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FOREWORD

The thesis aims to contribute to Turkey’s efforts to increase solar energy capacity. The
results obtained from these studies will help decision-makers to make more realistic
decisions by considering the environmental, economic, social and technical conditions
in the development process of solar energy systems in Turkey.
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MODELING TURKEY’S SOLAR ENERGY POTENTIAL UNDER
DIFFERENT CONDITIONS

SUMMARY

Fossil-based energy sources are presented as primary energy supply in response to
rising energy demand with increased population and industrialization. Carbon dioxide
and harmful gases that are emitted to the environment in the energy conversion process
of fossil energy sources accumulate in the atmosphere and cause the greenhouse effect.
The greenhouse gases that cause global warming and climate changes reveal
environmental, social and economic promises on a global scale. The world is turning
to environmentally friendly renewable energy sources (hydro, wind, sun, geothermal,
tidal, biomass) to eliminate the problems of fossil-based energy sources. The sun,
which is the main source of the energies on earth (except tidal, nuclear, geothermal),
is the most important renewable energy source. Solar energy systems require high-tech
infrastructure and equipment, while simple and high-tech methods are used to obtain
heat and electricity from the sun.

The high initial investment cost is the main disadvantage of solar energy systems and
also prevents price competition with other energy systems. The competition conditions
in the energy sector make it necessary for the solar energy systems to make the right
decisions in the installation process. The correct identification and assessment of
environmental, social, economic and technical conditions are required to make the
right decisions. Experts that contribute to our work takes place in the energy sector,
and academic and causal relationships between identified factors were evaluated
taking into consideration Turkey and global conditions. In this study, Turkey's solar
energy potential is modeled in different conditions to help decision makers in decision
making processes. Factors affecting the production of renewable energies are defined,
and the effects of wind and solar energy production are modeled with the Hesitant
Cognitive Map. Many factors influence the energy sector, and these factors contain
uncertainty in a dynamic feature, it is appropriate to develop modeling and calculations
by fuzzy logic. Literature and expert opinions determined factors affecting the
production and use of solar energy, and fuzzy cognitive maps modeled causal
relationships between these factors. Models operated with different initial state
scenarios are evaluated on the steady-state values and process movements of the
factors.

As the initial study results show the significant effects of economic factors in the
generation of solar energy, the study of the factors affecting the solar energy price has
been defined as a new study title. Similarly, factors affecting the price of solar energy
were determined by literature and expert opinions, and causal relationships between
factors were evaluated linguistically based on the knowledge and experience of the
experts. These studies provide information to decision-makers about the factors and
the interactions of factors with each other in the solar energy plant installation and
pricing decision-making process. In the last study of the thesis, the economic analysis
of the solar power plant was examined using life cycle cost and leveled cost of
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electricity methods. Pythagorean fuzzy clusters are referenced to incorporate the
uncertainties contained in methods based on temporal effects into calculations. The
values obtained from Pythagorean based LCC and LCOE calculations give
information about the validity of the installation of solar energy systems and compare
the solar energy system with other energy systems.
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TURKIYE’NIN GUNES ENERJiSI POTANSIYELININ FARKLI
KOSULLAR ALTINDA MODELLENMESI

OZET

Niifus artis1 ve buna baglh tiiketim artisinin sanayilesmeyi arttirmasi enerji talebinin
stirekli bir artis gostermesine neden olmaktadir. Artan bu enerji talebini karsilamada
fosil esasli enerji kaynaklar1 (petrol, komiir, dogalgaz) birincil kaynak olarak
kullanilmaktadir. Fosil temelli kaynaklarin enerjiye donistiiriilmesi siirecinde gevreye
saldiklar1 karbondioksit ve diger zararlar atmosferde birikerek sera etkisine neden
olmaktadir. Sera etkisi kiiresel 1sinmaya ve iklim degisikliklerine neden olarak kiiresel
boyutta ¢evresel, ekonomik ve sosyal sorunlarin ortaya ¢ikmasina neden olur. Fosil
esaslt enerji kaynaklarinin neden oldugu bu problemler bilinmesine ragmen sahip
oldugu fiyat avantaji ve yaygin teknoloji uyumlulugu kullanimim
engelleyememektedir. Bu durum gevreye duyarli ve devletler tarafindan desteklenen
yenilenebilir enerji kaynaklarina (hidro, riizgar, giines, gelgit, jeotermal, biyokiitle)
yonelinmesini saglamistir.

Yenilenebilir enerji doganin varligi icinde yer alan enerji sirkiilasyonunun
kullanilabilir enerjiye dontstiiriilmesi ile elde edilir. Bu enerji kaynaklarinin
stirekliliginin olmasi ve kendilerini tekrarlamadiklar1 i¢in bu adla ¢agrilirlar. Giines
yerylizlinde varolan enerjilerin esas kaynagi (niikleer, gelgit, jeotermal haric) olmakla
beraber dogrudan 1s1, 151k ve elektrik elde edilmesinde de kullanilmaktadir. Giines
enerjisinden basit (giines firinlari, pasif aydinlatma/isinma) ve yiiksek teknolojik
(fotovoltaik, yogunlastirllmis giines santralleri) yontemler kullanilarak faydalanilir.
Glines enerjisinin elektrige doniistiiriilmesi siirecinde yer alan yiiksek teknolojiye
sahip ekipman ve bu ekipmanlarin kurulum maliyetlerinin yiiksek olmasi gilines enerji
santrallerinin devlet destegi ile dogru yer ve zamanda kurulma 6nemini dogurmustur.
Tez calismasinda, giines enerjisi sistemlerinin kurulumunda etkili olan faktdrler
literatiir taramasi ve uzman goriisleri ile belirlenerek aralarindaki nedensel iligki
tanimlanmustir. Tiirkiye’deki akademik ve enerji sektoriinden se¢ilen uzmanlarin bilgi
ve tecriibelerine dayali olarak degerlendirmeler dilsel olarak toplanmistir. Tiirkiye
kosullar1 ve kiiresel vizyon c¢ergevesinde yapilan dilsel degerlendirmelerdeki
kararsizlik ve belirsizlikleri hesaplamalara dahil etmek i¢in bulanik mantiga
basvurulmustur. Faktorler arasindaki nedensel iliskilerin uzun dénem davranis ve
duragan durum degerlerinin goézlenmesi i¢in bilissel haritalar kullanilmistir.
Calismamizda takip edilen basamaklar yayin akisina gore su sekilde tanimlanabilir:
yenilenebilir enerji sistemlerinin kararsiz bulanik bilissel harita ile modellenmesi,
giines enerjisi sistemlerinin bulanik biligsel harita ile modellenmesi, giines enerjisi
iiretim kapasitesinin kararsiz bulanik biligsel haritalar ile modellenmesi, giines enerjisi
fiyatlandirma siirecinin kararsiz bulanik biligsel harita ile analiz edilmesi ve giines
enerjisi tesisinin kurulumunun Pisagor bulanik miihendislik ekonomisi ile analiz
edilmesi. Calismamiz genelden o6zele dogru hareket ederek yenilenebilir enerji
analizinden glines enerjisi tesisinin kurulumunun ekonomik uygunlugunun ve diger
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enerji  sistemleri ile karsilastinlmasmma indirgenmistir. Tez ¢alismasinda
gerceklestirilen calismalar ve elde edilen sonuglar yayin sirasina gore 6zetlenmektedir.

