOI
degerinden dolay1 yanma direngleri yiiksektir ve kendi kendilerine sonme
egilimi gosterirler. Bu 6zelliklerinden 6tiirii koruyucu iiriinlerde oldugu gibi
halt tiretiminde de tercih edilmektedir [20].

2.3. Poliamid / Naylon (PA)

Tlk ticari sentetik elyaf olan poliamid (naylon), iistiin mekanik 6zelikleri
sayesinde sayisiz teknik uygulamada kendisine kullanim alani bulmaktadir
ve sentetik tekstil lifleri igerisinde de ayr1 bir 6neme sahiptir. Poliamid
polimerinin ¢ok sayida varyasyonu olmakla beraber, tekstilde 6n plana ¢ikan
iki 6nemli tiiri vardir; naylon 6 ve naylon 6.6. Naylon 6 kaprolaktamdan
olusurken, naylon 6.6’nin bilegenleri adipik asit ve hekzametilen diamindir.
Naylon 6 ve naylon 6.6’nin her ikisi de ayn1 kimyasal gruplar1 ayn1 oranda
igermesine ragmen, molekiillerin diizenlenmesinde bazi farkliliklar vardir.
[1,8,20]. Poliamid lifleri 1,14 g/cm¥liik 6zgiil agirhigr ile orta derecede
yogunluga sahip bir liftir. Nem gekme yetenekleri ise %4 ile diger sentetik
liflere kiyasla nispeten daha yiiksektir ve bu sebepten lif iizerinde statik
elektrik birikimi diger lifler kadar problem degildir. Ayrica boyanabilme
yetenegi ve renk hashigt da oldukga yiiksektir. Ancak, nem ¢ekme 6zelligi ve
parlak goriiniimiinden dolayi, poliamid havli halilarin kirlenme dayaniminin
digerlerine gore daha diigiik oldugu soylenebilir. Tenasite degeri 5 ¢N/dtex
civarindadir ve aginma dayanimu, rezilyans ve elastik geri donme yetenegi de
oldukga ytiksektir. Poliamid lifleri, yapilarindaki hidrojen baglarindan dolay1
bu istiin mekanik davraniglara sahiptir ve hali hav ipligi olarak kullanimda
da oldukga yiiksek performans ortaya koymaktadir. Naylon 6,6’nin
hidrojen bag yapisi naylon 6’ya kiyasla daha yogun ve diizenli bir igyap1
olugturmaktadir. Bu yapisal farklhilik, polimerlerin bazi fiziksel ve kimyasal
ozelliklerinde kismen de olsa degisikliklere neden olmaktadir. Ornegin,
naylon 6’nin kristallik degeri naylon 6,6’ya kiyasla biraz daha diigiiktiir,
ancak her iki lifin de kristallik dereceleri genel anlamda yiiksektir. Ayrica,
erime sicakliklart naylon 6 lifi i¢in 215-230 °C, naylon 6,6 lifi iginse 250-
265 °C araligindadir [1,8,21]. Naylon 6,6’nun daha yiiksek erime noktasina
sahip olmasi, sicak nesnelerle temasta daha giivenli kullanim imkani
sunmakla beraber, siirtiinmeden kaynaklanan isinmaya ve bunun aginma
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performansi tizerindeki olumsuz etkilerine kars: da direng saglamaktadir. Bir
bagka agidan, naylon 6,6 daha yogun ve diizenli polimer yapistyla naylon
6’ya gore kismen daha diigiik gegirgenlige sahiptir ve bu durum lekenin
lifin igyapisina niifuzunu geciktirir. Dolayisiyla, hali {izerinde kirlenme
gergeklestiginde, kirin lekeye donitigmeden once temizlenebilmesi igin daha
fazla zaman olabilmektedir. Ayrica, naylon 6,6 hahlar esdeger yapili naylon
6 halilardan yiizey goriiniimiinii muhafaza anlaminda daha iyi performans
gosterebilmektedir. Ancak, genel bir perspektifte degerlendirildiginde,
naylon 6 ve naylon 6.6’min hali hav ipligi kullanim performanslarinin diger
liflerden daha avantajli ve birbirleriyle benzer seviyede oldugu sonucuna
varilabilir. Bu noktada, naylon 6,6’nin yiiksek maliyetli oldugu goz o6niine
alinirsa, halt hav ipligi tiretiminde naylon 6.6’dan ziyade naylon 6 tercih
edildigi soylenebilir [22,23].

kaprolaktam naylon 6

H: H; Hy | m"CI:,‘OHH! ﬁ Ha g: Ha r!a H; H; R
HZN/C&C,C\ N—H MG _Co G, N/c\cf \.c/c\c/ \ﬁ/c\c/c\c/c
Hy Hy H . Elz ﬁz O H Hy Hy Hy | Hz Ha /n

heksamelilen diamin adipik asit Naylon 6,6

Sekil 4. Naylon 6 ve Naylon 6.6’nin kimyasal formiilii [24,25].

2.4. Polyester (PET/PTT/PBT)

Polyester (PES), ana polimer zincirinde ester gruplari igeren bir polimer
grubudur ve farkli bilesenlerden olusan tiirleri mevcuttur. Polyesterler
icerisinde, tekstilin hemen hemen her alaninda en yaygin kullanilan polimer
tiirii polietilen tereftalattir (PET). Ayrica polibiitilen tereftalat (PBT) ve
politrimetilen tereftalat (PTT) lifleri de, kolay boyanma yetenegi ve esneklik
ozelliklerinden dolay1 hali tiretimi de dahil olmak iizere bir¢ok alaninda
kullanilmaktadir [26-28].
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Sekil 5. Polietilen teveftalat (PET) kimyasal formiilii [29].
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Sekil 6. Polibiitilen teveftalat (PBT) kimyasal formiilii [29].
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Sekil 7. Politrimetilen teveftalat (PTT) kimyasal formiilii [29].

