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ABSTRACT 

 

POLICY -DRIVEN SUSTAINABLE ENERGY INNOVATION:  

INTEGRATING OFFSHORE SOLAR, WIND AND ARTIFICIAL REEF  
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Doctor of Philosophy, Earth System Science 
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Co-Supervisor: Prof. Dr. Ķsmail Y¿cel 
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Floating and offshore renewable energy systems, which have a bright future and 

tremendous potential, have recently been installed worldwide. According to the 

potential study for artificial reservoirs in T¿rkiye, conducted at the beginning of the 

thesis preparation, covering 10% of the suitable reservoir surfaces with these floating 

PV systems could generate 125 TWh of electricity, meeting over one-third of the 

T¿rkiyes current electricity needs. Beyond inland artificial reservoirs, offshore areas 

hold even more potential. Hybrid systems, a relatively new concept, are techno-

economically more feasible than conventional ones. One of the drawbacks is the 

impact of the offshore systems on the marine and underwater ecosystem. Artificial 

reefs have been proven to be beneficial in invoking the ecosystem underwater.  

In this thesis, an offshore trio-hybrid system consisting of solar and wind power 

plants along with artificial reefs was presented for a coastal region. A preliminary 

conceptual design, considering environmental loads for the hybrid offshore floating 

system and the electricity generation generated, was revealed. The mooring system, 

which is an essential part of floating designs, included artificial reef wires. For the 
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hybrid system proposed in this study with an approximate total installed capacity of 

1,056 kW, it can be demonstrated that an average annual generation of over 2,000 

MWh can be achieved. The generation would have a payback period of 6.5 years 

when applied at 13.3 USD-cent tariff, as previously implemented in T¿rkiye. The 

interdisciplinary study also covers T¿rkiye electricity mix, road to offshore system 

and provides relevant recommendations for policy development drawn. 

 

Keywords: Hybrid Energy, Offshore, Energy Policy, Solar and Wind, Artificial Reef  
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¥Z 

 

POLĶTĶKA MERKEZLĶ S¦RD¦R¦LEBĶLĶR ENERJĶ ĶNOVASYONU:  

A¢IK DENĶZ G¦NEķ, R¦ZGAR VE YAPAY RESĶFLERĶN 

ENTEGRASYONU 

 

 

Kulat, Muhammed Ķmran 

Doktora, Yer Sistem Bilimleri 

Tez Yºneticisi: Prof. Dr. B¿lent G¿ltekin Akēnoĵlu 

Ortak Tez Yºnetecisi: Prof. Dr. Ķsmail Y¿cel 

 

 

Ocak 2024, 219 Sayfa 

 

Parlak bir geleceĵe ve muazzam bir potansiyele sahip olan y¿zer ve a­ēk deniz 

yenilenebilir enerji sistemleri son zamanlarda d¿nya ­apēnda kurulmaktadēr. Tez 

hazērlēĵēnēn baĸēnda T¿rkiyedeki yapay rezervuarlar i­in yapēlan Y¿zer GES 

potansiyeli ­alēĸmasēna gºre, uygun rezervuar y¿zeylerinin %10unun bu sistemler 

ile kaplanmasēyla 125 TWh elektrik ¿retilebilir ve T¿rkiyenin mevcut elektrik 

ihtiyacēnēn ¿­te birinden fazlasēnē karĸēlanabilir. Ķ­sulardaki rezervuarlarēn ºtesinde, 

a­ēk deniz alanlarē daha da fazla potansiyel barēndērmaktadēr. Nispeten yeni bir 

kavram olan hibrit sistemler, geleneksel sistemlere kēyasla tekno-ekonomik a­ēdan 

daha uygulanabilirdir. Dezavantajlardan biri, a­ēk deniz sistemlerinin deniz ve su altē 

ekosistemi ¿zerindeki etkisidir. Yapay resiflerin su altēndaki ekosistemi 

canlandērmada faydalē olduĵu kanētlanmēĸtēr. 

Bu tezde, bir kēyē bºlgesi i­in g¿neĸ ve r¿zgar enerjisi santralleri ile yapay resiflerden 

oluĸan bir a­ēk deniz ¿­l¿ hibrit sistemi sunulmuĸtur. Hibrit a­ēk deniz y¿zer sistemi 

i­in ­evresel y¿kleri ve ¿retilen elektrik ¿retimini dikkate alan bir ºn kavramsal 

tasarēm ortaya konmuĸtur. Y¿zer tasarēmlarēn ºnemli bir par­asē olan baĵlama 

sistemi, yapay resif tellerini de i­ermektedir. Bu ­alēĸmada ºnerilen ve yaklaĸēk 
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toplam kurulu kapasitesi 1.056 kW olan hibrit sistem i­in yēllēk ortalama 2.000 MWh 

¿zerinde bir ¿retim elde edilebilecektir. Bu ¿retim, T¿rkiye'de daha ºnce 

uygulandēĵē gibi 13,3 USD-cent tarife ile uygulandēĵēnda 6,5 yēllēk bir geri ºdeme 

s¿resine sahip olacaktēr. Disiplinler arasē olan bu ­alēĸma aynē zamanda T¿rkiye 

elektrik sistemini, a­ēk deniz uygulamalara giden yolu kapsamakta ve politika 

geliĸtirme i­in ilgili ºneriler sunmaktadēr. 

Anahtar Kelimeler: Hibrit Enerji, A­ēk Deniz, Enerji Politikasē, G¿neĸ Ve R¿zgar 

Enerjileri, Yapay Resif (En fazla 5 anahtar kelime) 
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CHAPTER 1  

1 INTRODUCTION   

 Problem Definition 

1.1.1 Energy Demand 

The world's electricity demand has been continuously increasing due to population 

growth, urbanization, and economic development. It is expected to continue in the 

coming decades. According to the International Energy Agency (IEA), global 

electricity demand is projected to increase by 25-30% in 2030(International Energy 

Agency, 2022b).  T¿rkiye is no exception to these challenges as it has experienced a 

significant increase in energy demand over the past decade. Ministry of Energy and 

Natural Resources of Republic of T¿rkiye projects the electricity need of T¿rkiye 

will double in the next 20 years (Ministry of Energy and Natural Resources, 2020). 

The Figure 1.1 indicates electricity demand projection of T¿rkiye based on three 

growth scenarios prepared by the ministry. Installed power of T¿rkiye has reached 

104 GW by the end of January 2023. The largest capacity is hydropower with 30.3%. 

The natural gas accounts 24.4%, 21% coal, 11% wind, 9.2% solar, 1.6% geothermal 

and 2.5%. The rest is in the form of other sources (TEIAS, 2023). 
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Figure 1.1. Electricity demand projections of T¿rkiye (Ministry of Energy and 

Natural Resources, 2020) 

1.1.2 Climate Change 

The increasing global demand for energy has become one of the most significant 

issues of the 21st century, with the energy sector being a significant contributor to 

greenhouse gas emissions and climate change. This increasing demand is 

contributing to rising levels of greenhouse gas emissions, which are causing climate 

change and environmental degradation. The problem of global warming we are 

facing is mainly due to human factor and seems seriously increasing with the 

economic growth of developing countries. Figure 1.2 shows the CO2 emission 

caused by industrial and electricity generation and the Figure 1.3 steady increase of 

the emission observed by Nasa. These point very severe problems that the future 

generation will be struggling (Buis, 2019)(IEA, 2023a). 
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Figure 1.2. Global CO' Emission due to energy and industry since 1900s (IEA, 

2023a). 

  

Figure 1.3. Continuous rise in CO2  at NOAA's Mauna Loa Observatory in Hawaii 

over a 60-year period (Buis, 2019) 

The Intergovernmental Panel on Climate Change (IPCC) has warned that global 

warming must be limited to 1.5ÁC above pre-industrial levels to avoid the most 

severe impacts of climate change(Intergovernmental Panel on Climate Change, 

2018). However, current projections indicate that the world is on track to exceed this 

limit, with global temperatures expected to rise by 2.4-2.6ÁC or more by the end of 

the century (United Nations Environment Programme, 2022). Geographic location 

and climate makes T¿rkiye vulnerable to severe weather conditions such as droughts, 

floods, and heatwaves. At the same time, climate change is becoming a pressing 
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issue that affects every aspect of society, and T¿rkiye is not immune to its 

consequences. The temperature increase can be seen in recorded annual average 

temperature of General Directorate of Meteorology statistics.  The long year records 

show average annual temperature is 13.5 C. However, the recent records indicate 

the rise in the temperature as can be seen in Figure 1.4 (General Directorate of 

Meteorology, 2021).  

 

Figure 1.4. Annual average temperatures and long term recorded average 

temperature of T¿rkiye (General Directorate of Meteorology, 2021) 

1.1.3 Environmental Deterioration 

The correlation between energy consumption and global environmental challenges 

is a multifaceted and intricate one, with the use of fossil fuels for energy production 

serving as a key contributor to environmental deterioration. The emission of carbon 

dioxide and other greenhouse gases during the combustion, extraction and 

transportation of fossil fuels have been shown to be a significant cause of climate 

change, leading to a loss of biodiversity and critical habitats. The extinction of the 

species have rapidly been reported to be in the last century by Intergovernmental 

Science-Policy Platform on Biodiversity and Ecosystem Services(IPBES, 2019). It 

could be stated there is a relationship between global energy consumption and 
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growth including industrialization and urbanization. The Figure 1.5 reveals the 

extinction of species in time.  

 

Figure 1.5. Species driven extinct since 1500s (IPBES, 2019) 

The economic progress that T¿rkiye has witnessed in the recent decades along with 

urbanization has given rise to a significant surge in employment prospects, thus 

creating a strong pull factor for people from rural areas to move to urban centers. 

This trend is driven by the anticipation of a better quality of life in the cities, which 

is expected to offer greater access to improved amenities, education, and healthcare. 

The existing energy consumption trend in T¿rkiye, which heavily relies on fossil 

fuels, is causing an adverse ecological externality that cannot be ignored. While the 

dependence on these fuels is seen as essential for economic growth, it poses a 

significant threat to the environment (Adebayo et al., 2022).  

1.1.4 Economic Growth and Economic Challenges 

Beside efforts to reduce CO2 reduction, it is important to note that our fossil sources 

are not infinite. The Figure 1.6 below indicate the all type of fossil fuels do have 

approximately 100-year life time. It is also known that gulf countries have been 
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exploring other sectors beyond their traditional oil and gas industries in order to 

diversify their economies and reduce their dependence on these finite resources.  