"Kararsiz Bulanik Bilissel Harita ile Yenilenebilir Enerji Kullaniminin Modellenmesi"
adli yayinda yenilenebilir enerji kaynaklar1 incelenmis ve riizgar ve giines enerjisi
tiretimini etkileyen dinamik faktorler tanimlanmistir. Faktorler arasindaki nedensel
iligkiler uzmanlar tarafindan dilsel olarak degerlendirilir ve Kararsiz Bulanik Bilissel
Harita altinda dilsel degerlendirmeler modellenir. Faktorlerin uzun doénemli
etkilesimleri ve denge durum degerleri, faktorlerin farkli baslangic durum
senaryolarinda gozlenir. Bu calismadan elde edilen sonuglar, yenilenebilir enerji
tiretimini etkileyen faktorlerin belirlenmesini ve birbirleriyle etkilesimlerinin
tanimlanmasini saglar. Ayrica, bu c¢alismada giines enerjisi Uretimini etkileyen
faktorler tanitilmis ve ¢alismalar igin bulanik bilissel harita tabanli kararsiz bulanik
biligsel harita modelinin gecerliligi dogrulanmistir. "Bulanik Biligsel Haritalarla
Glines Enerjisi Kullaniminin Modellenmesi" adli yaym, bulanik biligsel harita
temelinde gilines enerjisi tiretim kapasitesinin modellenmesi ile ilgilidir. Bu c¢alisma,
giines enerjisinin tiretimine odaklanmakta ve faktorler, dnceki caligmalardan elde
edilen bulgulara gére tanimlanmaktadir. Model faktoérler arasindaki nedensel iligkiler,
uzmanlar tarafindan bilgi ve deneyimlerine gore dilsel olarak tanimlanir. Giines
enerjisi iretimini etkileyen faktorlerin etkilesimleri ve uzun dénem davranislari,
baslangi¢ durum senaryolari altinda bulanik biligsel harita modeli ile
gozlemlenmektedir. Giines enerjisi liretimini etkileyen faktorler arasindaki nedensel
iliskilerin degerlendirme siirecinde karsilasilan tanimlayic1 ve dilsel belirsizliklerin
daha dogru bir sekilde birlestirilmesi icin "Kararsiz Bulanik Biligsel Haritalari
Kullanarak Giines Enerjisi Uretim Kapasitesinin Analizi" ¢alismas1 gerceklesmistir.
Bu calismada kullanilan faktorler, onceki c¢alismada belirlenen faktorlere gore
tanimlanmis ve faktorler arasindaki nedensel iliskiler kararsiz bulanik bilissel harita
modeli ile belirtilmistir. Faktorler arasindaki nedensel iliskiler uzmanlarin bilgi ve
deneyimlerine dayanarak dilsel olarak degerlendirilmis ve faktorlerin davranislari
farkli baglangi¢ durum senaryolarina gore gézlemlenmistir.

Onceki yayinlarda giines enerjisi iiretimini etkileyen faktdrler tanimlanmis ve uzman
degerlendirmeleri altindaki nedensel etkilesimleri bulanik bilissel harita ve kararsiz
bulanik biligsel harita modelleri ile incelenmistir. “Karasiz Bulanik Biligsel Harita ile
Gilines Enerjisi Fiyatlandirma Siirecinin Stratejik Analizi” ¢aligmasinda, Onceki
yayinlarda agiklanan faktorler, glines enerjisi fiyatini belirleyen faktorleri tanimlamak
icin Ozellestirildi. Bu caligmada, gilines enerjisi fiyatina etki eden kritik faktorler
tanimlanmis ve bunlar arasindaki nedensel iliskiler kararsiz bulanik bilissel harita
modeli ile temsil edilmistir. Faktorler arasindaki nedensel iliskiler ve faktorlerin
baslangi¢c durum degerleri, kararsiz bulanik dilsel terimler kiimesi kullanilarak
uzmanlarin dilsel degerlendirmeleri ile tanimlanir. Elde edilen bilissel model cesitli
baslangi¢ durum senaryolarini simiile etmek i¢in kullanilir ve faktorlerin denge durum
degerleri uzun vadede elde edilir.

"Giines Enerjisi Fiyatlandirma Siirecinin Kararsiz Bulanik Biligsel Harita ile Stratejik
Analizi" ¢alismasi, glines enerjisinin gelistirilmesinde enerji fiyati ve ilgili ekonomik
faktorlerin 6nemli bir rol oynadigin1 gdstermis ve gilines enerjisi santralinin
kurulumunun ekonomik analizinin yapildig1 "Giines Enerjisi Santrallerinin Pisagor
Bulanik Miihendisliksel Analizi" ¢alismamiza yoneltmistir. Giines enerjisi sistemleri,
ekipman ve bu ekipmanlarin kurulumuna bagli olarak yiiksek bir baslangi¢ maliyetine
sahip oldugu i¢in ekonomik boyutta giines enerjisi santralini dogru yere ve zamanda
kurulmasi biiyiik 6neme sahiptir. Enerji sistemlerin ekonomik degerlendirilmesinde ve
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karsilastirilmasinda yaygin olarak kullanilan yasam dongiisii maliyeti ve
seviyelendirilmis enerji maliyeti yOntemleri, zamansal belirsizlik ve dinamizm
icermektedir. Zamansal belirsizlikleri ve karar vericilerin fikirlerini ekonomik
analizlere dahil edebilmek i¢in Pisagor bulanik kiimeler kullanilarak ekonomik analiz
yontemleri yeniden tanimlanmistir. Onerilen Pisagor esasli modeller yontemleri,
bulanik parametrelere sahip giines enerjisi yatirimlar degerlerini hesaplamalara dahil
etmeyi miimkiin kilmaktadir. Farkli teknolojik 6zelliklere ve ekonomik kosullara sahip
alternatif enerji sistemleri, Onerilen Pisagor yasam dongiisii maliyeti ve Pisagor
seviyelendirilmis enerji maliyeti yontemleri kullanilarak daha dogru bir sekilde
karsilagtirilabilmektedir. Bu yayinda onerilen yeni Pisagor tabanli ekonomik analiz
yonteminin gegerliligi, literatiirden elde edilen 6rnek bir uygulama ile dogrulanmustir.
Uygulanabilir olan Pisagor ekonomik analiz yontemi ile Tiirkiye'de kurulacak
herhangi bir giines enerjisi santrali i¢in kolaylikla uygulanabilecektir.
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1. INTRODUCTION

Population growth and developing industrialization cause to increase the energy usage
and energy demand. The desire to improve the standards of life intensifies energy
demands in specific regions on a local and global scale. The relationship between
human development and electricity consumption shows that welfare level increases

with energy use (Figure 1.1).
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Figure 1.1 : Human development map (2016 data) (United Nations Development
Programme, 2016) and electricity consumption map (2016) (Enerdata, 2017).



Kates (Kates, 2000) reveals the relation between energy consumption value and
population, affluence and technology with the IPAT (Impact=population* affluence

*technology) relationship formulation.

F=N (GDP) ( E )
= * *
N GDP

In equation E: energy consumption rate, N: World population, GSMH/N: World GDP

per capita and E/GSMH: World energy intensity (GNP per capita energy consumption
rate). The equation clearly shows that energy consumption increases with population

and income increase (Figure 1.2).

The world population, which was about 6.1 billion in 2001, is expected to be 9.4 billion
in 2050 with an annual increase of 0.9%. GNP per capita is $ 7,500 in 2001, with a
yearly increase of 1.4% and is estimated at $ 15,000 for 2050. Since the annual increase
in GNP is higher than the increase in energy consumption, the world energy intensity
is predicted to be 0.20 W / ($ / year) in 2050 with an annual decrease of 0.8% from
0.294 W / ($ / year) in 2001. When the predicted factor values are set in the above
equation, it is expected that the energy consumption rate of 13.5 TW in 2001 will
increase to 27.6 TW in the year 2050 and 43 TW in the year 2100 (Tsao, Lewis, &
Crabtree, 2006). These forecasts contain a high level of uncertainty due to the
uncertainties in population, GNP, and energy intensity change rates.
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Figure 1.2 : The relationship between global population growth and energy demand
growth (Energy Predicament, 2018).

According to the USA EIA data, world energy consumption is expected to be 1.6E +
14 kWh in 2012 and consumption is expected to increase by 1.4% annually with 1.85E



+ 14 kWh in 2020 and 2.4E + 14 kWh in 2040 (IEA, 2016b). According to the World
Energy Council data for 2014, 40142 kWh / year and 31834 kWh / year consumption
Kuwait and Qatar have the highest average per household electricity consumption.
Cameroon and Nepal constitute the countries with the lowest electricity consumption
with average electricity consumption per household of 509 kWh / year and 331 kwWh /
year (WEC, 2016). The average electricity consumption per household in the world is
4568 kWh / year per household, and Turkey's electricity consumption per household
is 2339 kWh / year according to the same data. These values show that the increase in

energy demand is positively affected by population growth and wealth growth.