Polietilen tereftalat (PET) lifleri 1,38 g/cm®liik ozgiil agirlik degeri
ile diger sentetik liflerden daha fazla bir yogunluga sahiptir ve bu durum
daha agir halilarin {iretimine imkan tanimaktadir. Nem ¢ekme yetenekleri
oldukga diigiiktiir ve %0,4 dolaylarindadir. Bu 6zelliklerinden dolay: halida
kirlenme performanslart yiiksektir ve 1slandiklarinda hizli kuruma davranig
gosterirler. Ayrica, aginma direnci oldukga yiiksek olmakla birlikte, tenasite
degeri 4-5 cN/dtex seviyesindedir. Bu ozelliklerinden dolay1, mukavemet
davranislart agisindan poliamid grubu elyaflarina benzerlik gosterirler. Erime
sicakligr 255-270 °C araliginda oldugundan 1sinma kaynakli aginmalara karg
iy bir direng gostermektedir [8]. Bununla beraber, PET hav ipliklerinin
halida rezilyans davramigi genelde poliamidden daha diigiiktiir, ancak hav
yogunlugu artirilarak rezilyansta iyilesme goriilebilir. Yumugak tutumu ve
parlak goriiniimii sayesinde halida kullanima oldukga elverisli olmasinin
yanmi sira PET lifleri maliyet agisindan da poliamid liflerine kiyasla daha
avantajlidir, ancak polipropilenden ise genelde daha yiiksek maliyetlidir. PET
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lifinin bilinen en 6nemli dezavantaji, yiiksek kristalite, yiiksek hidrofobik
karakter ve i¢yapida boyarmadde ile bag kuracak fonksiyonel gruplarin
olmamasi nedeniyle boyamada yaganan zorluklardir, ancak hali hav ipligi
tiretiminde tercih edilen BCF teknolojisinde eriyikten boyama yapildigindan
bu problem ortadan kalkmaktadir. Diger filament iiretim teknikleriyle
tiretilen iplikler ise, PET e 6zel boyanma sartlarinda boyanmaktadir [1, 30].

Polibiitilen tereftalat (PBT) ve politrimetilen tereftalat (PTT) liflerinin
erime sicakhiklart 225-230 °C ve ozgil agihklarn 1,32-1,34 g/cm?
degerleri ile PET’e oranla kismen daha diigiiktiir. Bununla beraber, PET
ile kargilagtirildiginda PBT ve PTT’nin kolay boyanabilme, yiin benzeri
tutum, yiiksek elastik toparlanma ve rezilyans gibi hali hav ipliginde istenen
ozelliklere sahip olduklar1 gortilmektedir [27,28]. PBT ve PTT liflerinin
elastik karakterleri igyapilarindaki helisel formdan kaynaklanmaktadir ve bu
sarmal yapt PTT’de ¢ok daha belirgin oldugundan diger polyesterlere oranla
daha yiiksek elastik toparlanma ve rezilyans yetenegine sahiptir (bu noktada
poliamid elyaflarina benzer bir tutum gostermektedirler) [2, 31, 32].

PET

Sekil 8. PET, PBT ve PTT zincir yapilar: [29].

3. Sentetik Hav Iplikleri ile Tigili Yapilmig Akademik Caligmalar

Literatiirde haviplikleritizerine yapilmis ¢ok sayida ¢aligma bulunmaktadir.
Hav ipliginin kompozisyonunu olusturan hammadde degismese dahi,
halilarin yapisal farklhiliklar: (hav sikligi, hav yiiksekligi vb.) ve degisen tiretim
parametreleri (iplik dogrusal yogunlugu, ¢ekim orani, kesit geometrisi vb.),
hav ipliklerinin davraniglarin1 dogrudan etkileyen unsurlardir. Bu ¢aligmada,
farkli hammaddelerin kargilagtirildig1 bazi ¢aligmalar 6zetlenmistir.
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Onder ve Berkalp (2001), farkli hav siklig1 ve hav yiiksekliginde iiretilmis
polipropilen, yiin, akrilik halilarin fiziksel 6zelliklerini incelemislerdir. Elde
edilen sonuglara gore, polipropilen halilarin gortiniim koruma testinde yiiksek
devir sonrasi daha belirgin bir hav diizlesmesi oldugu goriilmiistiir. Ayrica,
yin ve akrilik numuneleri ile kargilastirildiginda, en fazla kalinlik kaybinin
polipropilen hahlarda goriildiigi belirtilmigtir. Test sonuglarina gore, aginma
dayaniminin elyaf tiirtinden ziyade hav yogunluguyla dogrudan iligkili
oldugu goriilmiis ve ayrica polipropilen halilarin aginma performanslarinin
akrilik ve yiin numunelerin arasinda oldugu tespit edilmigtir [33].

Tekin (2002), yiin, akrilik ve polipropilen hav ipliklerinden {iretilmis
halilarin statik ve dinamik yiikleme altindaki davraniglarini aragtirmistir.
Test sonuglarina gore, akrilik halilarin statik yiikleme sonrasi kalinlik kaybi
degerlerinin yiin ve polipropilen numunelere oranla ¢ok daha yiiksek
oldugu belirlenirken, dinamik yiikleme sonrasinda en diigiik kalinlik kaybini
gosterdigi tespit edilmigtir. Caligmada ayrica, yiin ve polipropilen halilarin
statik yiiklemeye dinamik yiiklemeden daha direngli oldugu ifade edilmistir
[34].

Kog ve ark. (2005), polipropilen, yiin ve akrilik hali numunelerinin uzun
stireli statik ylikleme sonrasindaki kalinlik kayiplari kullanilarak, halilarin
kalic1 deformasyon, sikigtirilabilme, rezilyans ve elastisite gibi davraniglart
incelenmistir. Caligmaya gore, uzun siireli yiikleme sonrasi en diigiik kalinlik
kayb1 yiin numunelerde, en yiiksek kalinhk kayip yiizdeleri ise akrilik
numunelerde goriilmistiir. Sikistirilabilme hassasiyeti agisindan en akrilik
halilar en diigiik direnci gosterirken, polipropilen hahlar en yiiksek dayanimi
gostermigtir. Elastisite ve kalict deformasyon davraniglarinda en yiiksek
performans yiin halilarda goriiliirken, akrilik halilar en diisiik performansi
gostermis ve bu durum akrilik numunelerin diger numunelerden daha
yiiksek hav uzunluguna sahip olmasmna baglanmistir. Ayrica, polipropilen
halilarin hav sikhigr diger hali numunelerine gore daha diisiik olmasina
ragmen, elastisite performansinin akrilik halilardan daha iyi ve yiin hahlara
benzer bir davranig gosterdigi belirtilmigtir [35].