 

Figure 1.6. Fossil fuel depletion projection and grow rate relationship (Stephens et 

al., 2010) 

T¿rkiye is heavily dependent on energy imports, with approximately 74% of its 

energy needs being met by import sources. This has risen considerably, particularly 

since the early 1990s when there was a significant rise in the use of natural gas. This 

percentage has remained at around 70% since the beginning of the 2000s (Ministry 

of Development, 2018). The high level of energy dependency makes T¿rkiye 

vulnerable to supply disruptions and price fluctuations in the global energy market 

(Sa­ēk et al., 2020).  Also, it is one of the major reasons for current account deficit, 

as well as challenging international relations. While T¿rkiye has taken steps to 

address these issues, it will likely continue to face economic and geopolitical 

challenges in the years ahead. 

1.1.5 Renewable energy 

The dominance and reliance on conventional energy sources has led to the 

exhaustion of these resources and the onset of negative environmental impacts as 

well as climate change (Raupach et al., 2007). Renewable energy is increasingly 

regarded as a viable solution to address the challenges of increasing energy demand, 
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climate change impacts, environmental deterioration, and economic growth. 

Renewable energy resources such as wind, solar, hydroelectric, and geothermal 

power, offer a clean alternative to fossil fuels. Overall, the shift towards renewable 

energy is essential for achieving sustainable development and the most effective 

method for mitigating the challenges posed by increasing energy demand, climate 

change impacts, environmental deterioration, and economic growth(G¿ney, 

2019)(Olabi & Abdelkareem, 2022)(Gielen et al., 2019).  

However, renewable energy adoption is hindered by challenges including low 

efficiency, temporal variability, massive land use requirements, noise and visual 

impacts, and environmental concerns apart from carbon dioxide emission such as 

impacts of aquaculture in hydropower facilities and heat release by solar panels. 

These must be overcome through research and development efforts to enhance 

reliability and minimize environmental impact.  

In summary, the unabated increase in global electricity demand, coupled with 

T¿rkiye's projections of doubling its energy needs in the next two decades, 

necessitates a paradigm shift in energy production. The rising global temperatures, 

accentuated by greenhouse gas emissions from conventional energy sources, 

underscore the urgency of transitioning towards cleaner alternatives. Additionally, 

the intricate relationship between energy consumption, environmental deterioration, 

and the loss of biodiversity necessitates a comprehensive solution. T¿rkiye's heavy 

dependence on energy imports, particularly fossil fuels, not only makes it 

economically vulnerable but also contributes significantly to its current account 

deficit. As a response to these challenges, a trio-hybrid system, incorporating solar, 

wind, and artificial reef elements, emerges as a promising avenue. Such a system 

aims to overcome the limitations of renewable energy adoption, offering a 

multifaceted solution by enhancing reliability, fostering innovation, and mitigating 

environmental impacts. In proposing this trio-hybrid approach, the research seeks to 

contribute to a sustainable energy future that addresses the pressing issues of climate 

change, environmental degradation, and economic vulnerabilities. 
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Therefore, in this thesis, I would like to propose a trio-hybrid system addressing the 

aforementioned renewable energy handicaps. The hypothesis of this research posits 

that the trio-hybrid system can provide various opportunities such as enabling the 

production of clean energy while enhancing reliability, facilitating innovative 

profitable investment, and delivering an environmentally friendly solution for the 

ecosystem. 

 Background of the Thesis 

The inception of this thesis dates back to 2019 when it originated as a study on the 

future and potential benefits of Floating Solar Photovoltaic Systems (FPVs) in 

T¿rkiye, initiated as part of a PhD course assignment. Early research revealed the 

significant potential of FPVs, suggesting their increasing prominence in the future. 

The question of how much FPV potential T¿rkiye has and the role of these FPVs in 

T¿rkiye's electricity and energy management has become a matter of curiosity, 

acknowledging T¿rkiye's reliance on foreign energy and the associated challenges. 

Therefore, a study aimed to assess the potential benefits of Floating PVs, addressing 

the lack of clarity on T¿rkiye's specific Floating FPV potential was conducted with 

distinguished researchers of METU. Despite various global studies on the subject, a 

consensus within the academic community regarding the potential of a specific 

country or region was lacking. Therefore, over the course of a year-long study, 

comprehensive evaluations were conducted, unveiling T¿rkiye's FPV potential. It 

has been published in the Journal of Renewable Energy. The study also included 

analyses of environmental impact, evaporation loss reduction benefits, as well as 

electricity generation and cost implications, thanks to the valuable contributions of 

the researchers (Kulat et al., 2023). The overview of the study methods in 

determining the potential and the key benefits as seen below Figure 1.7. 
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Figure 1.7. Overview of the study methods of floating PV potential for inland water 

reservoirs of T¿rkiye (Kulat et al., 2023) 

The followings are the key findings of the study: 

¶ Various criteria were applied to assess the suitability of reservoirs for FPV 

investments. A total of 4,003 reservoirs underwent analysis to determine their 

suitability for Floating Photovoltaic (FPV) investments, with 2,755 

reservoirs identified as meeting the criteria. 

¶ The study involved the development of six scenarios, ranging from 5% to 

30% coverage of water surfaces with FPV. Among the scenarios, Scenario 2, 

encompassing 10% coverage, emerged as the recommended choice, 

projecting a substantial 125 TWh of electricity generation, equivalent to 41% 

of the current demand.  

¶ This recommended scenario not only anticipated a significant reduction in 

CO2 emissions, approximately 77.6 Mt, but also highlighted substantial 

water savings of 1,242.1 hm3 due to evaporation reduction. 

¶ The study acknowledged the manageable environmental impacts of FPVs 

and highlighted the potential integration of FPVs with pumped storage 

hydropower, showcasing their adaptability and versatility in sustainable 

energy solutions. 

¶ The study strongly advised for aligning FPV projects with T¿rkiye's National 

Water Plan, emphasizing the integration of basin-wide water-saving 

strategies(Ministry of Agriculture and Forestry, 2019). 
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The study (Kulat et al., 2023), initiated in 2019, initially focused on assessing the 

potential benefits of FPVs in T¿rkiye, revealing significant electricity generation and 

environmental advantages. Building on this potential study, the doctoral thesis 

advanced to propose an innovative trio-hybrid system, evaluating its 

interdisciplinary aspects in several perspectives, offering valuable insights for future 

applications. In fact, the essence of this thesis and what was initially thought is that 

if floating PVs have such great potential, then it is necessary to come up with a more 

innovative, more sustainable and more unique work for the future. In other words, 

as a result of this thesis, if one can research on an application that has never been 

done before and get some ideas, the one can come to a level that can give ideas about 

many applications that are being done today and will be done in the future. In this 

sense, the fact that this doctoral thesis in an interdisciplinary department evaluates a 

trio-hybrid system, which has never been applied before, from the perspectives of 

energy, economy, environment, climate and investment will be really valuable.  

 Motivation of the Thesis 

The motivation behind this thesis is to respond to the rising global energy demand, 

the pressing requirement for CO2 reduction, and environmental issues through the 

development of an innovative trio-hybrid energy system that integrates solar, wind, 

and artificial reef elements. 

On a global scale, the world confronts increasing energy demand due to economic 

growth, urbanization etc. coupled with the urgent need to reduce CO2 emissions to 

mitigate environmental degradation and combat climate change. The depletion of 

finite fossil fuel resources compounds these challenges, rising the search for 

sustainable green energy alternatives. Significantly, approximately two-thirds of our 

planet is covered by seas, and many of the world's population centers are located 

near coasts or other water bodies. The combination of the aforementioned 
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circumstances underscores the potential of offshore renewable energy to play a 

crucial role in addressing these urgent global energy challenges, including those 

confronted by T¿rkiye.  

This thesis focuses on the development of an offshore trio-hybrid system. This 

innovative system unites wind and solar power generations. The hybrid system is 

expected to bring stability to energy generation, reducing variability and increasing 

stationary electricity production per unit area. It sets this approach apart is its 

modularity, scalability, and ease of maintenance, making it a practical choice for 

widespread implementation. Moreover, the trio includes an artificial reef 

implementation below water. The integration of artificial reefs into this system 

represents a distinctive, novel, innovative and ecologically conscious solution to 

counteract the adverse impact of human activity on marine ecosystems.  

Furthermore, this thesis serves the vital role for policy development specific to 

T¿rkiyeôs energy landscape. In this context, a comprehensive analysis is undertaken, 

encompassing a thorough evaluation of the nation's energy challenges, existing 

energy plans, legislative framework, and current energy mix. The ultimate aim is to 

craft informed recommendations that will guide T¿rkiye towards a more sustainable, 

resilient energy future, aligning with global efforts to combat climate change while 

addressing T¿rkiyeôs energy needs. 

1.3.1 Hybrid systems 

Hybrid systems have gained attention in recent years as a promising solution for 

energy generation due to their technical and economic feasibility. The integration of 

multiple power sources allows hybrid systems to increase generation yield per area 

as well as reducing system operation costs (Akyuz et al., 2011) (Givler & Lilienthal, 

2005)(Shahzad et al., 2017) (Bagen & Billinton, 2005) (L·pez et al., 2020)(Acu¶a 

et al., 2017)(Costoya et al., 2022). One of the key advantages of hybrid systems is 

their ability to mitigate the variability inherent in renewable energy sources, such as 
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solar or wind, which are directly dependent on weather conditions. By incorporating 

complementary power sources, hybrid systems can achieve a more consistent energy 

output, thereby reducing the temporal viability issues associated with single-source 

systems (Muselli et al., 1999)(Khare et al., 2016a)(Shahzad et al., 2017)(Valente & 

de Almeida, 1998)(Acu¶a et al., 2017)(L·pez et al., 2020)(Nassar et al., 

2019)(Costoya et al., 2022). The presented Figure 1.8 provides a visual 

representation of the sources of solar and wind power generation, along with the 

implementation of hybrid systems, thereby offering insight into the potential for 

integrating multiple power sources to enhance the sustainability and reliability of 

energy systems. 

Additionally, the redundancy provided by hybrid systems can improve their 

reliability by ensuring a continuous energy supply, even in the event of component 

failure or maintenance requirements.  