Today, fossil fuels are used as the primary energy source in meeting this growing
energy demand. Fossil fuels (coal, natural gas, petroleum) are expected to meet about
90% of today's energy demand and to meet about 80% of energy demand in the future
(EIA, 2016). If traditional energy consumption habits go parallel to the rate of increase
in energy consumption, carbon dioxide emissions will increase, and climatic and
environmental problems associated with it will increase (Viswanathan, 2016). The
problematic relationship between energy and climate is a significant problem for
humanity regarding energy production and consumption. Nearly a billion people are
deprived of modern energy services even today. The fact that the world population will
reach about 2.6 billion in 2050 indicates that the interest in energy and ecological
systems will grow even more (Wegertseder, Lund, Mikkola, & Alvarado, 2016).
Despite the uncertainties, in the long run, it is inevitable that population growth and
consumption habits related to GNP will increase energy consumption (Viswanathan,
2016).

The compatibility of modern technology with fossil fuels, easily be transported to
desired locations and at a relatively low price against other sources of energy has led
to the widespread use of fossil fuels. Despite these advantages, fossil fuels cause
carbon dioxide and other greenhouse gases (methane, nitrous oxide, fluorous gases) to
spread when burned, that is when they enter the energy conversion process (Figure
1.3). These gases cause the ozone layer to be thinned, causing harmful radiation
(ultraviolet rays, UV-B and UV-C) to reach the earth. These harmful rays disturb the
food chain and ecological order and put the lives of humanity, plants and sea creatures

in danger.



Greenhouse gases harm directly to the health of the community and the environment
as well as to absorb the radiation released from the earth, causing the surface
temperature to rise and the harmful gases falling to the earth as acid rain, damaging
the ecological system. The increase of the earth's temperature dissolves glaciers and
causes climatic changes that put the living conditions of the earth in the hazard. The
main reason for the greenhouse effect is the density of carbon dioxide in the
atmosphere. The carbon dioxide concentration value reached 371 ppm in 2001 and 395
ppm in 2016 from 280 ppm (parts per million) in 1750 (Keeling & Whorf, 2002). This
situation necessitates a shift towards C-neutral (carbon-free) energy sources to control
the level of carbon dioxide in the atmosphere (Viswanathan, 2016). The CO, release
rate should be limited to 1-2 GtC / year so that the atmospheric C 0, concentration can
be stabilized in the long run (Keeling & Whorf, 2002). Almost all of the energy needs
to be met from the zero-carbon-density (C-neutral, non-C0,-releasing) sources of
energy in order to achieve this balance along with the increase in energy consumption
rate in the long run (Hoffert, Frei, & Narayanan, 1988). In this case, approximately 15
TW in 2050 and 30 TW C-neutral energy sources in 2100 will be needed (Tsao et al.,
2006).
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Figure 1.3 : Change of greenhouse gases (Brook, 2018).

The strong balance established between greenhouse gases and global warming has
deteriorated over the last two centuries. The main reason is that the 85% of the global
energy consumed together with the increasing World population is met from the fossil

fuels and the corresponding increase in €O, level (Figure 1.4).



Anthropogenic and natural forcing of the climate for the year 2000, relative to 1750
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Figure 1.4 : Human-caused and natural factors that cause climatic change and
change in global warming (IPCC, 2001).

Human activities change the intensity of the atmospheric composition which causes
the absorption and scattering of solar radiation. It has been observed that this change,
which is also seen in greenhouse gases, has caused global warming in the past 50 years
(Harward Library, 2001). The accumulation of human-based greenhouse gases in the
atmosphere increases the surface air temperature and sub-surface ocean temperature

(National Research Council (NRC), 2001).

Also, the presence of fossil-based energy resources in particular underground regions
causes price uncertainties on a global scale and economic injustice among countries.
These situations require humanity to turn to new energy sources for a habitable world

at the social, economic and environmental level (Figure 1.5).
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Figure 1.5 : The world's energy consumption diversity between 2000-2100 (German
Solar Association (GAS), 2017).

Renewable energy constitutes the most critical part of this energy trend and is mainly
utilized in meeting electricity and heat demand. Renewable energy is fed from natural
sources such as the sun, wind, wave, tide, and geothermal, and does not cause any
emissions that will harm the environment. For example, an annual generation of a PV
system with an energy production capacity of 2 kW, an annual output of 3,600 kWh
of electricity, will prevent the consumption of coal for energy generation and pollutant
emissions of approximately 2268 kg (5000 pounds) (U.S. Energy Information
Administration (EIA), 2016). Countries benefit from renewable energy sources
without any influence other than their position in the world. Renewable energy sources
with the C-neutral feature have an important share in solar and wind production, with
the potential to generate 15 TW of energy. Only the sun has the potential to produce
the full 15W of energy with its technological advancement (Viswanathan, 2016).
Renewable energy sources contribute to socio-economic progress by helping countries
to recover from fossil fuel dependence and to improve local new sectors and job
opportunities. In Germany, the solar energy sector has created 150,000 jobs in 2010
and is expected to earn € 55-75 billion in the PV sector in 2030 (German Solar
Association (GAS), 2017).

According to the U.S. Energy Information Administration (EIA) data, renewable
energy is the fastest growing energy source with an annual average increase of 2.6%
(U.S. Energy Information Administration (EIA), 2016). Renewable energy, which
meets 12% of world energy consumption in 2016, is expected to reach 16-17% in 2040.
In addition to these advantages, the most significant challenge is the storage of the
generated energy and the transport to the places where it is needed. The cost of
batteries used in solar systems reduces revenues and increases system tariff costs



(Mulder et al., 2013). Solar energy systems that maximize electricity generation with
high solar energy efficiency in the sunshine period can reach competitive levels by
lowering electricity market prices. Yearly and daily changes in the world location
cause solar radiation to be cut off and the competitive advantage not to be sustained.
In this case, the cost concerns in front of environmental sensitivity cannot prevent the
use of fossil fuels (Olcay, 2018).

The sun forms the source of all the energies that exist and will exist on Earth (except
nuclear, tidal, and geothermal). The solar energy transferred by food and water through
photosynthesis has turned into fossil fuels by the end of the centuries. Climates formed
by the rotation of the earth around the sun cause seasonal and regional temperature
differences in the sea and black and create winds and sea waves. Movement differences
in land and sea provide wind and wave energy. Energy can also be obtained directly
from the sun with indirect ways. In addition to traditional and straightforward
technology methods such as hot water acquisition and cooking, photovoltaic (PV) and
concentrated solar power (CSP) with advanced technology are utilized for high
efficiency from solar energy. In summary, the main reasons why solar energy has an
important place among renewable energy sources are as follows; The sun's source is
unlimited, the distribution of the solar source overlaps with increasing human energy

demand, and the sun is a source of renewable energy that does not release carbon.

1.1 Meaning and Importance of Thesis

Turkey mainly meet rising energy demand from fossil fuels (%87.6, 2015
(International Energy Agency, 2016)) for its growing economy and a population of
about 81 million by the year December 31, 2017. Turkey which has limited fossil
energy sources is dependent on foreign energy, and this causes economic uncertainty.
Turkey's external dependence on energy can be explained as follows: Turkey imports
about 74% of the total energy demand in 2013. Turkey located in the front row for
fossil fuel imports in the countries of the world (natural gas in the 5th, 8th coal,
petroleum 13th). Turkey meets 43% of primary energy consumption from the third

country and meets 27% from only a country (Enerji Giinliigi, 2014).

Energy imports, which have been declining since 2011, accounted for $ 37.9 billion
(18.3%) of total imports of $ 207.2 billion in 2015. The Table 1.1 shows the



expenditure of energy imports Turkey and reveals the level of the energy dependence
of the Turkish economy (Turkish Statistical Institute (TUIK), 2015).

Table 1.1 : Turkey general energy data (1990-2013) (T.C. Enerji ve Tabii Kaynaklar
Bakanligi, 2015).

1990 2013 Change
Total energy demand (million toe) 52,9 120,29 %127,39 (increase)
Total domestic production (million toe) 25,6 31,94 %24,78 (increase)
Total energy imports (million toe) 30,9 96,29 %211,62 (increase)
Demand coverage rate of domestic production  48% %28,5 %40,63 (decrease)

Imports of crude oil increased about 43% in 2015. Instabilities and uncertainties in

fossil energy sources damage Turkey's economy (1974, 1980 oil crisis).