Dala (2006), galigmasinda farkl hav siklig1 ve hav yiiksekliginde akrilik
ve polipropilenden iiretilmis halilarin goriiniim muhafaza, boncuklanma,
dinamik yiikleme ve statik yiikleme altinda kalinlik kaybr gibi davraniglarini
incelemistir. Elde edilen bulgulara gore, akrilik halilarin gortiniim muhafaza
performanslarinin polipropilen halilardan daha iyi oldugu gozlemlenirken,
boncuklanma testi sonrasi her iki hav malzemesinde de belirgin bir
deformasyon tespit edilmemistir. Ayrica ¢aligmada, dinamik yiikleme sonrasi
akrilik halilarin kalinlik kaybinin polipropilen halilardan daha az oldugu,
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uzun siireli statik yiikleme sonrasi ise polipropilen halilarin kalinlik kaybinin
akrilik numunelerden fazla oldugu, ancak bununla beraber gerekli dinlenme
siiresi sonrasinda daha yiiksek rezilyans davranigi sergilemislerdir [36].

Celik ve Kog (2007), polipropilen, yiin ve akrilik numunelerle yaptiklart
bir Onceki ¢aliymanin devami olarak; hav ipligi materyallerinin enerji
absorbsiyonu ve soniimleme karakteristigi davraniglarini incelemislerdir.
Caliymada, uzun streli statik yiikleme sonrasi bekleme siiresi artikga
deformasyonun azalarak rijitlik katsayisinin arttigi, ancak bu artigin akrilik
halilarda diger hali numunelerine kiyasla daha az oldugu tespit edilmistir. 24
saatlik bekleme stiresi sonunda; elastik enerji ve elastik toparlanma katsayisi
agisindan en yiiksek degerler yiin halilarda, en diigiik degerler ise akrilik
halilarda goriilmiistiir. Sontimleme enerjisi ve soniimleme katsayist sonuglari
goz oniine alindiginda ise, ylin halilarin en diisiik performans: gosterdigi
sonucuna ulagilmigtir. Ayrica, bekleme siiresi sonrasinda akrilik numuneler
en ylksek toplam enerjiye sahipken, yiin numunelerin en diigiik degerde
oldugu goriilmiistiir. Elde edilen sonuglara gore, yiin halilar tiim numuneler
igerisinde en yiiksek rezilyans degerini gosterirken, polipropilen numuneler
de yiine en yakin performansi ortaya koymustur [37].

Celik ve Kog (2010) bu ¢alismalarinda ise farkl hav yiiksekligi ve hav
sikliginda iiretilen polipropilen, yiin ve akrilik hahlarin dinamik yiikleme
altindaki kalinlik kayb1 performansini aragtirmiglardir. Elde edilen bulgulara
gore, yiin numunelerin rezilyans degerlerinin daha diigiik oldugu, akrilik
numunelerin ise toparlanma performanslarinin diger numunelerden daha
yiksek oldugu tespit edilmistir. Dinamik yiikleme testinde 1000 darbe
sonrast en iyi rezilyansa sahip numunelerin akrilik havli halilar oldugu
goriilmiigtiir [38].

Ozdil ve ark. (2012), polipropilen, yiin ve akrilik liflerinden farkh dogrusal
yogunluklarda ve farkli hav yiiksekliklerinde iiretilen hali numunelerinin
sikigtirma ve geri donme performanslarini incelemiglerdir. Caligmada elde
edilen sonuglara dayanarak, hav ipligini olugturan hammaddenin ve hav
karakteristiginin halilarin sikigtirma ve geri donme davraniglarinda etkili
oldugu belirtilmigtir. Dinamik yiikleme sonrasi polipropilen numunelerde
diisiik dogrusal yogunluktaki havlarin yiizde kalinlik kaybinin, yiiksek
dogrusal yogunluktaki havlara kiyasla kismen daha diisiik oldugu gozlenirken,

akrilik numunelerde tersi bir durum tespit edilmigtir [39].

Fidan ve ark. (2023), polyester ve polipropilen hav ipliklerinden iiretilen
halilarin sikistirma ve geri donme davraniglarini, kirlenme ve goriiniim
mubhafaza performanslarini, statik ve dinamik yiikleme altinda kalinlik kayb1
degerlerini aragtirmugtir. Elde edilen sonuglar, ayni iiretim teknolojisiyle
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tretilmig polipropilen halilarin polyester halilara kiyasla sikigtirma sonucunda
daha fazla deformasyona ugradigi ve akabinde daha diigiik geri donme
performansi gosterdigi tespit edilmigtir. Dinamik yiikleme sonrasinda ise
polipropilen halilarin polyester halilara kiyasla daha diigiik kalinlik kaybina
ugradig goriiliirken, statik yiikleme sonrasinda polipropilen halilarda daha
fazla kalinlik kayb1 olugtugu ancak yiikleme sonrasi yeterli bekleme stiresi
sonunda daha iyi rezilyans davranigi ortaya koydugu sonucuna ulagiimistir.
Goritiniim muhafaza agisindan polyester ve polipropilen halilar benzer
performans gosterirken, kirlenme testi sonuglarina gore polipropilen halilarin
polyester numunelere gore daha az kir tutarak daha istiin bir performans
sergiledigi gozlemlenmistir [40].
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Boliim 10

Kirliligin PV Panel Verimine Etkisi ve Panel
Temizleme Yontemleri

Yasin Iel!