 

Figure 1.8. Conceptual integration of solar and wind sources that can reduce 

temporal viability  
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1.3.2 Offshore 

Offshore energy has a promising future. As of 2021, the cumulative installed 

capacity of solar photovoltaic (PV) power reached an impressive 700 GW, whereas 

floating photovoltaic (FPV) PV power has only been able to amass a modest 3 GW 

globally(Almeida et al., 2022). It is anticipated that the global FPV capacity will 

reach to 11GW by 2025(Hopson, 2020). On the other hand, although the cumulative 

installed capacity of wind energy is relatively close to PV power, offshore wind has 

a higher installed capacity with 56 GW out of the total 774 GW capacity 

(International Energy Agency, 2022a). When conducting a comparison between 

offshore wind farms and floating solar energy systems, it can be inferred that 

offshore wind farms have been in operation for a more extended duration of time. 

The earliest offshore wind project was established in 1991, with a capacity of 4.95 

MW, along the coasts of Vindeby, Denmark (Olsen & Dyre, 1993) (Snyder & Kaiser, 

2009). Regarding the implementation of FPV on water, inland water resources are 

predominantly favored due to their ability to avoid wave, wind, and current forces. 

FPV technology is relatively recent, with the first installation completed by a group 

of researchers in Aichi, Japan (Ueda et al., 2008). 

The increase in installations of offshore and floating energy sources can be attributed 

to the development of technical innovations and a decline in the cost, making these 

sources more financially viable for consumers and businesses alike(Gielen et al., 

2019) (Jiang, 2021)(International Renewable Energy Agency, 2018). The 

installations are exponentially increasing (International Energy Agency, 

2022a)(World Bank Group et al., 2019). This would suggest that offshore energy has 

emerged as a viable alternative to conventional energy sources, and is likely to play 

a significant role in meeting global energy demands in the future. The need for 

expansive, unobstructed land for solar panels and the visual impact of wind turbines 

have spurred extensive research and development initiatives aimed at mitigating 

these challenges. Therefore, offshore platforms have come forefront (Sun et al., 

2012)(World Bank Group et al., 2019). Decisions made in the near future about their 
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placement, size, and engineering will have significant and lasting impacts on the 

marine environment. Such decisions will determine how these structures have 

impacts on environment, marine ecosystem, biodiversity and fisheries yield. 

In T¿rkiye, there have been small-scale research-aimed installations of FPVs in Lake 

B¿y¿k­ekmece of Istanbul and a dam located on Azmak River of Mersin(Bulut & 

Muratoglu, 2018a). Furthermore, the government is currently undertaking 

comprehensive research, planning, and investment studies for offshore energy 

platforms. General Directorate of State Hydraulic Works (DSĶ) is currently preparing 

planning studies for existing hydropower dams of T¿rkiye. At the meantime, T¿rkiye 

is collaborating with Denmark, one of the leading countries in developing offshore 

power plants, to facilitate the knowledge transfer and experience sharing for 

successful implementation. The Ministry of Energy and Natural Resources 

announced the construction of a 1.2 GW offshore Wind Power Plant in the Official 

Gazette dated 21 June 2018 and numbered 30455. However, the tender process for 

this project has yet to be concluded successfully (Rural Development Program 

(IPARD) of EU, 2020) (Ķzmir Kalkēnma Ajansē, 2020)(Milliyet Gazetesi, 2019). 

 Thesis Objectives 

Therefore, the thesis is built on three fundamental concepts: namely hybrid, offshore, 

and artificial reef. These concepts are expected to provide a unique, innovative and 

future-oriented approach to the research topic. The objective of the thesis can be seen 

below. 

1. Generating clean energy and increasing yield by implementing innovative 

hybrid renewable generation systems 

2. Framing the preliminary design of the offshore floating platform, which 

whitstands dynamic forces and stays functional 

3. Exploring the integration of artificial reef as an environment friendly solution 

to offshore systems 
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4. Formulating policy recommendations for offshore energy systems and 

artificial reefs in T¿rkiye by analyzing energy dynamics 

The objectives are framed in 4 major themes: Electricity, Platform, Environment, 

and Policy. The framework is discussed in the Materials and Methods Section. 
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CHAPTER 2  

2 LITERATURE REVIEW  

The hypothesis of this thesis asserts that the integration of floating solar, offshore 

wind, and artificial reef technologies in the trio-hybrid system presents a promising 

approach to sustainable energy production. The trio-hybrid system is postulated to 

offer various opportunities, including enabling the production of clean energy, 

enhancing energy reliability, facilitating innovative and profitable investment, and 

providing an eco-friendly solution for the ecosystem. This literature review section 

aims to provide a comprehensive analysis of the existing body of literature on the 

trio-hybrid system. The review will examine the various studies, research, and 

projects that have explored the application, benefits, challenges, and opportunities 

associated with these technologies. By synthesizing the literature, this review aims 

to contribute to the emerging discourse on sustainable energy production and 

highlight the potential of the trio-hybrid system as a transformative solution to the 

world's energy and environmental challenges. 

 Floating Solar  

Solar energy technologies, photovoltaics in particular, have attained widespread 

recognition and adoption on a global basis (Kabir et al., 2018)(Das et al., 

2018)(Sampaio & Gonz§lez, 2017). PV systems were traditionally mounted on the 

ground or buildings, but there is now a growing trend towards using water bodies as 

potential sites for Floating Photovoltaic (FPV) power plants, a promising technology 

for generating solar energy with a flourishing market (Red·n Santaf® et al., 

2014)(World Bank Group et al., 2019). The utilization of floating solar technology 
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holds significant potential for meeting the energy requirements of a multitude of 

nations (World Bank Group et al., 2019)(Jamalludin et al., 2019)(Orozco & Breyer, 

2018)(Spencer et al., 2019). 

The benefits outlined below have captured scholarly interest and incentivized the 

implementation of floating photovoltaic systems. 

2.1.1 Layout of Floating Solar Implementations 

A Floating Photovoltaic plant site comprises of a system of components, including 

the floating structure, solar panels, mooring lines, solar panel support system and 

cabling, inverters, and transmission lines, that work together(World Bank Group et 

al., 2019)(Oliveira-Pinto & Stokkermans, 2020a)(Rodrigues et al., 2020). The Figure 

2.1 illustrates a typical floating solar implementation located on a water reservoir.  

 

Figure 2.1. A Schematic Overview of Floating Solar Implementation (Sahu et al., 

2016) 

 

Solar panels are the same solar panels utilized for land or roof-top applications. The 

major difference for floating solar systems ïas expected- the floating system. The 

installation of solar panels on water surfaces is made possible through the use of 



 

 

19 

modular floating systems, including pontoons and galvanized steel pipes. An 

alternative approach involves the submergence of panels just below the water 

surface. Modular floating systems are commonly used to install solar panels on water 

bodies. These floating systems are typically made up of pontoons or galvanized steel 

pipes (Oliveira-Pinto & Stokkermans, 2020a). Despite the relative simplicity of these 

systems, a wide array of patents and implementations exist. The most commonly 

used pontoon is the HDPE pontoon due to its affordability, accessibility, and ease of 

installation. In order to counter the dynamic forces acting on the system, mooring 

lines are essential and are crucial for ensuring the stability of the floating platform 

(Sahu et al., 2016). Design of floating solar platform face several challenges that 

must be overcome for optimal performance. These include keeping the solar arrays 

in the desired location, minimizing movement caused by environmental factors, and 

maintaining a minimum distance between arrays while coping with varying water 

levels. These challenges become even more difficult due to the shape and size of the 

arrays, uneven load distribution, and the need for many mooring lines(Kanotra & 

Shankar, 2022). In order to achieve and address the challenges several kind of 

floating platform designs were developed were developed. Some of which are 

showed shown in Figure 2.2.  
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Figure 2.2. Miscellaneous floating solar implementation throughout the world 

 

2.1.2 Energy Efficiency 

In the same weather conditions, the average temperature of FPV modules is 

measured to be lower than ground or rooftop PV modules (Yadav et al., 2017)(H. 

Liu et al., 2018)(L. Liu et al., 2017)(Micheli, 2022). Through the utilization of 



 

 

21 

evaporative cooling or direct water contact, the panels are being cooled, thereby 

increasing energy efficiency. The temperature of water and thermal aspects of 

photovoltaics need more attention and causes fluctuations in electricity generation 

efficiency (Kjeldstad et al., 2021)(Skoplaki & Palyvos, 2009). Thus, any temperature 

change can influence electricity generation. This should be taken into consideration 

for electricity generation and feasibility related calculations.  

Experimental and Conceptual studies for cooling effect on FPV in the literature have 

been reviewed and summarized as below  

1. A study conducted in Singapore showed water can maintain a temperature of 

FPV modules 5ÁC to 10ÁC lower than ground-based installations, resulting 

in higher yields (H. Liu et al., 2018). 

2. One of the earlier studies conducted japan compared the energy output of 

FPV systems to a nearby ground-mounted installation and found that the 

energy produced ranges 7.4% to 17% more from the FPV due to relatively 

lower temperature (Ueda et al., 2012).  

3. A simulation of performance analysis comparing FPV  and PV performances 

on Norh Sea and land in Utrecht University campus and Netherlands and 

found  average 13% energy yield increase and it increases up to 18% in some 

months (S. Z. Golroodbari & van Sark, 2020a).  

4. The Korean Water Resources Corporation (K-Water) conducted a study 

comparing the performance of FPVs, with capacities of 100 kWp and 500 

kWp, to a conventional 1 MWp PV plant. The measurements taken for some 

months revealed that the FPV systems generated 11% greater (Choi et al., 

2013). Another theoretical study utilizing environmental variables for the 

same site presented 14.7% higher efficiency as determined by the average 

yearly temperature of 21.95 ÁC(Kamuyu et al., 2018). 

5. A techno-economic feasibility study was conducted for a 10 MW floating 

solar power plant at Neel-Nirjan Dam of India. The results indicate FPV 

plants exhibit a daily average power output that is around 10.2% greater than 

the conventional system.(Goswami et al., 2019) 
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6. An experiment study analyzed FPV implementation in three reservoirs 

located in semi-arid region of Brazil. The results indicate the measured more 

electricity output ranges from 9.5% to 14.5% than conventional alternatives 

(Sacramento et al., 2015). 

7. A comparative experimental analysis was conducted in Morocco on a 

floating photovoltaic (FPV) system and a ground-based PV system, which 

revealed that the electricity generation in the FPV system is 2.33% higher on 

an average in five days(El Hammoumi et al., 2021). 

8. A study examined the cooling effect in two distinct climate zones; 

Netherlands and Singapore as temperate maritime and tropical respectively. 