Table 1.2 : Turkey's energy imports (2005-2011) ( TUIK, 2016; TUIK, 2015)) .

Years 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Total Imports ($ billion) 1168 1396 1701 202 141 1856 2409 236.6 251.7 2422 207.2
Energy Imports ($ billion) 212 288 339 483 299 385 541 601 559 549 3738
Energy Imp. / Total Imp. (%) 182 206 199 239 212 207 225 254 222 227 182

Crude Oil Import (million tons) 234 238 235 219 142 169 181 195 186 175 251

The direct and indirect ways of obtaining energy from the sun, which is the main
source of renewable energy resources, are becoming widespread and the share of this
production in energy production is increasing rapidly. Significant advances in the
installation of renewable energy systems and their technological development seen in
Turkey parallel to these developments in the world.

Turkey has all the renewable energy sources (except tidal) due to its position on the
earth, and strategic plans are developed to obtain heat and electricity based on these
resources (T.C. Enerji ve Tabii Kaynaklar Bakanligi (ETKB), 2015). The governments
have developed strategies to use the high renewable energy potentials, and the share
of renewable energy resources in electricity generation has been determined to be at
least 30% as a target for 2023 (T.C. Enerji ve Tabii Kaynaklar Bakanligi (ETKB),
2015). Until 2023, 36,000 MW of hydroelectric power, 20,000 MW of wind energy,
1,000 MWe of geothermal energy, 1,000 MWe of biomass and at least 5,000 MW of
solar power are targeted to be installed (T.C. Enerji ve Tabii Kaynaklar Bakanligi
(ETKB), 2016). These targets have triggered the research and development activities
to ensure the renewable energies, especially solar energy, are effectively obtained and

used for Turkey.
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Figure 1.6 : Turkey's total annual sunshine duration map (Meteoroloji Genel
Miidiirligi (MGM), 2011).

The solar energy reaching the earth is also significantly dependent on the amount of
radiation coming to earth, as well as the height of the system above sea level. As we
move from north to south latitudes at the same altitude solar energy increases by 1.7-
1.9% on a yearly basis and every 1000 meters above the same latitude increases the
amount of energy by 9-11% in Turkey (Olcay, 2018). Turkey has a very high solar
energy potential (Figure 1.6) with a daily average of 7.5 hours of sunshine per day and
a total of 2737 hours of sunshine per year (Germany - average 1600 hours/year) (T.C.
Enerji ve Tabii Kaynaklar Bakanligi (ETKB), 2015). Southeast Anatolia region has
the highest sunshine duration of 2993 hours per year, and lowest sunshine duration is
calculated in the Black Sea region with 1971 hours/year. Water vapor intensity in the
atmosphere and high latitude decrease the sunshine duration and the sunshine effect
value of the Black Sea region. The annual total solar energy and average daily solar
energy reaching Turkey have been identified as 1527 kWh/m? and 4.2 kWh/m?,
respectively (T.C. Enerji ve Tabii Kaynaklar Bakanlhigi (ETKB), 2015).

Table 1.3 : Turkey's renewable energy potential (T.C. Enerji ve Tabii Kaynaklar
Bakanligi (ETKB), 2015).

Energy Type Potential
Hydroelectric 160000 GWslyear

Wind 48000 MW

Sun 1520 kWs/m2- year
Geothermal 31500 MWt
Biomass 100018 MWh
Biogas 17500-23260 MWs




Regional differences cause to be differentiated on the interest and investment in solar
energy. In Germany, the solar energy coming from the square meters per year varies
between 1000-1300 kWh (Figure 1.7). The fact that this value is 1527 kWh in Turkey
revealed that Turkey has a high solar energy potential (Figure 1.8) (Yenilenebilir
Enerji Genel Midirliigii (ETKB), 2018).
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Figure 1.7 : European solar radiation map (SOLARGIS, 2017b).

Turkey, which didn’t have the MW level solar power in 2013, has reached installed
capacity of 300 MW in 2015 and also aims to reach installed capacity 1,800 MW and
3,000 MW of solar energy for the years 2017 and 2019 respectively (T.C. Enerji ve
Tabii Kaynaklar Bakanligi (ETKB), 2015). As of 2016, the number of solar power
plants is 1045, and total installed power of 832.5 MW is reached (T.C. Enerji ve Tabii
Kaynaklar Bakanligi (ETKB), 2017).
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Figure 1.8 : Turkey's solar radiation map (SOLARGIS, 2017a; Yenilenebilir Enerji

Genel Midiirliigii (ETKB), 2018).

Solar energy, which is 0.95% of installed power based on renewable energy sources
in 2015, is targeted to be increased to 4.5% in 2017 and 6.5% in 2019 (T.C. Enerji ve
Tabii Kaynaklar Bakanligi (ETKB), 2017). As of March 2016, Turkey reached 388
MW grid-connected solar power installed capacity that meets 0.22% of Turkey's
electricity needs. The value of the installed capacity is expected to reach 3,360 MW in
the first quarter by 2016 and meets 1.85% of Turkey's electricity needs (T.C. Enerji ve

Tabii Kaynaklar Bakanligi (ETKB), 2017).

Although Turkey has high solar energy potential, it is insufficient to convert this solar
energy potential into usable energy. Results to be obtained from the theses study will
increase awareness of Turkey's solar energy potential and help entrepreneurs and

administrators to perform more effective investment decisions.
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1.2 Purpose and Scope of the Thesis

Main obstacles encountered in the use of solar energy potential in Turkey can be
defined as regulatory and bureaucratic processes; inadequacy of network connection
and transmission network, lack of human resources to solve technical problems and
economic difficulties to meet high installation costs. Lack of strategy for the correct
assessment of Turkey's solar energy potential is the leading cause of these problems.

Countries (Germany, America, China, India, Spain, UK) that directed to exploit
renewable energy sources have developed policies and strategies for the use of
renewable energy and reveal their potential. The incentives presented in the framework
of these action plans have led to lower costs and increased investment in renewable
energies. While new investments in renewable energies in 2004 amounted to $ 45E +
9 (billion) and total renewable power capacity was 800GW, total investments in power
increased to $ 232E + 9 in 2013 and $ 270E + 9 in 2014, bringing the total power
capacity to 1578 GW and 1712 GW respectively (Renewable Energy Policy Network
for the 21st Century (REN21), 2015). The hydropower from renewable energy power
sources has the largest share (62%) with 1055 GW capacity in 2014, while the solar
energy capacity of 177 GW photovoltaic and 4.4 GW CSP constituted 11% share with
a total of 181.4 GW in the same period (T.C. Enerji ve Tabii Kaynaklar Bakanlig1
(ETKB), 2015). The policies put into practice are aimed at replacing the fossil-based

energy of renewable energy and supporting domestic production.

Incentive programs are applied to expand the renewable energy plants in Turkey.
Domestic production of mechanical and electronic components used in power
generation facilities operating before December 31, 2020 is supported. Additional
domestic production support is given to the fixed price guarantee tariff (feed-in-tariff)
for 5 years from the date that the plant for electricity generated in these facilities enters
into operation (T.C. Resmi Gazete, 2011). Incentives for domestic manufacturing of
solar energy based on facilities in Turkey are given in Table 1.4.

Including two kinds of licensed and unlicensed production of electricity from solar
energy made in Turkey are expected to follow specific legal procedures. Licensed
production is carried out by commercial companies for an installed capacity of more
than 1IMW. Companies that have to measure solar radiation for a year make license

applications every year in October (the first GES license application started in 2012.).
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Unlicensed producers are not obliged to be a company, and unlicensed solar energy
production is carried out by real and legal persons. Unlicensed facilities are defined as
facilities with an installed power capacity of 1 MW or less, using the entire generated
energy without giving it to the transmission and distribution system, or selling it to the
government at fixed prices and having no measurement obligation (T.C. Resmi Gazete,
2011).

Table 1.4 : Domestic contributions for solar energy production facilities (T.C. Resmi
Gazete, 2011).