Ozet

Kalkinmanin siirdiirtilebilmesi i¢in kesintisiz, ucuz ve yiiksek kalitede bir enerji
arzina ihtiyag duyuldugu bilinen bir gergektir. Cevresel dezavantajlar dikkate
alindiginda alternatif’ enerji kaynaklar1 arayigi, bu alandaki caligmalarin,
giivenilir ve ¢evre dostu, neredeyse limitsiz bir enerjiye sahip yenilenebilir
enerji kaynagi olan giines enerjisi {izerinde toplanmasint saglamustir. Giines
panellerinin verimini etkileyen bir diger onemli ¢evresel faktor ise panel
yiizeyinin toz, camur, kug diskis1, yaprak vb kirlenmesidir. Ozellikle giines
panellerinin yerlestirildigi bolgenin cografi konumu, panel yiizeylerinin
kirlenmesi sonucu enerji verimliligini yiiksek oranda etkilemektedir. Panel
ylizeylerinin 6zellikle tozdan kirlenmesi yiiziinden verimlerinin %4 ile %32
oraninda etkilendigi tespit edilmistir. Ulkemizde en yiiksek miktarda sayiya
sahip olan PV santrallerinin verimini arttirma igin en 6nemli parametrelerden
biri olan toz ve kir parametresinin etkilerinin en aza indirilmesi ¢ok biiyiik
onem arz etmektedir. PV panel temizlik maliyeti ve giinlimiiz diinyasinda
hayat kaynagimiz olan suyun tasarrufu agisindan elektrostatik temizleme
onerilmektedir.

1. Giris

Enerjinin artik bu ylizyilda medeniyet ve teknolojinin temel taglarindan
biri ve sosyo-ekonomik, geligmigligin en 6nemli bilegeni oldugu ve insanlarin
yagam standartlarini yiikseltmede ¢ok 6nemli bir yere sahip oldugu asikadir.
Sanayi devriminin baglamasi ile insanlk, enerjinin vazgegilmez bir giig
oldugunu anlamig ve medeniyet ve giiclii olma, hitkmetme diirtiisti ile
baglayan enerji iiretimi ve tiiketimi siireci, zamanla yon degistirmis ve
giiniimiizde artitk mutlak bir ihtiya¢ haline gelmigtir. Teknolojik gelisimin
devam etmesi igin kesintisiz, diigitk maliyetli ve yiiksek performansa sahip

1 Dr. C)gr. Uycsi, Adryaman Universitesi, TBMYO, Elektrik ve Enerji Bolimii,
yasinicel@gmail.com, ORCID ID:0000-0001-9529-4811
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bir enerji arzina ihtiya¢ duyulmaktadir. Giiniimiiz modern teknoloji ve
bilgi toplumunda; sanayi, saglik, teknoloji, iletisim, sosyal, ulagim, egitim
gibi hayatimizin her evresinde vazgegilmezi haline gelmis tiim alanlarda
ihtiya¢ duyulan enerji, artitk giiniimiiziin en degerli ve en 6nemli bir
kaynag1 olmustur (Varinca ve Varank, 2005; Igel, 2012). Enerji kaynaklari,
yenilenemeyen enerji kaynaklari ve yenilenebilir enerji kaynaklar1 olmak {izere
iki gruba ayrilmaktadir. Teoride yakin bir gelecekte tiikenebilecegi varsayilan
yenilenemeyen enerji kaynaklar1 olan fosil kaynaklar (komiir, dogalgaz ve
petrol iiriinleri) ve gekirdek kaynaklar (niikleer enerji- uranyum) olarak iki
tarkl sekilde gruplandirmak miimkiindiir (Senel, 2012). Giiniimiizde halen
ok tercih edilen enerji kaynaklar1 olan komiir, petrol, dogalgaz gibi fosil
kaynaklarin giin gegtik¢e hizli azalmasi ve ozellikle de bu kaynaklardan
ortaya gikan gevresel problemler, hem bu kaynaklarin rasyonel ve ekonomik
sekilde kullanimini, hem de enerji verimliligi kavramini ortaya ¢ikarmaktadir
[4]. Cevresel dezavantajlar dikkate alindiginda alternatif enerji kaynaklarin
arayis1, bu konudaki galigmalarin, giivenilir ve ¢evre dostu, neredeyse sinirsiz
bir enerjiye sahip yenilenebilir enerji kaynagi olan giines enerjisi iizerinde
toplanmasini saglamugtir.

Giinesin 151mm enerjisi, diilnyamizin atmosfer ve yeryiizi sistemlerindeki
tiziksel olusumlara etki eden bir enerji kaynagidir. Diinyamizda yer
alan madde ile enerji akiglar1 ancak giines enerjisi sayesinde miimkiin
olabilmektedir. Dalga, riizgar, biokiitle ve okyanus enerjileri, glineg enerjisinin
degisim gegirmis formudur. Giineg enerjisi, ayni zaman da dogamizdaki su
dongiisiiniin saglikli bir sekilde ger¢eklesmesinde de etkin rol oynadigindan
akarsu giiclinii de meydana getirmektedir. Aslinda fosil kaynakli enerjilerin
de biokiitle niteligindeki yer alti materyallerinde birikmis gilines enerjisi

oldugu bilinmektedir (Varinca, 2006).

Ozellikle son yillarda, giines enerjisinin elektrik enerjisine direkt olarak
doniigtiirtilmesinde kullanilan fotovoltaik panel iiretim teknolojilerindeki
gelismeler, {iretim yapan firma sayilarinda artiga ve firmalar arasindaki
rekabetin de fotovoltaik panel fiyatlarinda diisiise neden olmaktadur.
Bunun sonucunda da giines enerjisinden elektrik enerjisi tiretimi, yalmzca
enerji iletim ve dagiiminin zor veya imkinsiz oldugu yerlerde degil de
enterkonnekte enerji sistemine dahil edilerek, tilkelerin toplam enerji tiretimi
ortalamasinda gok ciddi bir yer almasini saglanmugtir.