Based on real life applications. The study found that the increase in energy 

yield due to the cooling effect of FPV systems compared to reference PV 

systems, with a maximum increase of 3% in the Netherlands and 6% in 

Singapore (Dºrenkªmper et al., 2021). 

9. A study comparing 250W PV systems on an artificial lake and on the ground 

was performed at a university campus in Bhopal, India and found that the 

FPV system had a 0.8% higher efficiency (Yadav et al., 2017). 

10. An extensive evaluation of the potential of FPVs in water reservoirs of China 

was conducted through a theoretical modeling study. The results of the study 

revealed that the efficiency enhancement of FPVs compared to conventional 

photovoltaics ranged between 1.6-2.00%(L. Liu et al., 2017). 

11. An experiment was conducted in Malaysia to evaluate the effectiveness of an 

80W FPV panel installed in an artificial pond. The outcomes of the study 

unveiled that the FPV panel exhibited an increase of 15.5% in power gain in 

comparison to a conventional PV unit(Majid et al., 2014). 

12. An experiment study analyzing electricity performance of three modules 

while placing them onto water and ground conducted in Selangor, Malaysia. 

The outcome of the study proposes energy efficiency increase between 2.8%-

14.6%(Azmi et al., 2013). 
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13. In addition to above, researchers have extensively investigated innovative 

cooling system designs, such as submerged, spray cooling, and 

thermosiphons, among others, to augment the efficiency of power generation. 

These have demonstrated significant improvement in efficiency, indicating 

potential of advanced cooling systems in enhancing the performance (Sheikh 

et al., 2020)(Sutanto et al., 2022)(Elminshawy et al., 2022) (Ho et al., 2015). 

2.1.3 Water Saving 

As this study focuses on implementation of photovoltaics on seawater, the 

evaporation rate reduction has been considered negligible. Nevertheless, in order to 

shed light on the current state of literature on water saving, this study introduces a 

methodology that takes into account the relationship between evaporation reduction 

and surface coverage in floating modular devices, as indicated by previous research. 

Figure 2.3 provides a trend line which can be utilized in order to calculate water 

savings due to evaporation reduction (Kulat et al., 2023). 

 

Figure 2.3. Evaporation reduction rate concerning floating modular devices in the 

literature(Kulat et al., 2023)(Hassan et al., 2015)(Yao et al., 2010)(Assouline et al., 

2011)(Bontempo Scavo et al., 2021) 
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 Floating Wind  

Wind power-generated electricity is widely acknowledged as a pivotal strategy 

towards attaining net zero scenarios. The International Energy Agency (IEA) has 

reported that the quantity of electricity generated from wind power has grown by 

over five times during the period between 2010 and 2021, ultimately culminating in 

a figure of 1,870 TWh(International Energy Agency, 2022a). Projections indicate 

that the capacity for offshore wind power generated will exceed 500 GW by 2035, 

and it has already surpassed the 50 GW threshold globally(World Forum Offshore 

Wind, 2023).  

Although the offshore wind turbine implementations date back to 1990s, the floating 

offshore implementations have started before 2010s. Initially, Blue H Technologies 

company deployed the maiden floating wind turbine for testing purposes off the coast 

of Italy in 2008, which boasted an 80 kW capacity. The first-ever large-scale, grid-

connected floating wind turbine was installed by Statoil company in Norway in 2009, 

featuring a 2.3 MW turbine(Castro-Santos & Diaz-Casas, 2016). 

The national energy plan of T¿rkiye projects the 5GW offshore wind installation in 

T¿rkiye Seas by 2035. A scientific study evaluating the potential of offshore wind 

power in T¿rkiye proposes over 9 GW potential(Emeksiz & Demirci, 2019). 

According to the Ministry of Energy and Natural Resources, T¿rkiye possesses an 

untapped offshore wind potential of 11 GW (Ministry of Energy and Natural 

Resources, 2022a). This declaration highlights the significant potential for 

harnessing wind energy in T¿rkiye, which remains largely untapped. Such a finding 

underscores the importance of investing in renewable energy sources, such as 

offshore wind, to meet the growing energy demands of the country in an 

environmentally sustainable manner. 
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2.2.1 Classification of Offshore Wind Turbines 

Obviously, the main difference of offshore wind implementations rather than land-

based ones is foundation mechanism. Offshore wind farm foundations are exposed 

to a complicated combination of loadings, comprising both the axial force from the 

supporting turbine structure and cyclic loads from extreme sea states (ķahin, 2004). 

These foundations are required to be designed utilizing advancing engineering 

methods to endure a significant number of wind and hydrodynamic load cycles, 

which vary in direction, amplitude, and frequency in lifetime More advanced and 

numerical techniques are needed as well as further developments in geotechnical 

engineering in order to ensure optimum design (X. Wu et al., 2019). Even though 

the literature asserts diverse classification for offshore foundations, the major 

difference can be seen at shallow and deep waters (at 50-60m). While fixed-bottom 

foundations are being implemented in shallow waters, floating offshore foundations 

are designed for deep waters (A. Smith et al., 2015)(Pacheco et al., 2017)(Barooni 

et al., 2023).  

Offshore wind turbine platforms can be classified advanced in terms of long-term 

proven survivability thanks to the experiences in oil and gas industry (Jonkman, 

2009). In order to achieve stability in the aforementioned giant forces on and below 

the water, 3 general mechanisms are being utilized. First is buoyancy mechanism. It 

involves using the waterplane area moment to maintain stability. Second is ballasting 

mechanism. It basically provides stability by utilizing a weight below sea level to 

adjust center of gravity vertically. The third is mooring system mechanism. It 

involves several lines and anchors fastening against the forces(Butterfield et al., 

2007)(Thiagarajan & Dagher, 2014). Therefore foundation mechanisms of floating 

wind turbines have been developed onto the three mechanisms and classified into 3 

classes as seen in Figure 2.4: Ballast Stabilized, Mooring Line Stabilized and 

Buoyancy Stabilized.  
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Figure 2.4. Floating wind turbine concepts(Jonkman & Buhl, 2007) 

The Figure 2.5 also illustrates the major offshore floating foundations. The first three 

foundations from left are fixed-bottom foundations named as monopile, jacket, 

twisted jacket and the rest are floating foundations named as semi-submersible, 

tension leg platform, and spar respectively(Jonkman & Buhl, 2007). In this thesis 

floating offshore platform is being examines and implied the. Therefore, fixed-

bottom foundations are not covered in the scope of the thesis.  
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Figure 2.5. Offshore floating foundations. Credit: Josh Bauer/NREL (A. Smith et al., 

2015) 

The stability triangle is a geometric representation of the forces acting on a floating 

structure, including the weight of the structure, buoyancy forces, and environmental 

forces such as wind and waves and representation of restoring mechanism. It is used 

to ensure that the structure remains stable and does not capsize or become 

unstable(Butterfield et al., 2007). The existing floating systems can be categorized 

by ocean engineers using the triangle.  

  

Figure 2.6. Stability triangle examples(Butterfield et al., 2007)(Borg & Collu, 2015) 
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Figure 2.7. The actual realization of spar, buyancy and TLP stabilzed wind farm 

projects (Photo Credits: Ïyvind Grav¬s / Woldcam - Statoil ASA, BW Ideol, 

GICON-SOW Website)  

According to NREL, an offshore wind turbine's floating structure accounts for the 

highest percentage of the total cost of construction, at 37.5%. The total capital 

expenditure (Capex) for a floating offshore platform has been estimated to be around 

5,577 USD per kilowatt (kW), which is 44% higher than the Capex for a fixed-

bottom platform(Stehly & Duffy, 2022). 

 Previous Floating Hybrid ï Solar and Wind Works 

The benefit, necessity and increasing trend in wind and solar energy facilities are 

obvious. The use of hybrid renewable energy systems, which integrate solar and 

wind sources, has experienced a notable increase and significant growth in the recent 

years (Khare et al., 2016a). However, the deployment of hybrid systems requires 

more careful site-specific design, using advanced optimization and multilevel 

controlling techniques, and conducting risk analyses (Ara et al., 2021; Nassar et al., 

2019)(Mao et al., 2022) (Khare et al., 2016a). 

Integrating hybrid systems offshore, where there is immense untapped potential as 

previously noted, represents an innovative and versatile strategy despite being a 

relatively novel approach. It can be said that floating hybrid implementations are in 
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the level of embryonic and there are very limited hybrid works/models exist in the 

literature. Furthermore, there is currently no any commercial installation realized yet.  

In 2011, Japanese researchers in Kyushu University embarked on the Wind Lens 

Project, which marked the inception of the first floating hybrid endeavor. The project 

featured a hexagonal-shaped platform that housed solar panels and turbines that 

generated a total of 8kW power, comprising 2kW solar panels and two 3kW wind 

turbines designed as seen in Figure 2.8 (Sato et al., 2014). The project's higher 

efficiency was noteworthy, prompting the researchers to plan an expansion that 

would increase the wind and solar capacity(Ohya et al., 2017). The new generation 

design can be seen in Figure 2.9. 

  

Figure 2.8. The wind lens project (Sato et al., 2014) 
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Figure 2.9. Next generation of Wind Lens Project (Ohya et al., 2017) 

However, it was stated that the university supporting the research cancelled the 

project because of the excessive installation costs. The main expense was cited to be 

arising from mooring system(4coffshore, 2017).   

In 2020, A hybrid energy research was carried out for a coastal region in Northern 

Spain to explore the potential of offshore wind and solar turbines. The study focused 

solely on energy production analysis and did not involve experimental or 

demonstration works. The Figure 2.10 illustrated wind turbines and solar panels were 

placed independently on water with no connection between them. The study did not 

provide detailed information on the structure of the floating system(L·pez et al., 

2020). 

Figure 2.10. A hybrid model developed for Nothern coast of Spain (L·pez et al., 

2020) 
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In 2020, a group of researchers aimed to integrate aquaculture farming with 

electricity production and came up with a novel solution in China. In addition to 

electricity generation, this system was intended to support aquaculture farming. They 

designed a hybrid energy generation system that combined solar and wind sources, 

which was mounted on a steel fishing cage and named Floating WindïSolarï

Aquaculture system as drawn in Figure 2.11. The hydrodynamic properties of this 

innovative system were experimentally validated in 2022 using a 1/40 scale test 

mechanism, which provided useful insights into its behavior under various 

conditions.ò 

 

Figure 2.11. Floating WindïSolarïAquaculture system (Zheng et al., 2020) 

 

In 2012, the Singapore-based company, Hann-Ocean, has conceived a novel modular 

floating platform, Hexifloat 4-in-1, which features a hexagonal shape. This 

innovative platform shown in Figure 2.12 is equipped with solar panels, and a small 

wind turbine is situated at its center. A distinct advantage of the platform is its ability 

to harness the potential of wave and tidal energies for electricity generation, when 
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needed (Roy et al., 2018). However, the project have remained conceptual and never 

realized yet (Hann-Ocean, 2020). 