Domestic

Facility Type Domestic Manufacturing Contribution

(US $ cent/kWh)
PV panel integration and solar structural manufacturing 0.8
Production plant PV modules 1.3
based on PV solar PV module forming cells 35
energy Inventors 0.6
Material that focuses solar radiation on the PV module 0.5
Radiation collection tube 2.4
Reflective surface plate 0.6
Production plant Solar tracking system 0.6
based on CSP solar  Mechanical part of the heat energy storage system 1.3
energy Mechanical assembly of the steam generator in the head 2.4
Stirling motor 1.3
Panel integration and solar panel structural mechanics 0.6

The country's ignorance of rapid capacity growth and technological developments,
along with incentives and financial support for the development of the renewable
energy industry, has led to serious burdens on the country's economies. Countries with
insufficient resources have had to regulate or abolish incentives for renewal of their

policies and renewable energies.

The main purposes of the thesis are to provide a realistic solar energy vision to political
actors and entrepreneurs whose determine the solar energy investments in Turkey and
to incorporate future uncertainties into account in the decision-making process. For
this purpose, it is aimed to present the most suitable technology (photovoltaic, PV and
concentrated solar power, CSP) by evaluating the solar energy resources that best suit

the country's position and physical conditions in the world.
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1.3 Original Value

The study takes into account the improved conditions in Turkey, but the models
developed on this condition will guide decision makers for installation of solar energy
systems on a global scale. The study involves evaluating the technical, economic,
social, political and environmental data used in the establishment of solar energy
systems in a single model. The technical and economic feasibility of PV and CSP
systems is evaluated according to the solar energy potentials of the region of interest.
In the process of developing solar energy systems, taking into account the technical
and economic dimensions as well as the long-term social, political and environmental
dimensions have critical importance in the decision-making process. The inclusion of
these evaluation headings and sub-factors in the models is intended to achieve more

realistic results.

It is planned to obtain linguistic expressions by applying to the experience and
knowledge of sectoral and academic experts for evaluations of the solar energy system
to be applied on the social dimension. At this stage, it is planned to use linguistic fuzzy
sets to remove the uncertainty and complexity of verbal expressions. Thus the
expressions will be more clearly defined and can be converted into numerical values

to be included in the overall evaluation.

In summary, literature and Turkey and other countries with sectoral analysis that
hinder the development of solar energy and supporting fundamental factors and related
technical parameters, economic, social and environmental terms are defined. These
factors will be evaluated with decision-making approaches, and a unique model will

be given to help establish the most suitable PV and CSP systems.

1.4 Common Effect

The main decisive factor that leads to renewable resources from traditional methods
(fossil sources) is a cost in achieving energy. Exhaustion of limited fossil energy
sources reveals that fuel prices will increase in the future. Today, the abundance of
fossil energy sources enables fossil fuel prices to be low and causes fossil fuels to be
preferred as primary energy source despite environmental damages. Under these
conditions, ensuring price advantage has critical importance to provide a competitive

advantage to renewable energy sources and expand the use of renewable energy.
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Solar energy that has an essential place among renewable energy sources with its
abundance and accessibility must have a cost advantage in order to spread its use.
Determining the most suitable locations and conditions to promote the use of solar
energy systems (PV/CSP), which require a high initial cost, will provide price
advantage against competitors. Turkey's solar energy installation conditions are
evaluated by the technical, economic, social and environmental factors. The
installation and decision-making process of solar energy systems in Turkey is carried

out by considering the long-term behavior of these factors.

The decision making process is shortened, and high productivity and long-term social
and environmental gains are obtained by considering the appropriate data. Solar energy
prices will be able to compete with fossil and other renewable energy prices with
obtained method advantages and legal incentives. These advantages, which will enable
consumers to obtain cheaper energy, are expected to direct investors to the installation
of solar energy systems and significantly reduce energy dependency on the outside.

1.5 Publications and Their Relations with Each Other

Publications are designed to reach individual evaluations in order to model Turkey’s
solar energy potential under different conditions that are defined as factors or concepts.
Renewable energy sources are examined, and dynamic factors are affecting the
generation of wind and solar energy are defined in the publication "Modeling
Renewable Energy Usage with Hesitant Fuzzy Cognitive Map." Causal relationships
between factors are assessed linguistically by experts, and linguistic evaluation is
modeled under the Hesitant Fuzzy Cognitive Map. The interactions and the
equilibrium state values of the factors in the long term are observed in the different
initial state scenarios of the factors. The results obtained from this study provide the
determination of the factors affecting renewable energy production and the
identification of their interactions with each other. Also, factors affecting solar energy
production were introduced, and validity of the FCM-based HFCM model was
observed for the studies. The publication "Modeling Solar Energy Usage with Fuzzy
Cognitive Maps" concerns the modeling of solar energy production capacity by FCM.
This study focuses on the production of solar energy, and the factors are identified
according to findings from the previous study. Causal relationships between factors

are defined linguistically by experts according to their knowledge and experience. The
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interactions of the factors affecting solar energy production and their long-term
behaviors are observed with the FCM model under the initial state scenario. The
"Analysis of Solar Energy Generation Capacity Using Hesitant Fuzzy Cognitive Maps
" study was carried out to more accurately incorporate the descriptive and linguistic
uncertainties encountered in the evaluation process of causal relationships between the
factors affecting solar energy production. The factors used in this study are defined
based on the factors determined in the previous study and the causal relationships
between the factors are related through the HFCM model. The causal relationships
among the factors were assessed linguistically based on the knowledge and experience
of the experts, and the behavior of the factors was observed according to the different

initial state scenarios.

In previous publications, the factors affecting the solar energy production were
defined, and their causal interactions under the expert evaluations were examined with
FCM and HFCM models. In the "Strategic Analysis of Solar Energy Pricing Process
with Hesitant Fuzzy Cognitive Map" study, the factors described in previous
publications were customized to define the factors that determine solar energy price.
In this study, the critical factors for the solar energy price are defined, and the causal
relationships among them are represented with a Hesitant Fuzzy Cognitive Map
(HFCM) model. The causal relations among the factors and the initial state values of
the factors are defined with the linguistic evaluations of the experts by using Hesitant
Fuzzy Linguistic Term Sets (HFLTSs). The obtained HFCM model is used for
simulating various scenarios, and the equilibrium state values of the factors are
obtained in the long term. The study "Strategic Analysis of Solar Energy Pricing
Process with Hesitant Fuzzy Cognitive Map" showed that energy price has an
important role in the production of solar energy and the economic analysis of
installation of the solar energy plant was carried out with the study "Pythagorean Fuzzy
Engineering Economic Analysis of Solar Power Plants.” Because solar energy systems
have a high initial cost based on the equipment and installation of equipment, the
decision to install the solar power plant in the right place and on time should be given
correctly. The Life-Cycle Cost (LCC) and Levelized Cost of Energy (LCOE) methods
used in the evaluation and comparison of systems involve temporal uncertainty and
dynamism. LCC and LCOE methods have been redefined with Pythagorean fuzzy sets
in order to incorporate temporal uncertainties and the opinions of the decision makers
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into economic analyzes. The proposed Pythagorean LCC and LCOE methods enable
dealing with the solar energy investments with fuzzy parameters. Alternative energy
systems with different technological features and economic conditions can be more

accurately compared using the Pythagorean LCC and Pythagorean LCOE method.

Publications have been developed to build on the sectoral and academic expert opinion
in Turkey. Assessments made by the experts under Turkey conditions and global
approach were operated under the defined models and the results obtained were
globally generalized in the publications. The validity of the new Pythagorean based
economic analysis method described in the publication "Pythagorean Fuzzy
Engineering Economic Analysis of Solar Power Plants™ has been verified by a sample
application obtained from the literature. Applicable Pythagorean economic analysis
method can be readily applied to any solar power plant to be established in Turkey.

Relationships between publications are shown in Figure 1.9.
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Figure 1.9 : Relations among publications.
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2. MODELLING RENEWABLE ENERGY USAGE WITH HESITANT
FUZZY COGNITIVE MAP*

The energy obtained from infinite natural sources such as wind power, hydropower,
solar energy, geothermal energy, biomass, tidal power and wave power are called
renewable energy. In the last two decades, renewable energy has become a serious
energy source. Between the years 1990 and 2014, total renewable electricity
generation enlarged by 191 % (European Commission, 2016). Europe’s 28 % of
overall electricity generation is obtained from renewable energy in 2014 (European
Commission, 2016). Although hydropower plants have the highest renewable energy
generation capacity, wind and solar power generation capacities are significantly
increasing in the recent years. Figure 2.1 shows the share of energy from renewable

sources in gross final consumption of energy in 2011.
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Figure 2.1 : The share of energy from renewable sources (European Commission,
2016).