Fotovoltaik panel sistem tasarimlarinda dikkate almnana veri girdileri
temel olarak iki grupta incelenebilir. Birinci grupta kullanilacak PV sistem
bilesenlerinin teknik karakteristikleri yer alir. Uluslararasi standartlar dikkate
alinarak yapilan sistem bilegenlerinin se¢imi sonucunda bu iiriinlerin
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genel kabul edilen uluslararas: testlerini bagarili bir gekilde tamamladigini
gostermektedir. Tkinci grupta yer alan veriler ise PV sistemin kurulacag
alandaki iklim verileri, kurulum yapilacak alanin fiziki sartlar1 ve gerekli yiik
miktar1 gibi parametrelerdir. PV sistem tasarimin verim ve giivenilirligi,
temelde ikinci grupta tanimlanan verilerin dogrulugu ile belirlenmektedir
(Gubukeu, 2011).

Fotovoltaik gii¢ sistemini etkileyen temel iklimsel kogullar gunlardir:

*  Giineg 1511m1

Sicaklik degisimleri

e Nem

Riizgar

Toz vb. kirler

Yagmur, kar ve dolu

2. Kirliligin Fotovoltaik Panel Verimine Etkileri

Fotovoltaik (PV) paneller, tiretildikleri yar1 iletken malzemenin 6zelligine
bagli olmak sartiyla giines enerjisini %6-%35 verim ile elektrik enerjisine
doniigtiirebilmektedir. Diigiik verimlilige sahip PV panellerin {iretim
verimine etki eden birgok dig etken de bulunmaktadir. Bunlar; panel egim
agsi, sicaklik, golgelenme, PV sicakligi, giines 1sinim siddeti, riizgar hiz,
toz, kir, kar yiikii, nem ve diger kayiplardir (Irwanto ve ark., 2014; Bhol ve
ark., 2015).

Giines panellerinin elektrik enerjisi {iretim verimini etkileyen en 6nemli
gevresel faktorlerden biri panel yiizeyinin toz, ¢amur, kug digkisi, yaprak vb
kirlenmesidir. Ozellikle giines panel sisteminin kurulacagi bolgenin cografi
konumu, panel yiizeylerindeki kirlenme sonucu enerji verimliliginde yiiksek
oranda olumsuz etki yaratmaktadir. Yapilan bir¢ok ¢aligma sonucunda; PV
panel ylizeylerinin 6zellikle de tozdan kirlenmesinden kaynakli verimlerinin
%4 ile %32 oraninda olumsuz etkilendigi tespit edilmistir. Bu alanda ilk
caliyma 1942 yilinda giines 1sinlar1 ile su 1sitma saglayan sisteme sahip
bir diizenek tlizerinde gergeklestirilmis ve tozun (PV panelin yiizeyindeki
kirliligin) verimi %4,7 oraninda azalttig1 tespit edilmigtir. Yariiletken teknoloji
alaninda gergeklesen ilerlemeler ve PV panellerin kullanim yelpazesinin
artmasiyla bu alandaki ¢aligmalarda artmugtir (Wakim, 1981; Mekhilef ve
ark., 2016; Kaldellis ve Kokala, 2010; Dorobantu ve ark., 2011).

Toz; biyolojik, kimyasal, elektrostatik ve fiziksel 6zelliklere sahip bir olugum
olarak karakterize edilmektedir. Her cografik bolgede ayr bir 6zelliklere ve
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yogunluklara sahip olan toz, diinya iizerinde yaygin bir dagilima sahip olup,
PV panel modiillerin yiizeyine yerleserek giines 1ginlarinin panel ylizeyine
gegisini engellemekte, panelin sicakhigint artirmakta ve panel modiil caminin
aginmasi gibi olumsuz etkilerle PV enerji sisteminin verimini 6nemli 6lgtide
azaltmaktadir (Ju ve Fu, 2011).

Giines panelleri {izerindeki kir birikiminin karakterizasyonu, tozun
ozelligi ve yerel gevreyi etkileyen birbirine bagli iki parametre vardir. Tozun
ozelligi boyut, bilesenler, sekil ve agirliktan olugur. Ayrica yiizey, kirlenme
stirecine katkida bulunan ¢ok 6nemli bir faktordiir. Yiizey piiriizsiiz degil
de piirtizlii, sert, yapiskan vb. ise daha fazla topragin birikmesine neden
olur. Panelin giine 15181 yoniine ve riizgira bagh konumu da kirlenme
isleminde Onemlidir. Yiizey ne kadar yatay olursa o kadar fazla toz
birikebilir. Ayrica, yavag esen riizgir da toz birikmesine neden olabilirken
kuvvetli riizgar panel ylizeyini temizleyebilir. Ancak riizgardan kaynaklanan
hava akisi, giines panelinin belirli yerlerinde toz birikmesini veya dagiimasini
etkileyebilir (Maghami ve ark. 2016).