 

Figure 2.12. Hexifloat 4-in-1 by Hann-Ocean (Hann-Ocean, 2020) 

 

SINN Power, a German-based wave energy systems company, unveiled its 

innovative Ocean Hybrid Platform in 2010s and continued to develop. This modular 

system illustrated in Figure 2.13 combines the renewable energy sources of solar, 

wind, and wave energy, utilizing unused ocean surface space to generate 

competitively-priced base load capacity. The platform, consisting of a sturdy steel 

frame and floating pontoons, features solar panels and small wind turbines located 

at the corners (SINN Power, 2020).  



 

 

33 

 

Figure 2.13. Ocean Hybrid Platform by SINN Power(SINN Power, 2020) 

SolarDuck and RWE commercial companies are currently constructing the largest 

offshore floating solar power plant in the world at in the Netherlands. The project 

shown in  will feature a 5MW demonstrator with advanced integrated energy storage 

solutions. This initiative is known as the Hollandse Kust West (HKW) hybrid 

offshore wind and offshore floating solar (OFS) project. It is scheduled to be 

operational by 2026(SolarDuck Co., 2023). 

 

Figure 2.14. A floating hybrid offshore Project by SolarDuck and RWE(SolarDuck 

Co., 2023) 
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 Artificial Reef  

Anthropogenic activities that influence the natural world tend to result detrimental 

effects on both the ecosystem and the constituent species. When it comes to the life 

below sea, the marine ecosystem relies on coral reefs as a distinctive refuge, 

however, they are increasingly endangered as a result of human activities and the 

impact of climate change accordingly (Bryant & Spalding, 1998).  (Burke et al., 

2011)(Hoegh-Guldberg et al., 2007) (Frieler et al., 2013). Nevertheless, deployment 

of ñartificial reefsò can be regarded as a remarkable and proven approach that confers 

a range of benefits to the natural environment. An artificial reef refers a human-made 

structure designed to mimic a natural reef. Artificial reef implementations can be 

deemed efficient restoration mechanism in order to combat existing and anticipated 

challenges that marine life experiences (Anthony et al., 2017)(Bayraktarov et al., 

2020)(Silva et al., 2016).  

Overall, the economic and environmental benefits of the artificial reefs are widely 

accepted. It is anticipated that more deployments will be seen in the future for various 

purposes with differing objectives across regions (Lee et al., 2018).  

2.4.1 Objectives 

The implementation of artificial reefs serves multiple objectives. The literature 

provides a comprehensive account of the objectives pertaining to the utilization of 

artificial reefs as listed below: 

1. Restoring or improving marine ecosystem (Bohnsack, 1989) (Pickering et al., 

1999)(Peterson et al., 2003)(McLean et al., 2015)(DôAnna et al., 

1994)(Leit«o et al., 2008)(Foster et al., 1994)(Ambrose & Swarbrick, 

1989)(H. R. Folpp et al., 2020)(Arnould et al., 2015)(Cresson et al., 

2014)(Ng et al., 2017)(Graham et al., 2017)(Reeds et al., 2018)(Seaman, 

2007a). 
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2. Fishing (DôAnna et al., 1994)(Creque et al., 2006)(Brickhill et al., 

2005)(Bombace et al., 1994)(Wilhelmsson, Yahya, et al., 2006)(Leit«o et al., 

2008)(Leit«o et al., 2009)(Ramos et al., 2006)(Santos & Monteiro, 

2007)(Pickering & Whitmarsh, 1997)(Peterson et al., 2003)(H. R. Folpp et 

al., 2020)(Granneman & Steele, 2015)(Tessier et al., 2015)(J. A. Smith et al., 

2017)(Reeds et al., 2018).  

3. Touristic and recreational activates (Hooper et al., 2017)(Creque et al., 

2006)(Ditton et al., 2002)(Ditton et al., 2017)(Tynyakov et al., 2017). 

4. Mitigating erosive impacts and hazards of waves and currents(Silva et al., 

2016)(H. Folpp et al., 2013)(Morris et al., 2018)(Ferrario et al., 2014).  

To achieve successful outcomes in the implementation of artificial reefs, it is 

essential to establish specific, measurable, and trackable targets (Becker et al., 

2018a). 

2.4.2 Materials as Reef 

The artificial reef materials and designs are tremendously varying. The possible 

impacts are contingent upon the shape, composition and complexity of the artificial 

reef (Davis et al., 1982)(Perkol-Finkel et al., 2006)(Charbonnel et al., 

2002)(Sherman et al., 2002). The material selection for a specific target, which can 

be fish assemblage, combating coast erosion, restoration of marine ecosystem, 

should be comprehensively analyzed before deployment (Graham et al., 2017). The 

biological factor of the selected material should also be taken into account while 

designing (Ferrario et al., 2016). 

The list below provides a list for materials forming the artificial reefs with photo 

examples. 

1. Offshore structure foundations 
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Figure 2.15. Offshore oil rig foundation in Texas of USA. Photo Credit: NY Times.  

2. Seafloor structures (pipelines, cables, wells) 

 

Figure 2.16. Pipeline at seafloor surrounded by reefs (Schramm et al., 2021) 

3. Shipwrecks 
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Figure 2.17. Shipwreck as reef. (Photo Credit: Google Arts & Culture)  

4. Concrete Blocks  

 

Figure 2.18. Artificial reef concrete blocks in Philippines. Photo Credit: 

BusinessMirror  

5. Rocks and Boulders 
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Figure 2.19. Sculptures as boulder in Greece. Photo Credit: Greek News Agenda  

6. Vehicles and planes 

 

Figure 2.20. A plane deployed as artificial reef in T¿rkiye. Photo Credit: H¿rriyet 

Daily News  

7. Organic materials 
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Figure 2.21. Oyster shells in nets and deployment in China (Q. Xu et al., 2014)  

8. Waste Materials 

 

Figure 2.22. Discarded tires as artificial reef in Florida. Photo Credit: Mikkel Pitzner, 

Project Baseline Gulfstream and obtained from Amusing Planet  

9. Frames made by Wires & Steel 



 

 

40 

 

Figure 2.23. . Artificial reef frame in Indonesia. Photo Credit: Footprintmag  

 

2.4.3 Background and Previous Works 

Numerous research endeavors have been undertaken to evaluate the deployment of 

artificial reefs. The following synthesis encapsulates the key findings of these 

studies. 

1. In 2007, a hotel decided to locate erosion mitigative equipment called wave 

attenuation device, made out of reinforced steel, at 120m off the shore in 

order to control the sea sand and avoid from erosion. A research conducted 

in the reef indicate increase vitality of species including vegetation, corals 

and animals (Silva et al., 2016).     

2. In 1999, an artificial reef system consisting of granite rubble was immersed 

in order to attract some fish species in Lake Michigan. A study investigating 

the implementation is beneficial to attract some fish species. However, most 

of the fisherman wermeshe expecting an increase in other species(Creque et 

al., 2006).   

3. In 1987 and 1998, five different artificial reefs as concrete vages were 

implemented in Italian Adriatic cost of Mediterranean Sea. The site 
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observations and sampling proves the increase in fish and 

biodiversity(Bombace et al., 1994).  

4. In 2005, artificial reefs called reef ball and made out of concrete were 

deployed in South-East Australia in three location. The assessment study 

after 18 months revealed richness of fish and other species along with general 

diversity increased. The study also presents the artificial reefs cannot be 

considered as exact equivalent to the natural habitat because of abundance of 

some non-natural species(H. Folpp et al., 2013). 

5. In 2004, 24 artificial reef designed as 3 different design and placed regularly 

with in the area of 1 ha in an island of Sweden. The reefs were consisting of 

mainly PVC pipes, concrete footing and roof tiles. The researchers observed 

the experiment site and reported positive observations regarding fish 

abundance and diversity(Wilhelmsson, Yahya, et al., 2006). 

6. In 2004, a naval ship was immersed to the seabed of Southwestern coast of 

England. A monitoring study was conducted and observations presented that 

a colonization of organisms aroused near the shipwreck(Hiscock et al., 2010). 

7. In 2002, concrete blocks shaped rectangular prism with hollows 

(20x20x40cm) were deployed at artificial site complex in western coasts of 

Scotland. An examination study compared the site with natural rocky reef 

and found the overall availability of species was 2-3 times more(Hunter & 

Sayer, 2009).  

8. Between 1986 and 1989, artificial reef complex consisting of pyramid shape 

and made out of concrete blocks were placed in the coast of northwestertn of 

Scily, Italy. A significant number of increase in diversity and abundancy was 

demonstrated (DôAnna et al., 1994).  

9. In 1998, for experimental purpose, 24 artificial reef sets made out of cement, 

ceramic and tyres were deployed at Chalkidiki of North Agean, Greece. The 

samples collected from the site and observations for 4 years and indicated the 

abundancy of sessile organisms and fish increased relatively (Sinis et al., 

2000).   
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10. In 1987, a rectangular artificial reef system covering approximately 5,500 m2 

and consisting of 29 pyramid shaped blocks and 12 cages. The materials were 

concrete. Two-year monitoring was conducted. The richness and diversity of 

benthic community reduced. Also seasonal changes were observed(Fabi et 

al., 2002).    

11. In 1990 and 2022, artificial reefs made out of concrete and boulder was 

placed at around 600 thousands m2  in Southern coastal regions of Portugal.  

Three artificial reef sets were selected and monitored for 2-years. The density 

and abundancy of species showed an upward trend. The study compares an 

old and relatively newer artificial reef application and reveals the importance 

of management strategies(Leit«o et al., 2008). Other studies in the same 

artificial reef area indicated potential fishing yield and diversity 

increase(Leit«o et al., 2009)(Santos & Monteiro, 2007).  

12. In 1989, 16 reinforced concrete terraced artificial reef modules were 

deployed in Delawere Bay of USA. Each of the reef was serving for 407 m2 

area. A monitoring study was conducted for 2 years. The results showed the 

abundancy of most of the species increased visibly(Foster et al., 1994). 