Among the renewable energy sources, solar power has the highest increase capacity.
In 2014, solar power generation capacity increased by 14.1 % compared with 2013
(European Commission, 2016). Although there is a significant increase in the installed
capacity of solar energy sources, the percentage of solar energy in the total installed

capacity is still limited. Understanding and modeling the solar energy capacity can

* This chapter is based on the paper Coban, Veysel, and Sezi Cevik Onar. "Modeling renewable energy
usage with hesitant Fuzzy cognitive map.” Complex & Intelligent Systems 3, no. 3 (2017): 155-166.
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enhance the solar energy production. The factors and the relations among the solar
energy generation are uncertain, complex and vague. Fuzzy cognitive maps are
excellent tools for dealing with complexity and ambiguity inherent in modeling
problems (Kyriakarakos, Dounis, Arvanitis, & Papadakis, 2017). Hesitant fuzzy sets
are the extensions of fuzzy sets where more than one membership value of an element
can be defined (Torra, 2010; Torra & Narukawa, 2009). Hesitant fuzzy sets and
hesitant linguistic term sets enable better expressing the experts’ evaluations (Axelrod,
1976; Torra, 2010; Lofti Asker Zadeh, 1965). In this study, hesitant fuzzy cognitive
maps are used for modeling solar energy generation capacity.

In general, this study examines the dynamic behavior of factors whose behavior is
unclear during the installation phase of renewable energy systems. In this way, the
relationships between the factors are determined linguistically by expert opinions and
the behavior of the factors and the general system can be observed. This model can be
differentiated according to the opinions of experts which vary according to economic,

social, political and environmental conditions.

2.1 Fuzzy Cognitive Map

Fuzzy Cognitive Map (FCM) that is an extension and combination of the cognitive
map (Axelrod, 1976) and fuzzy logic (Kahraman, Kaymak, & Yazici, 2016; Lofti
Asker Zadeh, 1965) was introduced by Kosko (Kosko, 1986). Direct or indirect causal
and fuzzy (non-binary) relationships between concepts are represented in the FCM.
Fuzzy causal relations among concepts are generated by consulting the experts or
general literature reviews. The fuzziness of these sources stems from the uncertain,
complex and dynamic environments and decision factors in it (Groumpos, 2010;
Michael, 2010). FCM can be shown in a symbolical form with concepts or factors
(nodes) and connections or causal relationships (arcs/edges). Connections represent
the interactive causality among concepts that it reflects the dynamic relationships in
systems. Edges that are shown with a directed arrows are weighted by using signed
fuzzy values in the interval [-1, 1] (Kosko, 1986; Papageorgiou, 2013).

Concepts (factors) and causal relationships among them can be modeled as a map for
a visual expression of a system whose parts are schematically showed with nodes (C;)

and weighted edges (w;;) where are represented with three states as w;; < 0 negative
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causality, w;; > 0 positive causality, and w;; = 0 no relation. The sign of the causal

relationship causes an increase or decrease in the activation level of a concept within

each iteration.

Concepts do not influence itself that means there is no self-loop in the model. The
visual expression of the model can be transformed into mathematical form as an
adjacency matrix which indicates the relationships among nodes with fuzzy values.
These fuzzy values represent the weights of the relationships and the initial weights of
all interactive combinations among the nodes in FCM are shown with a weight matrix
(W) which is a n x n matrix and whose diagonal values are zero (w;; = 0) due to no-
self loops. A sample FCM is drawn with four concepts (C,, C;, C3, C,) and 5 directed

and weighted edges is shown in Figure 2.2.

Wis Waz 0 0 Wiz Wiu

@ Wi4 W = 0 0 Wws O
=100 0w

Wi Wsy 0 Wiy 0 0

Figure 2.2 : Graphical representation of FCM and its weighted matrix form.

Time-dependent states of concepts in the FCM are described with an activation level
(A%) which represents the presence of a related concept in the system by using [0, 1]
interval values. The activation levels of all concepts of the FCM in time t is shown in

a state vector as A = [AY, 4%, ..., AL] and the initial state vector is symbolized as A°.

Initial state values of concepts and weight values of connections are defined by
experts’ assessments or literature reviews that also represent the scholars’ assessments
in written form (Dickerson & Kosko, 1994). These fuzzy evaluations become starting
points for FCM operations and new state values of concepts are calculated with

consecutive iterations (McCulloch & Pitts, 1943) as follows;
AT = (X7, 4w + AD). (2.1)

According to Equation (2.1) for concept i, C;; total causal effects of other concepts on
the C; is calculated by time dependent iterative operations and using threshold

function, £(.) , which transforms the new state values in the [0, 1] or [—1, 1] intervals
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that change according to threshold function type. A“** represents the new state values

of concept C; at time t + 1 after the first iteration from time t.

Although there are commonly used four different threshold functions that are bivalent,
trivalent, sigmoid, and hyperbolic functions; sigmoid and hyperbolic threshold
functions which are continuous transformation functions and have an ability to
transform the iterative state values into the fuzzy representation form in the [0, 1] or

[—1, 1] interval are frequently used in FCM studies.

Sigmoid function (Equation 2.2) is a continuous transformation function and are used
to transforms the sum of the weights and state values in the [0, 1] interval. This

property provides it to be commonly used in the FCMs.

1
1+e~6%

f&x) = (2.2)

Hyperbolic Tangent function (Equation 2.3) is also a continuous transformation
function (sigmoid-shaped function) and transforms the sum of the weights and state
values in the [—1, 1] interval. By this way, inverse relations between concepts and

negative state values can obviously be observed and interpreted in FCMs.

eSx_e—Sx

edx 4y o—0x

f(x) = tanh(éx) = (2.3)

Where e is a Euler number and § is a positive parameter (§>0) that draws the function
curve. x is the activation level of a concept at related time (sum of weighted state
values and activation level of the previous time). After these threshold operations, new

state values and activation level are obtained that they are convenient to fuzzy form.

Delta (8) is a previously defined constant value that determines the shape of the
function such as large delta values (6§ = 10) produce discrete functions and small
values (0 < § < 1) produce linear functions. Specific delta values can be defined for
each different study such that it should be fit with the study content and also reflect

the researchers’ findings obviously (Papageorgiou, 2013).

Iteration process for activation levels is updated until to the converged steady-state
values that are measured based on the limit value. Limit values can be defined based
on the iteration number or the difference between last two state values such as A**1 —
A" < f (general acceptance is f = 0.001).
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FCM is an important analyzing and decision-making tool that has an ability to
obviously reflects the complex, dynamic, and uncertain real world problems visually
and matrix form. Causal relationships among concepts in the FCM can be observed
and made an inference for a long term circumstances. The realistic and simple tool in
the analyzing and decision making of the uncertain real world problems. Therefore,
FCMs have been applied in many different scientific fields such as strategic planning
(Ferreira, Ferreira, Fernandes, Meiduté-Kavaliauskiené¢, & Jalali, 2017),
environmental management (Pacilly, Groot, Hofstede, Schaap, & Bueren, 2016), and

decision-making (Froelich & Salmeron, 2016).

2.2 Hesitant Fuzzy Cognitive Map (HFCM)

Evaluations in real-world conditions do not only base on numbers such that they also
expressed with the linguistic assessments (natural language) such as words and
sentences (Lofti Asker Zadeh, 1965). Linguistic evaluation expressions (high,
medium, low) that are shaped by personal perceptions, knowledge, and experience
cannot give an exact assessment of numbers and they include uncertainty and
hesitancy. However, these evaluations are highly fit to human nature such that people

can easily express themselves and naturally judge in the decision states.

But it appears that linguistic terms also include the hesitancy in the evaluation
processes where experts cannot directly define their opinions by only using one
assessment word such as low, very high, medium. Torra (Torra, 2010) proposed a
solution step for this problem by defining “Hesitant Fuzzy Sets (HFSs)” that explain
the set of values for a membership of a single element and enable experts to comment

on the concepts and relationships among them.