Giinliik diizenli olarak temizlenen PV panellerinin iiretim giiciiniin,
kirli PV giines panellerin giiciine kiyasla ciddi olgiide yiiksek olacagindan
PV panellerinin giinliik diizenli olarak temizlenmesi PV giines enerjisi
santrallerinin verimini ciddi oranda etkilemektedir. Ancak PV panellerinin
giinliik diizenli olarak temizlenmesi, is¢ilik, saf su ya da temizlik sivis1 vb ek
maliyetleri de beraberinde getirecegi dikkate alindiginda panellerin haftalik
olarak temizlenmesinin gider maliyetleri agisindan daha uygulanabilir
olacagr kesindir. Ayrica aylik yapilacak bir panel temizligi her ne kadar yeterli
olmazsa da hi¢ temizlenmeyen PV panellere nazaran verimde artig olacagi
agikardir. Toz ve kirlenme kaynakli verim kayiplarin minimuma indirgenmesi
amaciyla uygulanacak en uygun temizlik periyodu PV sistemin kurulacag:
farkli cografik bolgeler igin ayr1 ayri hesaplanmasi gerekmektedir. Farkl
ozelliklerdeki cografik bolgeler, tozlanma yogunlugu, panel giineslenme
stiresi ve temizlik periyodunda etkili olacaktir. Ayrica mevsimlerdeki farkliklar
da verimi etkilemektedir. Bu kayiplar1 en aza indirmek igin giiniimiizde
yogun olarak lizerinde ¢aligma yapilan konularin baginda temizleme bigimi,
yontemi gelmektedir. Kiigiik olgekli gergeklestirilen PV sistem kurulumlar:
i¢in insan eliyle manuel gergeklestirilen temizleme islemi basit goriinse de
ozellikle biiyiik 6lgekli PV giines santrallerinde manuel temizleme uygulamasi
hem zaman hem de uygulama zorlugu agisindan uygun gozitkmemektedir.
Geligtirilen bazi otomatik temizleme robotik uygulamalar1 mevcut olsa da
daha kullanish ve ekonomik bir temizleme sistemi arayist iizerinde yapilan
¢aligmalar halen devam etmektedir (Giirbiiz, 2018).
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Fotovoltaik panelde meydana gelen tozun, giines radyasyon degerinin
hiicrelere erigimini yar1 yariya azalttigini bununla birlikte panel yiizeyinin
giinegi alma agisinda kirilmalara neden oldugunu ileri siirmiig bu sebeple
panelin elektrik tiretim degerlerinde yiizde elliden fazla diiglis meydana
geldigini belirtmislerdir. Agik veya giinesli bir giinde bu kaybin yiizde yirmiye
yakin oldugunu yillik kayiplarin hesaplanmasinda agik ve kapali giinlerin
ortalamasi alindiginda bu kaybin artacagini ileri siirmiistiir. Fotovoltaik
panellerdeki kirli ylizeylerin yiizdelik tiretime yansimalarini hesaplamiglar ve
nitel gozlem ile degerlendirmiglerdir (Casanova ve ark., 2011).

Fotovoltaik panellerin yiizeyinde meydana gelen toz, kum, yosun benzeri
maddeler nedeniyle fotovoltaik panellerin iiretim giiciinii %85 oraninda
diigtirecegini kanmitlamuglar ve panellerin yiizeylerinin belirli araliklarla
temizlenmesinin tiretim degerlerine katki saglayacagini belirtmiglerdir
(Sulaiman ve ark., 2014).

3. Fotovoltaik Panel Temizleme Yontemleri

Genel olarak bakildiginda fotovoltaik yiizey temizleme yontemleri
aragtirmacilar arasinda pek ilgi odagr olmamistir. Bu dikkat eksikligi,
bolgedeki yagis miktarinin PV vyiizeyini temizlemeye yeterli oldugu
diisiincesinden kaynaklanabilir. Tam tersine, kirlenme, yogun yagis alan
bolgelerde bile enerji verimi tizerinde ciddi bir etkiye sahip olabilir.

Yagislar ticretsizdir ancak mevsimsel olarak degiskendir. Bu nedenle,
ozellikle kirlenmenin yogun oldugu ve yagis miktarinin veya yogunlugunun
toprag yikamak i¢in yeterli olmadig1 durumlarda bu temizleme yonteminin
giivenilirligi sorgulanabilir.

Hafif bir yagistan sonra ¢esitli durumlarda performansta keskin diistigler
fark edilmigtir. Riizgar ayrica kirlenmenin belirli bir dereceye kadar
azaltilmasina veya ortadan kaldirilmasina yardimer olabilir, ancak optimum
enerji Uretimi i¢in yiizeyi temizleyecek suya ihtiyag vardir (Kimber ve ark.,
2000).

Literatiiriin ve ¢evrimigi kaynaklarin incelenmesinden, PV modiili
temizleme yontemleri agagidaki gibi kategorize edilebilir:

Manuel Temizleme: Bu yontem, binalarin pencerelerini temizlemek
i¢in kullanilan prosediiriin aynisini izler. Toprag: yiizeyden temizlemek
igin ozel killara sahip firgalar, modiillerin gizilmesini onleyecek sekilde
tasarlanmugtir. Bazi firgalar ayni zamanda yikama ve firgalamayr ayni anda
gergeklestirmek i¢in dogrudan su kaynagina da baglanir. Erigilemeyecek bir
yerde bir merdivene ve uzun sapl bir firgaya ihtiyag duyulabilir.


https://www.sciencedirect.com/topics/engineering/power-generation
https://www.sciencedirect.com/topics/engineering/power-generation
https://www.sciencedirect.com/topics/engineering/power-generation
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Mobil Temizleyiciler: Bu yontem, gorevi vyerine getirmek igin
makinelerden yararlanir ve su temini i¢in bir depo veya Yagmurlama sistemi,
PV ylizeyini temizlemenin en iyi yollarindan biridir. Tozun etkisini azaltmak
i¢in Onerilen temizleme dongiisiinii, kurak mevsimlerde haftalik temizligi
ve yogun toz birikimi i¢in Onerilen giinliik yitkama olarak uygulamak daha
verimli sonuglar verecektir (Maghami ve ark., 2016; Altintas, 2021).

Kirli PV” lerin yiizeyini temizlemek igin gesitli yenilik¢i yontemler
kullanilmig olsa da farkli iklim kogullarinda temizleme mekanizmasinin
gosterilmesi i¢in biitlinsel bir yaklagimin kullanilmas: gerekmektedir. Bu
incelemede ii¢ zaman dilimindeki gegitli referanslardan elde edilen bulgular
vurguluyor ve benzerliklerine odaklaniyor. Uygun hafifletme yonteminin
Olgegini biyiitmek igin havada asili pargaciklara dayali olarak dort farkl
kiiresel bolge aragtirildi. Sonug olarak, diinyanin farkli bolgelerindeki toz
dagilim sekli degerlendirilerek Orta Dogu ve Kuzey Afrika’nin diinyadaki en
kotii toz birikim bolgelerine sahip oldugu tespit edilmigtir (Ghazi ve ark.,
2014).