13. In 1986, 10 artificial reefs were placed in the coastal areas of Southern 

California of USA. The artificial reefs were made out of mainly rocks and 

concrete blocks. The 10 artificial reef sites were compared with 16 nearby 

natural reef sites, which are obviously much larger sites. The results of the 

analyses indicate the reefs attract the fish and increase fish production. Also, 

the density of biomass was found higher on artificial reefs (Ambrose & 

Swarbrick, 1989)  

14. In 2000, researchers made a quantitative assessment of existing artificial 

reefs located in Southern California. The reefs were consisting of rock and 

concrete modules.  They compared the observations in artificial reef sites 

with natural reefs. The results showed the density, richness and the amount 

of fish are either greater or similar near artificial ones(Reed et al., 2006).  
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15. In 2003, sites of 2 wind farms consisting of monopole system of wind 

turbines located Southern Sweden were researched. A total of 7 wind plants 

were compared with three reference natural sites and samples were taken 

from each. The results of the research show that the wind plant foundation 

became a foundation for new species (Wilhelmsson & Malm, 2008).  

16. Between the years of 2005 and 2006, 3 artificial reef were deployed at 3 

estuaries of Southeast of Australia.  The reefs were monitored by observing 

via Baited Remote Underwater Video mechanism. The fish abundancy near 

artificial reefs and nearby natural rocky reefs was observed to increase. This 

study suggests artificial reef even helped for an increase in natural reef 

sites.(H. R. Folpp et al., 2020).  

17. In 2006, at Southeast of Australia, a study conducted to find out the effect of 

human seafloor structures such as pipelines and cables. A total of 36 female 

Australian Fur Sealsï Australian Fur Seals ï were tracked with GPS. The 

GPS records prove that the mammals visited frequently the structures. 

18. Between the years of 2008 and 2012, several harbor and grey seals were 

tagged with GPS tags. The routes were recorded and the results clearly show 

that the mammals visited turbines, a meteorological mast and pipelines 

(Russell et al., 2014). 

19. In 2009, five existing artificial reefs and natural ones close to them were 

selected and samples were collected from them in order to analyze similarity 

between fish assemblages in both at Southern California of USA coasts. A 

total of 32 species were observed. The results indicate     that if the artificial 

reef structure is similar to the natural reef structure, fish assemblages are 

similar. When both reefs were compared, overall, species richness was the 

same but density and biomass are more in artificial reefs and size of the 

species was larger in natural reefs (Granneman & Steele, 2015).   

20. In the years of 2007 and 2008, 400 artificial reefs were depleted in the coasts 

Marseilles of France. In 2010, a study assessing the food chain mechanism 

of the ecosystem in the artificial reef was conducted. 339 fish from 32 species 
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were collected and analyzed in the libraries. The outcomes of the study 

presents the trophic relationship of the species in the artificial reefs and 

demonstrates the artificial reefs serve as a nutrient zone (Cresson et al., 

2014).      

21. In 2011, an artificial reef was deployed in the coast of Sydney, Australia. The 

purpose of the steel reef was to increase fish abundancy for anglers. Drop-

camera method was utilized via a boat in several different locations in 2014 

for 9 days. The result of video analysis shows fish interact more near the reef 

site (J. A. Smith et al., 2017).  

22. In 2013, 12 rectangular shaped reef mounds with 4 diverse materials: 

concrete, limestock, river rock and oyster shell. The study area was in the 

coast of Texas, USA. For 15 months, the reefs were tested and the density 

and areal cover of organisms was noted. The study showed the concrete 

material provided highest productivity. The authors recommends the 

planning stage of artificial reef should include material selection in detail 

(Graham et al., 2017).  

23. In 2011, artificial reefs made out of four different materials (perspex, 

sandstone, wood and steel) were deployed in the coast of Sydney Australia. 

Also, the same materials were deployed in different orientations. After three 

months, the plates were analyzed in the laboratory. For each different 

implementations, diverse results were obtained in terms of species richness, 

abundance, and diversity. The results show substratum material and the 

orientation influence the life development (Ushiama et al., 2016).   

24. In 2011, an offshore artificial reef made out of steel as a single frame structure 

was deployed in the coast of Sydney in order to support recreational fishing 

activities. Sediment samples and underwater video recordings were collected 

in order to analyze sediment, fauna and fish abundancy. The study provided 

evidence to support occurrence of an ñecological haloò within the 30m from 

the deployed artificial reefs (Reeds et al., 2018).  
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25. In 2002, an offshore wind farm named Horns Rev 1 was established at the 

west coast of Denmark. The study conveyed surveys in 2001 (prior to the 

establishmet) and in 2009. The outcomes indicate the overall fish abundance 

raised slightly while the diversity significantly. And no long term negative 

impacts on diverse species were observed (Stenberg et al., 2015).  

26. In 2011, a steel made artificial reef structure was deployed at the coast of 

Sydney. Between 2011 and 2014, a baited remote underwater video system 

to survey the fish assemblages at the OAR and three other control reefs. The 

study analyzes temporal variation in fish assemblages, pelagic fish response, 

and size of key species. The artificial reef had a distinct fish assemblage 

compared to natural reefs, with inter-annual variability. Various species, 

including juveniles and adults, were observed at the artificial reef (Becker et 

al., 2017). 

2.4.4 Disadvantages and Limitations 

While artificial reefs have been known to be an effective means of supporting the 

marine ecosystem, they do have certain disadvantages and restrictions.  

The production of novel living communities via the implementation of artificial reefs 

has the potential to introduce non-indigenous (marine alien) species that could pose 

a threat to the pre-existing native biodiversity of the ecosystem (Mineur et al., 2012) 

(H. Folpp et al., 2013)(Ashley et al., 2014)(Hiscock et al., 2010)(Wilhelmsson & 

Malm, 2008)(Glasby et al., 2007). 

The benefits of artificial reefs could potentially be curtailed by physical degradation 

factors, such as the presence of strong currents and the accumulation of sediment 

(Johnson et al., 2006; Marsden & Chotkowski, 2001)(Fabi et al., 2002).  

Furthetmore, some benthic community organisms may be influenced negatively 

because of sediment accumulation (Fabi et al., 2002)(Wilding, 2006).   
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In order to enhance the ecosystem and develop strategies for environmental 

protection, permanent or temporary fishing and angling restrictions may be 

necessary when utilizing artificial reefs (Inger et al., 2009)(Urquhart et al., 2011). 

Fishermen and other marine users are generally unaware of the fisheries and 

ecosystem benefits of artificial reefs and offshore structures as artificial reefs 

(Hooper et al., 2017; Tessier et al., 2015).  

There is a lack of standardization in terms of both the scale and financial outlay 

involved in implementing artificial reefs (Hunter & Sayer, 2009). The design and 

deployment of artificial reefs, as well as their associated costs, can vary significantly 

depending on factors such as the chosen materials, their availability, deployment 

location, and transportation capabilities. Also, sufficient standards for monitoring 

artificial reefs have not yet been created (McLean et al., 2015)(Tessier et al., 2015). 

Further research on developing design and potential benefit including cost and 

physical, biological, ecological monitoring mechanisms are advisable.  

The durability and sustainability of some multi-piece designed artificial reefs are 

intricately linked to the specific environmental conditions of their placement: tidal 

emersion and sediment dynamics (Walles et al., 2016). 

The current state of research on economic and social aspects related to the utilization 

of artificial reefs is limited, thereby resulting in a dearth of outcomes in this domain 

(Tessier et al., 2015)(Lima et al., 2019). 

2.4.5 Cost Aspects 

As stated, there is a vast variation in both the material and design utilized for the 

construction of artificial reefs. As one of the milestones in this regard, the US Navy 

released an estimate for the cost of reefing a ship, which is a major alternative to 

constructing artificial reefs in 2001. The cost range varied greatly, from 46 thousand 

to 2 million US dollars, depending on the size and weight of the ship. The largest 

ship considered for reefing weighed 14,300 tons and was 160 meters in length (Hess 
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et al., 2001). A comprehensive review study of the costs associated with coral reef 

restoration analyzed 335 marine restoration initiatives worldwide. The findings of 

the study indicate that the cost of artificial reefs can vary significantly, ranging from 

4 thousand to 142 million dollars, with a median value of roughly 900 thousand US 

dollars per hectare of area (Bayraktarov et al., 2019). 

2.4.6 Offshore structures as Artificial Reefs 

Offshore structures may act as artificial reef. Several studies focusing on offshore 

wind farms and wave energy foundations revealed the rise in fish production and 

vitality in marine life happened near the structure foundations (de Troch et al., 

2013)(Ashley et al., 2014) (Andersson & ¥hman, 2010)(Wilhelmsson, Malm, et al., 

2006) (DONG Energy et al., 2006)(Langhamer, 2010)(Langhamer & Wilhelmsson, 

2009)(Reubens et al., 2013)(van Elden et al., 2019)(Wright et al., 1998)(Bull & 

Love, 2019)(Stenberg et al., 2015)(Gallaway et al., 2009). In some places, anglers 

appear to favor wind farms due to the benefits of attracting fish (Hooper et al., 2017). 

The coastal structures, including pontoons and pilings, offer a conducive 

environment for the thriving of various fauna(Connell, 2000). Furthermore, offshore 

human-made seafloor structures such as cable routes, wind farms, wires, wells, 

pipelines can become feeding place for large mammals as the structures attract and 

become home of some of the sea creatures(Russell et al., 2014)(Arnould et al., 2015).  

On the other hand, the detrimental impacts to the ecosystem should also be taken 

into considerations. Construction, operation and decommissioning of the structure 

can bring physical disturbance to the live beings, especially large mammals (Gill, 

2005)(DONG Energy et al., 2006)(van Elden et al., 2019). Also biofouling on 

structure material starts a new habitat and in time the ecosystem occur due to bio 

aggregation and organic enrichment. (Degraer et al., 2020)(Langhamer et al., 2009). 

This would reduce life-time of the structure/investment and would increase 

maintenance requirement.   
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Last but not least, instead of decommissioning offshore structures such as wells, 

wind turbines, and masts, which would result in the loss of the ecosystem that has 

developed around the platform over time, innovative approaches should be 

implemented to repurpose these structures as artificial reefs, known as "Rigs-to-

Reef" policies(Kaiser, 2006) (van Elden et al., 2019)(Ajemian et al., 2015). The legal 

framework in order to implement the policies should be drawn(Techera & Chandler, 

2015)(Bull & Love, 2019).    