The Hesitant Fuzzy Linguistic Term Sets (HFLTS) presented as an extension of HFSs
by Rodriguez et al. (Rodriguez, Martinez, & Herrera, 2012) reveals as an ordered finite
subset of the consecutive linguistic term set. Experts overcome their challenges about
hesitancy among several linguistic values by using HFLTS that is an ordered finite
subset of consecutive linguistic terms of linguistic term sets (Rodriguez et al., 2012).
For example, a sample HFLTS Hg = { s,: low, s3: medium, s, : high} can be defined
by using linguistic term set S ={nothing, very low, low, medium, high, very high,
perfect}. Basic mathematical operations and notations of HFLTS based on the

linguistic term set S can be shown as follows (Rodriguez et al., 2012):
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The bounds and complement of the HFLTS ,Hg;
Upper bound Hg+ = max(s;) = sj,s; € Hsand s; < s; V3
Lower bound Hs- = min(s;) = sj,s; € Hsand s; = s; V3

e The basic operations of the HFLTSs (H,, HX, H? ) that are complement, union and

intersection;

HS =8 — Hg = {s;|s; € Sand s; not € Hg}and (HS)C = Hg

Hl UHZ = {s;|s; e H: or s; € H?}
Hl N HZ = {s;|s; e Hl and s; € H?}

New values that are obtained after these basic operations also will be a HFLTS.
Experts can comment on real-world problems and events by using comparative
linguistic expressions. These type hesitant linguistic expressions and linguistic terms
in a natural language can be generated by using context-free grammar that is shown as
Gy. A context-free grammar Gy is defined based on the 4-tuple (Vy, Vr, I, P), where
Vy is a set of nonterminal symbols such as primary term, composite term; V; is a set
of terminal symbols such greater than, lower than; I is the starting symbol and an
element of Vy; and the production rules, P are defined based on the extension of the

Backus-Naur Form (Rodriguez et al., 2012).

9% ¢

For example; “at least medium”, “greater than low”, “lower than high”, and “between
low and very high” hesitant linguistic expressions are described by context-free
grammar, Gy. Linguistic expressions are more flexible and natural for experts in order

to evaluate the hesitant circumstances.

nothing (n)  verylow () low (I) medium (m)  high(h)  very high(vh) absolute (a)
/"f\ \ / A\ / A\‘ I\ N\ /
\\\ .-"’r \\ / \\\ // \_\ ) / \\ /,f/ \ / /
\ / \ / \ / \ / \ /
\/ \/ \/ \/ \/
!’( \\ / Y ; /r \\ ) / \ ,-/ ‘\. /’ \\_\
/-/ N/ N/ \ ff \'\\ / \-\ / \
/ \ \/’ \ / \\\ / \/ \ ,’; \
0 0.17 0.33 0.5 0.67 0.83 1
Figure 2.3 : The linguistic term set S = {s4, S5, ..., Sg}.

Linguistic expression defined according to context-free grammar should be

transformed into the HFLTS by transformation functions, E;,, (Rodriguez etal., 2012).
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These transformation process provides to use the linguistic expressions in the

computation and evaluation processes. For example;

o Eg,(sp) ={sils; € S}

e Eg (atmosts;) = {sj|sj €Sands; < si}

o Eg,(atleasts;) = {sj|s; € Sands; = s;}

e Eg, (lowerthans;) = {sj|sj € Sand s; < si}

o Eg, (greater thans;) = {sj|s; € Sand s; > s;}

e Eg, (between s; and sj) = {sk|sk €ESands; < s < sj}

where S ={so: nothing, s1: very low, sz: low, s3: medium, s4 : high, ss : very high, ss :
absolute} is the linguistic terms set. For example, according to linguistic term set S ={
nothing, very low, low, medium, high, very high, perfect} is the transformation of

linguistic expressions “at least medium”, “greater than high” and “between medium

and very high” into HFLTS can be shown as :

o [, (atleast medium) = { medium, high, very high, absolute}

e [, (greater than high) = { very high, absolute}

o [, (between medium and very high) = {medium, high, very high}

The set of information is aggregated to obtain a unique datum by using aggregation

operators such as mean, arithmetic mean, weighted arithmetic mean, and OWA

operator (Yager, 1988) that are as follows:
Arithmetic mean (a4, ay, ..., a,) = ?:1% (3.4)

Weighted mean (aq,a,, ...,ap) = Y= W; * q; (3.5)
where w; is the weight of i-th information source (w;).
Ordered Weighted Averaging (OWA)(a,,ay, ...,a,) = Xi-qw; *b; (3.6)

where b; is the i-th largest element of the aggregated objects a4, a,, ..., a, and their
permutation values are ordered from the largest to the lowest. w; is an element of the
aggregated weight vector W = (wy,w,, ...,w3)T and represents the weight of the
ordered i-th data in the interval [0,1]. All weights in W that can be measured by
different ways such as average, max, and min are aggregated by using summation

formulation as Y7, w; = 1 (Pacilly et al., 2016). To represent the optimism and
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pessimistic degree of the OWA operator, the orness method is used (Pacilly et al.,
2016) as;

orness(W) = ﬁﬂ;lwi *(n—1) (3.7)

where orness value is positive and smaller than 1 where it is defined as optimistic
OWA operator that closes to one and defined as pessimistic OWA operators that close
to zero (Yager, 1993).

The OWA operator has been widely used aggregation operator in computational
intelligence, especially fuzzy logic, with its ability to aggregate and model the
linguistic expressions. OWA aggregation operator is used to aggregate the fuzzy
membership functions of the linguistic terms of the HFLTS and the trapezoidal fuzzy
membership function is obtained for the fuzzy envelope (H. Liu & Rodriguez, 2014;
Yager, 1988). OWA weights that are used in OWA operation reflect the differentiation
of the importance of the linguistic terms that it proceeds from the hesitation among

linguistic expressions.

HFLTSs obtained by transformation of linguistic term sets are easily compared and
computed by enveloping method which developed by Rodriguez et al. (Rodriguez et
al., 2012). HFLTS is described by using envelope method within linguistic interval
whose upper and lower bounds are shown as (Hg+) and (Hs-) respectively. Envelope

of HFLTS, env(Hs), is represented as within these bounds as follow;
env(Hg) = [Hs-,Hg+], Hs- < Hg+ (3.8)

For instance, HFLTS, H, = {medium, high,very high} that is the linguistic
expression of “between medium and very high” is enveloped as env(Hs )= [medium,
very high] where linguistic term sets is S={nothing, very low, low, medium, high, very
high, absolute}. HFLTS is aggregated with using OWA aggregation operator based on
fuzzy membership functions of the linguistic terms and obtained a new HFLTS to
achieve a fuzzy envelope of HFLTS (H. Liu & Rodriguez, 2014; Yager, 1988).

The trapezoidal fuzzy membership function is accepted as a useful tool for defining
and representing the weights of the causal relationships among factors. These causal
relations can be defined by linguistic values that involve the uncertainty and hesitancy
and can be transformed to the fuzzy numbers by representing triangular, trapezoidal,

sigmoid, Gaussian functions (Delgado, Herrera, Herrera-Viedma, & Martinez,
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1998).Trapezoidal fuzzy membership function, A= (a, b, c, d), is used in this study to

define the fuzzy envelope of the HFLTS whose values are transformed from linguistic

terms (Figure 2.3).
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Figure 2.4 : Sample fuzzy envelope generation process.

After these core knowledge and definitions, the HFCM operation flow process (Figure

2.4) can be summarized as follows:

HFCM consists of concepts and weighted edges among concepts that can be
defined by experts with their linguistic expressions. A context-free grammar is
used to generate the linguistic evaluations such as at most high, between very low
and medium, and lower than very high.

Linguistic evaluations that define the causal relations among concepts are
transformed to HFLTS according to the linguistic term set.

A trapezoidal fuzzy membership function is obtained by aggregating the fuzzy
membership functions of the linguistic terms of the HFLTS.

Trapezoidal fuzzy membership functions are transformed within the [—1,1]
interval by weighted average defuzzification method and adjacency matrix of the
concepts is accepted as a weight matrix (W) of the HFCM.