Bir diger caliymada, Irak’taki giineg enerjisi santral uygulamalarinda
birgok sorunla kargi karsiya oldugunu ve bu sorunlardan en 6nemlisinin,
giineg panellerinin yiizeyinde tozun birikmesi oldugu ve bu sebeple panel
performansinin keskin bir sekilde diistiigtintin ileri stirtilmiistiir. Aragtirmacilar
caligmalarinda, giineg paneli ylizeyinde biriken tozu azaltmak igin iki eksenli
giineg takip sistemi kullanarak yeni bir teknik sunmuglar ve 30° ve 45° egim
agilarina monte edilen sabit giines panelleri ile kargilagtirmiglardir. Aragtirma
sonucunda, sabit giines panellerinde toz birikmesi nedeniyle ¢ikis giictiniin
maksimum kayiplarinin 34 giinliik birikim donemi igin sirasiyla yaklagik
%31,4 ve %23,1 oldugunu (18-2-2010- 25-3-2010 arasinda), iki eksenli
izleme sistemine sahip giines paneli i¢in maksimum ¢ikig giicii kaybi, aym
birikim siiresi igin yaklagik %8,5 olarak tespit etmiglerdir (Abbas ve ark.,
2010).

Toz birikiminin PV modiilii performanst izerindeki etkilerinin ve bunlarin
azaltilmasina yonelik tedbirlerin gozden gegirilmesini amaglayan bir diger
caliymada; aragtirmacilara gore, Nijerya’da yenilenebilir enerji hedeflerine
ulagmanin 6niindeki engel toz nedeniyle PV’ den kaynaklanan enerji
kayiplar1 goz ardi edilemeyecek bir konudur. Aragtirmacilar galigmalarinda,
belirli bir performans seviyesini korumak igin kullanilabilecek bir dizi etki
azaltma teknigi sunmaktadir. Nijerya’daki tiim jeopolitik bolgelerde tozun
etkileri iizerine, her bir alandaki kirlerin etkilerini azaltmada veya 6nlemede
en uygun teknikleri goz oniinde bulundurularak PV modiil sisteminin
tasarlanmasi gerektigini ileri stirmiiglerdir (Chanchangi ve ark., 2020).


https://www.sciencedirect.com/topics/engineering/dry-season
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Giines panelleri tizerindeki toz partikiillerinin temizleme verimliligini
degerlendirmek i¢in yeni bir metodoloji gelistirmek amaciyla yiiriitiilen
bagka bir galig yiiriitiilmistiir. Aragtirmacilar galiymalarinda, Katar Doha’dan
topladiklar1 toz partikiillerinin ¢apini 6lgerek ortalama gaplarint 2.3 um
olarak belirlemiglerdir. Bir fir¢a-disk konfigiirasyonu, tozlu bir cam alt
tabakadan kayan polimerik bir ug¢ olarak siiptirme kuvvetini 6lgmek igin
yapilmugtir. Siipiirme kuvveti, ¢esitli nem ortaminda islenmig numuneler
tizerinde uygulanan ¢esitli yikler altinda olgtilmiistiir. Deneysel sonuglar,
kuru toz partikiillerinin temizleme etkinliginin uygulanan yiikten bagimsiz
oldugunu ve %90’ {izerine ¢ktgin gostermistir. Aragtirmacilar su
molekiillerinin adsorpsiyonu, temizleme etkinligi iizerinde belirgin etkiler
gosterdigini tespit etmiglerdir. Nemli ortamda verimliligi artirmak igin,
uygulanan yiikiin artirilmasini saglamiglardir. Aragtirmacilar ¢alismalarinin
sonucunda, uygulanan yiik ne kadar yiiksek olursa, siipiirme kuvvetinin
o kadar yiiksek olacagini, temizleme verimliliginin de buna bagl olarak
artacagini belirlemiglerdir (Chen ve ark., 2018).

Diger bir ¢aligmada aragtirmacilar, kurak bolgelerde giines enerjisinin
verimli Uretiminin kargilagtig1 temel zorluklardan biri olarak gordiikleri
demirli camda 151k gecirgenligi tizerindeki toz etkisi farkls siirelerde izleyerek
degerlendirmiglerdir.  Aragtirmacilar saha ¢aligmasinda naylon firgalar
ile temizledikleri PV panellerin verimliligini, firgalanmayan paneller ile
kargilagtirmuglar ve naylon firgalarla temizligi yapilan panellerin cam yiizeyin
optik Ozellikleri iizerinde 6nemli ve kalict bir etkisi olmadigini ancak
temizlenmeyen panellere nazaran gegirgenliginin arttigini tespit etmislerdir.
Panellerin  temizleme verimliligi, su ve hassas sileceklerle temizlenme
kadar yiiksek olmadigini gozlemlemislerdir. Aragtirmacilar, kirli panel cam
ylizeylerinin fir¢alamadan sonra baz1 degisiklikler gosterdigini, ancak bunun
20 yilik temizlige denk bir simiilasyondan sonra camin optik Ozellikleri
tizerinde kalici bir etkisi olmadigr belirlemiglerdir. Caligmanin sonucunda
ise robotik sistemlerin gelistirilerek panel temizliginin yapilabilecegi ve daha
etkili olabilecegi goriigiinii savunmuslardir (Al Shehri ve ark., 2016).

PV panel temizligine yonelik vyiiriitiilen bir ¢aligmada aragtirmacilar,
GPTR adim verdikleri ¢ift motorlu ve paletli bir giines paneli temizleme
robotu tasarlayarak yatay diizlemde hareket ederken temizleme firgasi ise dikey
cksende panel boyunu algilayarak temizleyebilen bir sistem geligtirmiglerdir
(Akyaz1 ve ark., 2019).