2.4.7 Environmental and Social Considerations 

The IEA projects significant growth in wind and solar PV electricity generation, with 

a doubling of capacity over the next five years, reaching nearly 20% of global power 

generation by 2027. Solar PV is projected to outpace coal, which is the largest one 

with 31% of all kinds, in installed power capacity by 2027(IEA, 2023).  

2.4.7.1 Recycling 

With approximately 10GW of wind turbines just in Europe scheduled for retirement 

in the next five years and considering the 20 to 30-year lifespan of solar panels, there 

is an urgent need for recycling and sustainable approaches in renewable energy 

infrastructure management(Boġnjakoviĺ et al., 2022)(Fereshtehpour et al., 2021). 

One of the primary principle in designing of floating energy generation system 

should be to prioritize the reuse and recycling of materials, with landfill disposal 

considered as a last resort when no other viable options are available(Topham & 

McMillan, 2017)(Deng et al., 2019). This approach aligns with sustainable practices 

and contributes to climate action efforts (Agnelli et al., 2023).  

When it comes to energy generation modules (PVs and turbines in this work), 

recycling of PV module is known to be still expensive, unprofitable and need further 

collaboration and research(Deng et al., 2019)(DôAdamo et al., 2017)(Deng et al., 

2022)(C. Liu et al., 2020)(Heath et al., 2020). Glass, comprising over 75% of the 
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weight of a PV module, recycling from modules is economically viable in some 

cases, but its limited implementation can be attributed to factors like inadequate 

module volume and technical challenges in pre-processing and recycling (Deng et 

al., 2019). For wind turbines recycling, the steel and other metal materials is known 

to be around 90% recyclable (Elginoz & Bas, 2017). However, composite materials 

utilized in the floating body and blades are complex and difficult to decompose 

(Boġnjakoviĺ et al., 2022)(Topham et al., 2019).  

On the other hand, the commonly used floating platform elements such as HDPE as 

pontoons and galvanized steels are easy to recycle with more than %90 ratio(Sahu et 

al., 2016), contingent upon the selection of appropriate materials for their 

construction. Floating materials can also be manufactured using recycled materials 

(Agnelli et al., 2023)(Chuah et al., 2020).  

Recycling and reusing technologies for composite waste are currently limited and 

mostly in the experimental phase (J. Chen et al., 2019). Additionally, uncertainties 

in the end-of-life strategies for offshore wind projects underscore the need for 

proactive recycling planning before project realization (Topham & McMillan, 2017). 

2.4.7.2 Corrosion 

The corrosion formation is highly dependent on the material used and the feature of 

the water deployed. Deploying offshore solar and wind farms in seawater is 

challenging due to its corrosive nature and the difficulty and expense of maintaining 

offshore structures, especially those far from shore. Developers usually incorporate 

preemptive measures to prevent corrosion and biofouling, employing various 

protective coatings like epoxy-based coatings, polyurethane topcoats, and cathodic 

protection systems (Kirchgeorg et al., 2018)(Farr et al., 2021). The protection 

methods applied in offshores systems can lead to the release of chemical substances, 

encompassing organic compounds such as bisphenol, as well as metals like 

aluminum, zinc, and indium(Price & Figueira, 2017)(Vermeirssen et al., 2017). 
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2.4.7.3 Algae growth and life below water 

It is known that floating solar systems may reduce algae growth due to shading 

impact (Sahu et al., 2016)(Al -Widyan et al., 2021)(SHARMA et al., 2015). This 

approach is considered one of the benefits of floating systems on water reservoirs. 

However, in natural ecosystems such as marine, algae play a crucial role in the food 

chain and oxygen production through photosynthesis. Reducing algae growth in 

these environments can disrupt the ecological balance and harm other organisms 

dependent on algae as a food source. Furthermore, the construction and 

decommissioning activities can induce the suspension and scattering of particles, 

leading to sedimentation that has the potential to diminish the levels of biological 

diversity. On the other hand, elements like the mooring system and the platform itself 

can function as artificial reefs, creating a favorable environment for marine life. 

Further details can be found in artificial reef section. It is also important to mention 

that the actions at operation stage of the study plays crucial role in impacting life 

below water. Maintenance and cleaning elated oil and chemical releases, including 

potential minor to moderate adverse effects on marine resources, can be alleviated 

by implementing preventive measures such as spill prevention protocols (Ferraz de 

Paula & Carmo, 2022b). 

2.4.7.4 Noise 

Anthropogenic noise sources have the potential to displace, physically harm, and 

disrupt the communication, foraging, and interactions of various marine 

organisms(Chang et al., 2018)(Gºtz et al., 2009). While the likelihood of 

physiological damage to mammals due to noise exposure appears relatively low, the 

exact extent remains uncertain (Madsen et al., 2006)(Wahlberg & Westerberg, 

2005)(Popper & Hawkins, 2019). Behavioral responses to operational wind turbine 

noise in marine species seem generally minimal. However, as larger turbines are 
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being deployed, there is a need for more comprehensive studies regarding noise 

effects. 

2.4.7.5 Land Use 

The substantial land requirement for solar power generation poses a particular 

challenge, particularly in small countries (Kumar & JayannaKanchikere, 2018). 

Besides, escalating high land prices in certain areas make the realization of 

renewable energy projects more challenging and increase the overall levelized cost 

of implementation (Goswami et al., 2019). Nevertheless, the adoption of innovative 

measures such as Floating Photovoltaics (FPV), enhanced solar panel efficiency, and 

strategic land use planning can reduce land resource utilization for solar energy 

production while concurrently addressing environmental and land use 

considerations. Land needed for the installation of solar power plants can be utilized 

for alternative purposes like agriculture, tourism, or recreational activities (Kulat et 

al., 2023).  

 The Gap and Bridging with the Thesis 

The current state of research on hybrid floating solar and wind turbines is 

characterized by the presence of conceptual ideas, but practical implementations are 

still at a nascent stage. Numerous aspects warrant thorough investigation before these 

hybrid systems can be considered viable for large-scale deployment. The context of 

T¿rkiye, where neither floating deployments nor offshore implementations have 

been realized, underscores the pioneering nature of this study. 

One distinctive and unprecedented aspect of this study lies in the simultaneous 

exploration of artificial reef implementation alongside floating offshore systems, a 

novel combination that has not been addressed in existing literature. The integration 

of artificial reefs is motivated by the recognition that the deployment of offshore 
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floating systems can have negative environmental impacts, and artificial reefs offer 

a potential solution to mitigate such consequences. Despite being innovative, these 

approaches have not received adequate consideration in the energy studies, with a 

prevailing misconception that innovative implementations entail prohibitively high 

implementation costs. The findings of this study, particularly through the feasibility 

indicators, are aimed to challenge these preconceptions and advocate for the 

advisability of such implementations, providing valuable insights for potential 

investors. 

Additionally, a notable gap in the existing literature pertains to the lack of emphasis 

on the policy aspects of these offshore and floating renewable energy 

implementations, particularly within the Turkish context. While policy works are 

documented, the policy considerations specific to hybrid floating solar and wind 

turbines are underrepresented. The outcomes of this study are expected to address 

this gap and potentially play a pivotal role in shaping future updates to national 

energy plans for T¿rkiye, providing a foundation for informed and strategically 

aligned policies in the realm of renewable energy development. 
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CHAPTER 3  

3 ELECTRICITY PROFILE OF T¦RKĶYE 

This chapter is devoted to provide why understanding T¿rkiye's Electricity Profile is 

essential to assess the potential benefits of a trip-hybrid energy generation system 

and help draw policy recommendation pathway. It also covers the general 

background of electricity mix, energy dependency of the country, organizational 

framework, legislative situation, and road to renewable targets of T¿rkiye including 

net-zero. Moreover, considering energy as a strategic tool, this knowledge is 

fundamental for policymakers to make informed decisions that align with 

sustainability and resilience objectives, ultimately shaping the country's energy 

future. In the light of the information provided in this chapter, T¿rkiyeôs electricity 

portfolio will be analyzed and recommendations for the country's policy makers will 

be put forward together with the results of the trio-hybrid study envisaged in this 

study. 

 Background 

Since the early 2000s, T¿rkiye has undergone significant transformations and 

advancements. First of all, the population of T¿rkiye has surged from 65 million to 

85 million, marking a substantial increase of approximately 30% in around two 

decades (Turkish Statistical Institute - TUIK, 2023). Additionally, T¿rkiye bears the 

distinction of hosting the largest population of refugees, a demographic not included 

in official population statistics (UNHCR, 2023). Furthermore, T¿rkiye has emerged 

as the fourth most sought-after destination for tourists, attracting over 50 million 

visitors in 2022 (TRT News, 2023) Alongside these demographic shifts and 

economic fluctuations, as drawn in Figure 3.1, the nation has exhibited robust 

growth, with an average annual GDP growth rate of 5.4% between 2003 and 2022, 
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bolstered by a burgeoning industrial sector. T¿rkiye's GDP is poised to exceed 1 

trillion U.S. dollars, a significant increase (around five times in 21 years) from its 

value of approximately 200 billion U.S. dollars in 2002(IMF, 2023). Noteworthy 

statistics reflecting this expansion include an automobile stockpile that increased 

from 5 million to 15 million vehicles and a surge in aviation passengers, rising from 

35 million to 200 million(Investment Office, 2023). The combination of rising living 

standards, higher living standards, expending economic activities, and growing 

population indicates a continuous upward trend in electricity demand within the 

country.  

 

Figure 3.1. Long term GDP and Growth Rate values of T¿rkiye(IMF, 2023) 

In light of the aforementioned developments and grow within the country, the 

electricity consumption, which demonstrated an annualized average expansion of 

4.4% from 2000 to 2020, rising from 128 TWH to 306.1 TWh, is anticipated to 

sustain its ascending trend. In the recent publication by the state, it is forecasted by 

Ministry of Energy and Natural Resources, the expansion will continue with 3.5% 

and the consumption will reach to 510.5 TWh in 2035 (Ministry of Energy and 

Natural Resources, 2022b). 
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 Electricity Sources and Energy Dependence 

Energy need of T¿rkiye is %74 dependent on export sources such as coal and naturals 

(Ministry of Foreign Affairs, 2023). The oil and gas reserves have been provided by 

export resources with the rate of 93% and 99% respectively (IEA, 2021).  