Initial state vector of the concepts is iterated in the activation function for each
time step. Activation levels in the related time calculated under the hyperbolic
tangent threshold function until the state value of each concept converges to its
steady state equilibrium.
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HFCM (Figure 2.5) utilizes the hesitant fuzzy linguistic terms sets (HFLTS) that
experts can easily and freely express their hesitant and uncertain judgments on the
relationships between the factors. HFCM is more realistic and flexible than the
traditional fuzzy cognitive maps because of its ability to reflect experts’ knowledge

and experiences that are expressed by hesitant linguistic values.

@ C1 C2 c3 C4 c5
s C1

{medium}

At least very high \ _— o {very high,
— perfect}
/ \ a3 {low, medium, high}

*®

/ Most than high H
Greater than medium v / Between {very high,

[ lowandbigh perfect}
s {high, very high,
perfect}

Figure 2.5 : A sample HFCM and HFLTS matrix.

2.3 Modelling Renewable Energy Usage Based on HFCMs

The energy that is generated from natural sources such as sun, wind, wave, and
geothermal is called the renewable energy. Although there are many alternative
renewable energy sources, only some of them are available for investors because of
their constrained conditions such as regulation, incentive, costs, and energy demand.
In this study, the factors that affect and/ or are affected by generated solar and wind
energy capacities will be defined and the causal relationships among them will be
observed in HFCM. In this way, basic reasons (factors) that affect the solar and wind
generated energy capacities will be able to define and the new perspectives and visions

will be provided to investors for their long-term investments.

Renewable
Energy ;
I Regulations ~
— e Wind
— L Energy Energy
______ ps————  P[iCC Fa—. Generated
 Capacity

Energy
Supply

Wind
Energy
Incentives

Figure 2.6 : Graphical representation of the relational HFCM.
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In this study, the model is defined and the causal relationships are designed based on
solar and wind energy generation. Solar (SEGC) and the wind (WEGC) energy
generated capacity are basic factors in the energy generation system and refer the total
amount of energy that is produced from new constituted solar and wind energy

systems.

Cost of solar (COSE)/ wind (COWE) energy, technological applicability for solar
(TASE)/ wind (TAWE) energy and solar (SEI)/ wind (WEI) energy incentive factors
directly affect the amount of the new generated solar and wind energy capacities and
also have indirect effects on the other global factors. The cost of energy systems refers
the total amount of cost that stem from investment cost, production, transmission and
distribution costs. Technological applicability for energy systems represents the
applicability of solar and wind energy technologies under the given geological,
physical, and operational conditions for generation and distribution of the solar and
wind energy. Other auxiliary factors around the solar and wind energy generations are
an incentive and any type of governmental supports that encourage users and investors
to direct the solar and wind energy usage and investments. Solar and wind energy
incentive are monetary (e.g. zero-interest loan, tax relief, feed-in-tariff) or non-
monetary (e.g. law, regulation, policies) encouragement programs whose special
purposes are to increase the use of solar and wind energy-efficient equipment and

reduce non-renewable energy usage.

The remaining factors in the model that are renewable energy regulation (RER),
energy demand (ED), energy price (EP), and energy supply (ES) can be defined as
common factors because they have global impacts on the model. Renewable energy
regulation reflects the state policies either to support the green energies or to continue
to use the fossil-based energy sources. These policies will have important causal and
direct effects on the solar and wind energy incentive and other related factors. Energy
demand represents a number of energy requirements of the people in order to maintain
their daily activities such as heating, transportation, cooking, and production. Energy
price is the amount of payment for energy which is used or will be used from
conventional or renewable sources. Energy supply meets the total amount of energy
which will be produced by all types of energy sources in the future. Figure 2.6
represents the concepts and causal relationships among them such that positive
relationships are showed with solid lines and negative relationships are showed with
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dotted lines. Different scenarios are simulated to observe the impact of possible

changes and steady state of the system after the iteration process in HFCM. The

following procedures are followed in each of these scenarios.

Table 2.1 : Linguistic relationship matrix.

SEGC COSE TASE SEI

WEGC

COWE

WEI RER

ED EP

ES

SEGC

COSE

TASE

SEI

WEGC

COWE

TAWE

WEI

RER

ED

EP

ES

Negative
at least
vh
Positive  Negative
between greater
ha that h
Negative
greater
than vh

Positive
greater
that h
Positive
at least
vh
Positive Positive
between lower
hvh than m

Negative
at least
vh
Positive
between
ha

Positive
at least
vh
Positive
between
hvh

Negative
greater
than vh

Negative
greater
than h

Positive
greater
than h

Positive
lower
than m

Negative
between |
m

Negative
between |
m

Positive
between
mh
Negative
lower
than m
Negative
greater
than h

Positive
between
vl

Positive
between
Ih

Positive
at least h

Positive
at least h

First of all, experts express their evaluations about the relationships among concepts
with linguistic statements (Table 2.1). The effects of a factor on the other factors were
expressed as “negative” or “positive” and the degree of the effect by using comparative
linguistic expressions such as positive at least high and negative between medium and
very high. For example, causal relationship between wind energy incentive and cost of

wind energy was linguistically defined as negative greater than high in Table 2.1.

These linguistic expressions are transformed into HFLTS that are used to obtain the
trapezoidal fuzzy membership functions by using OWA operations. Trapezoidal fuzzy
membership functions are defuzzified with the weighted average method and
transformed into numeric values as weight matrix (Table 2.2) and initial state vectors.
The activation levels of the concepts in time t and a state vector of the HFCM model
is iterated under the threshold function until the HFCM reaches its steady state

equilibrium,
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Table 2.2 : Weight matrix.

SEGC COSE TASE SEIT WEGC COWE TAWE WEI RER ED EP ES
SEGC -0.138 0.057
COSE -0.936
TASE 0.838 -0.936
SEI -0.972
WEGC -0.416 0.534
COWE -0.936
TAWE 0.838 -0.972
WEI -0.936
RER 0.936 0.936
ED -0.936 0.936 0.583 0.867
EP 0.750 0.133  0.750 0.133 -0.133 0.867
ES -0.602

2.4 Sample Cases

a. An example for the existence of one concept in model

In this scenario, renewable energy regulation factor is activated that means
governments increase their interest in developing renewable energies and support their
usage and investments. Other concepts are accepted as a stable in the initial state of
the system that means there is no direct impact on their current status. Initial state
vector is represented as A =[00000000 100 0] and changes of the concepts

and their converged values are observed in the iteration process.
The results of the simulation for sample case (Figure 2.7) can be listed as follow:

1. First reactions seem as increase evenly of the solar and wind energy incentive that
are directly affected by renewable energy regulation. Increasing effects in the
energy incentive cause to reduce the interest of the governments in the renewable
energies in order to regulate the general energy supply and prices in their countries.

2. Increasing incentive in the solar and wind energy cause to reduce their costs and
increase their investments and new generated capacities. So far, no change is
observed in the energy price, energy supply, and energy demand because of long
path lengths among these concepts that it causes long reaction time. Afterward,
increasing solar and wind energy capacities raise energy supply and reduce energy
prices that cause to increase energy consumption and energy demand at the low
rates. At these periods, causal interactions among concepts increase and rapid

changes can be observed for their rates in the dynamic system.
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3. Renewable energy regulation does not cause any change in the technological
applicability of the solar and wind energy during the iteration process because of
their closed form and transmitter properties that mean they are not affected by any

other factors in the system.

o NSEGT e COSE TASE e SF| NWEGC COWE e TAWE ess\WE| eosRER o)) ofP o—FS

THE VALUE OF THE CONCEPT

NUMBER OF ITERATION

Figure 2.7 : The graphical result of the HFCM simulation for the existence of one
concept in the model.

4. Renewable energy regulation loses its influence in the medium term and reaches
zero steady value. This circumstance causes to decrease of the incentive and
decrease of the decay rate of the cost of solar and wind energies. As a domino
effect, new solar and wind energy generation capacities and energy supply start to
decrease that it causes to the increase of the energy price and the decrease in the
energy demand. Concepts except for technical applicability for solar and wind
energy reflect fluctuating motions as decrease and increase. At the final state in the
convergence zone, they reach to the zero steady values that mean 