PV panel tozlanma miktarinin tespiti ve temizlenmesine yonelik yiiriitiilen
diger bir gahiymada, elektrostatik etki altinda hidrofobik bir yiizeyden
piiskiirten gevresel toz partikiilleri dikkate almiglar ve toz partikiillerinin
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dinamiklerine yiiksek hizli kamera igeren bir analiz yapmuglardir.
Aragtirmacilar, puskiirtilen toz partikiillerinin hizi, elektrostatik itme,
partikiil yapigmasi, partikiil stirtiklenmesi ve havadaki partikiillerin ytik etkisi
altindaki etkilesimleri ile iligkili kuvvetler dahil olmak {izere kuvvet dengesi
kullanilarak formiile etmislerdir. Arastirmacilar daha sonra islevsellestirdikleri
silika partikiillerini, yiizeyde hidrofobik bir 1slanma durumuna ulagmak igin
cam yiizeyinde biriktirmiglerdir. Hidrofobik plakanin yiizeyinde bulunan
toz partikiilleri lizerinde titresim formunda elektrostatik etki iiretilirken
bir elektronik devre tasarlayip, tretmisgler ve uygulamasini saglamiglardur.
Caligmalarinda tespit ettikleri bulgular ile, yiizeyde biriken iglevsellestirilmig
silika partikiillerinin temas agis1 158° = 2° ve temas agist histerezisi 2° + 1°
olan hidrofobik 1slanma durumuna yol agtigin1 ortaya koymuslardir. Plaka
ylizeyinde tiretilen elektrostatik itici kuvvet, toz partikiillerinin boyutlarinin
gogunu itmeyi sagladigini; bununla birlikte, bazi kiigiik toz partikiilleri
elektrostatik etkiden sonra yiizeyde kalint1 olarak kalacagini tespit etmislerdir
(Yilbas ve ark., 2019).

Diger bir gahiymada da Giines paneli kirlenmesinden kaynaklanan enerji
verimi kaybi, yiizlerce gigawatt 6lgeginde oldugundan ve hizla biiyiimeye
devam ettiginden giderek daha 6nemli hale geldigini belirtmiglerdir. Giineg
panellerinden gelen yiiksek gerilimlerle toz pargaciklarinin elektrostatik gekim
ve yapigma giicliniin (Fes), van der Waals ve su kilcal kuvvetlerinden 1 ila 2
biiytikliikte daha biiyiik oldugunu vurgulamuglardir. Aragtirmacilar, agik hava
testi yaparak sistem voltajinda kirlilik oraninin neden olmasinin yani sira,
yapigma giicliniin (Fes) kirlilik tizerindeki bagka bir 6zelligi olarak yiiksek
voltaj tireten panellerin bakima alindig1 kapatma siirecindeki gozlemlerde,
uzun siireli veya yavag bozulmaya yol agtigini belirlemislerdir. Fes bozulma
stiresi, iki faktore bagh olarak 1 ila 10 saatlik genis bir zaman araliginda
degisime ugradigini belirtmiglerdir. Bunlar; Voltajlar kapatilmadan 6nce
hiicrenin, pargacigin veya her ikisinin yiiksek voltajla sarj edilip edilmedigi
ve voltaj kapatildiktan sonra hiicrenin topraga nasil baglandig (gii¢ kaynag:
elektronigi yoluyla baglanmis, dogrudan topraga baglanmig veya elektriksel
olarak yiizdiirtilen gekilde baglanma) faktorleridir. Aragtirmacilara gore Fes
bozulmast;

e Partikiil ve hiicre i¢indeki net elektrik yiikii dagilimini etkiler,

* Giineg paneli camu dielektrik sabitlerinde, dipol polarizasyonunun
termal bozulmasina neden olur,

 Parcacik ve panel caminin elektrostatik etkilesimi ile yiikiin yeniden
dagitilmas1 miimkiin olur.
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Arastirmacilar ¢aligmalar1 sonunda, uzun Omiirlii Fes, giines panelinin
giines battiktan sonra kirlenmesini etkileyebilecegini ve geceleri su
yogunlagmasi ile birlestirildiginde daha da biiyiik bir etkiye sahip olabilecegini
ileri stirmiiglerdir (Jiang ve ark., 2020; Altintag, 2021).

Elektrostatik temizleme yontemi PV panellerin temizligi igin iyi bir
alternatif olabilir. Tiirkiye kogullarinda elektrostatik performansi belirlemek
igin Tirkiye’den toplanan toz pargaciklarn ile elektrostatik temizleme
sisteminde testler yapilmugtir. Elde edilen bulgular, kirlenen bir PV panelin
elektrostatik temizleme yontemi ile verimli bir sekilde temizlenebilecegini
ortaya koymustur (Glimiis ve Cubukgu, 2023)

4. Sonug ve Oneriler

T.C. Enerji ve Tabii Kaynaklar Bakanhgi verine gore; Subat 2024
sonu itibariyle tilkemizin kurulu giicii 107.582 MW a ulagmistir. Kurulu
giicimiiziin kaynaklara gore dagilimi; %29,7’si hidrolik enerji, %23,3%1
dogal gaz, %20,3’ti komiir, %11,1’1 riizgar, %11,5% giines, %1,6’s1 jeotermal
ve %2,5’i ise diger kaynaklar seklindedir. Ayrica Ulkemizde elektrik enerjisi
tiretim santrali sayisi, 2024 yili subat ay1 sonu itibariyla 17.866%ya (Lisanssiz
santraller dahil) yiikselmistir. Mevcut santrallerin 760 adedi hidroelektrik,
69 adedi komiir, 364 adedi riizgar, 63 adedi jeotermal, 357 adedi dogal
gaz, 15.780 adedi giines, 473 adedi ise diger kaynakli santrallerdir. Veriler
giineg santrallerine olan yatirnm ve yonelimin ne kadar yiiksek oldugunu
ortaya koymaktadir. Ulkemizde en yiiksek miktarda sayiya sahip olan
PV santrallerinin verimini arttirma igin en 6nemli parametrelerden biri
olan toz ve kir parametresinin etkilerinin en aza indirilmesi ¢ok biiyiik
onem arz etmektedir. PV panel temizlik maliyeti ve gliniimiiz diinyasinda
hayat kaynagimiz olan suyun tasarrufu agisindan elektrostatik temizleme
onerilmektedir. Bu nedenle biiytik giigteki santrallerde su ve zaman kaybina
ayrica suyun bulunmadig1 uzay ortami vb. yerlerde elektrostatik temizleme
yapilmasi onerilmektedir. Elektrostatik temizleme gelecekte 6nem kazanacak
olup maliyet, zaman ve verim agisindan 6n planda olacaktir.
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