Table 3.1 summarizes the electricity installed power and generation from the plants 

(TEĶAķ, 2022a)(TEĶAķ, 2022b). As of 2022, the most electricity generation was 

from coal-like sources including lignite etc. with approximately 35%. It is followed 

by natural gas with 22%. Then hydropower accounts for 21%. The generation from 

other renewables including geothermal, biomass, sun and wind is 22% although the 

recent implementations and incentive mechanisms have increased the installed 

renewable power. So, it can be stated that more than half of the electricity need is 

supplied from export sources as T¿rkiye is so poor in terms of fossil resources. This 

dependency puts T¿rkiyeôs energy security in danger which is especially being 

understood under the circumstances of Russia and Ukraine war and Covid-19 

pandemic.  
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Table 3.1. Annual Electricity generation in T¿rkiye as of December 2022 (TEĶAķ, 

2022a, 2022b) 

Sources 

Number 

Of 

Plants 

Installed 

Power 

(MW)  

Power 

Percent 

(%)  

Production 

(Mwh)  

Production 

Percent 

(%)  

C
o

n
v
e
n

tio
n

a
l 

Asphaltite Coal 1 405 0.4 1,568,243 0.5 

Natural Gas 345 25,345 24.4 71,376,501 21.9 

Fuel Oil 9 252 0.2 1,135,884 0.3 

Imported Coal 16 10,374 10.0 63,167,939 19.4 

Lignite 46 10,192 9.8 45,628,552 14.0 

Diesel 1 1 0.0 2,509,197 0.8 

Stone Coal 4 841 0.8 3,845,722 1.2 

Lng 1 2 0.0 - 0.0 

Nafta 1 5 0.0 - 0.0 

Conventional Total 424 47,417 45.7 189,232,038 58.0 

R
e
n

e
w

a
b

le 

Biomass 384 1,921 1.9 7,937,918 2.4 

Geothermal 63 1,691 1.6 11,079,025 3.4 

Waste Heat 94 388 0.4 955,903 0.3 

Dam - Hepp 141 23.275 22.4 46,697,142 14.3 

Stream - Hepp 610 8,296 8.0 20,055,852 6.2 

Sun 9,353 9,425 9.1 15,119,137 4.6 

Wind 358 11,396 11.0 34,922,306 10.7 

Renewable Total 11,003 56,392 54.3 136,767,283 42.0 

Total 11,427 103,809 100 325,999,321 100 

 

Considering both electricity and heating needs, T¿rkiye has heavily relied on natural 

gas since 80s. T¿rkiye imports most of its natural gas, primarily from Russia, 
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Azerbaijan, Iran, Algeria, Nigeria, and other sources, through long-term contracts 

and spot Liquid Natural Gas (LNG) purchases. Domestic gas production covers only 

less than 1% of demand. However, recent discoveries of natural gas reserves in the 

Black Sea, totaling 540 billion cubic meters, aim to reduce import dependency and 

enhance energy security (Ministry of Energy and Natural Resources, 2023b). 

T¿rkiye's energy dependence extends to other fossil fuels as well. An overwhelming 

93% of its oil sources are imported. In terms of electricity generation sources, as 

stated in Table 3.1, around 20% of electricity is supplied by important coal. Another 

significant source is lignite (an example given in Figure 3.2), which is known to be 

low-quality with drawbacks like low energy content and high sulfur and ash. But 

both have environmental impacts, with lignite being worse in terms of factors like 

fossil fuel depletion and freshwater ecotoxicity, compared to hard coal (Atilgan & 

Azapagic, 2015). 

 

 

Figure 3.2. Lignite Thermal Power Site of Afsin-Elbistan Thermal Power Plant 

Credit: Anatolian Agency  

T¿rkiye has taken significant steps to enhance its energy security, particularly in 

natural gas and oil supply. It has diversified its sources and routes for natural gas 

imports, reducing dependence on Russia and increasing capacity through projects 
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like TurkStream and TANAP. Investments in liquefied natural gas (LNG) and 

underground gas storage have further improved energy security. Additionally, 

T¿rkiye has diversified its oil supply sources and transportation methods (IEA, 

2021). 

As T¿rkiyeôs population and economy continue to grow, there is an increasing 

demand for energy, which can make its economy vulnerable to fluctuations in global 

energy prices. The dependency also jeopardizes the economy as it is the crucial 

reason for the existing current account deficit (Sa­ēk et al., 2020). In order to mitigate 

these risks associated with the dependence, T¿rkiye can reduce its dependence on 

imported fossil fuels by investing in renewable energy production. This strategy not 

only strengthens energy security but also creates new employments. 

 Energy as a Strategic Tool  

It is important to highlight that a country's energy independence plays a pivotal role 

in its economic management and international relations (Scheer, 2012). T¿rkiye's 

geographical location has always been strategically significant throughout its 

history, greatly influencing its foreign policy (Bagci & Anlar, 2009). It shares direct 

borders with both European and Asian countries, and it has maritime boundaries with 

Russia. Additionally, T¿rkiye serves as a land bridge connecting Europe to the 

Middle East and Africa.  

In order to better understand the strategic importance of energy, the case of Russia 

can be an illustrative example. Energy resources play a significant role in shaping 

Russia's foreign policy (Schislyaeva et al., 2022) (Tutar et al., 2022). It is known to 

have a one-sided dependency on energy (Russia is mainly exporter) (Yurtsever, 

2019). One of the recent globally crucial incidents was the Russia-Ukraine war. It 

has sparked energy security concerns in Europe, given Ukraine's role in Russian gas 

transit. Efforts to diversify energy sources, promote renewables, and enhance 

regional energy cooperation have been accelerated in order to reduce reliance on 
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Russian gas (Beyer & Molnar, 2022). Russia leverages its exportable energy 

resources to influence favorable political and economic outcomes, compelling the 

European Union to explore alternative energy sources in response to its increasing 

demand for natural gas (Tutar et al., 2022). 

Even though European countries boast strong economies and have access to 

alternative resource routes like liquefied natural gas (LNG) and established gas 

sources primarily in Northern European nations, the EU remains concerned about its 

dependence on Russian energy. This concern obviously extends to T¿rkiye, which 

shares the unease in the event of any tensions. Consequently, T¿rkiye must 

implement robust, viable, and stable policies to transition from dependence to energy 

independence (Gesley, 2022). 

Despite the aforementioned challenges due to the dependence and geostrategic 

position of the country, T¿rkiye aims to be a pivotal regional energy trading hub, 

thanks to its strategic location at the crossroads of major producers and its 

neighborhood around 60% of the oil and natural gas reserves of the world (IEA, 

2021) (Ministry of Foreign Affairs, 2023). The ambitious on the recent international 

oil and gas pipelines passing through T¿rkiye reflects the aim. Along with the desire 

to become an energy center, T¿rkiye is not currently regarded as one due to its 

dependence on external energy sources. Rather, T¿rkiye can be considered an energy 

transit corridor. As an example, approximately 3% of global oil resource traverses 

the Turkish Straits. Nonetheless, the future initiatives outlined in the national plan 

have the potential to elevate T¿rkiye to this status (Yilmaz-Bozkus, 2019) (Akyener 

& Apaydin, 2016). 

 Energy Policy 

The energy policy of T¿rkiye covers liberalizing its electricity market, aiming to 

reduce import dependency and enhance electricity supply security by mobilizing 

domestic energy sources (Gºzen, 2014)(Dolunay, 2020). The domestic electricity 
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mostly refers the renewable interventions. However, the oil and natural gas 

exploration works as well as introducing nuclear to the electricity mix should not be 

ignored. Taking into account the preceding context regarding T¿rkiye's electricity 

situation, the nation's overarching priorities revolve around reducing energy 

dependency and introducing nuclear energy into its energy portfolio (Ministry of 

Energy and Natural Resources, 2023a). 

The first aspect of addressing energy dependency entails augmenting local electricity 

generation. While progress has been made in enhancing fossil fuel-related sources, 

notably with the recent discovery of natural gas reserves (see Figure 3.3) in the Black 

Sea region(Ministry of Energy and Natural Resources, 2023a), it remains insufficient 

to satisfy T¿rkiye's long-term energy demands.  

 

Figure 3.3. Fatih Drillship finding the natural gas from Blacksea (Photo Credit: 

Anatolian Agency) 

Furthermore, there is a plan to expand coal usage for electricity generation; however, 

the national strategy seeks to diminish coal's contribution to overall generation, 

targeting a reduction from 34.5% in 2020 to 21.4% by 2035 (Ministry of Energy and 

Natural Resources, 2022b). Consequently, coal is deemed a less favorable element 

in the energy mix. A more appealing alternative lies in augmenting renewable energy 
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capacity, characterized by its cleanliness and local availability. The installed 

capacity, which stood at 95.9 GW in 2020, is anticipated to surge to 189.7 GW by 

2035. Alongside this growth, the share of renewable energy sources in the total 

installed capacity, which was 52.0% in 2020, is projected to reach 64.7% by 2035. 

This expansion will notably involve a quintupling of solar capacity and a tripling of 

wind capacity, resulting in 52.9 GW and 29.6 GW, respectively (Ministry of Energy 

and Natural Resources, 2022b). 

The second focal objective is the integration of nuclear energy into T¿rkiye's energy 

mix, a component currently absent from the equation. The much-anticipated Akkuyu 

Nuclear Power Plant is currently under construction as seen in Figure 3.4 and is 

slated to commence electricity generation around mid-2024 . This inclusion is 

expected to enhance diversification by increasing localized energy production, 

further reinforcing T¿rkiye's energy security and reducing dependency on external 

sources(Directorate of Communications, 2023). 

 

Figure 3.4. Mersin Akkuyu Nuclear Power Plant Construction Site (Photo Credit: 

Mersin Governship) 

T¿rkiye's Intended Nationally Determined Contribution (INDC) outlines its goal to 

reduce greenhouse gas (GHG) emissions by approximately 21 percent compared to 
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a Business as Usual (BaU) scenario by 2030, signifying its commitment to mitigate 

climate change through significant emission reductions(Ministry of Environment 

and Urbanization, 2015). This commitment entails implementing various measures 

and policies to achieve this target, including transitioning to cleaner energy sources 

and improving energy efficiency; the new renewable targets and decisive practices 

are inevitable(Ari & Yikmaz, 2019). Alongside the integration of renewable energy 

sources, the inclusion of nuclear power in T¿rkiye's energy mix can play a crucial 

role in achieving its emission reduction targets(Sahin & Esen, 2022). Increasing 

technological advancements along with energy efficiency implementation works 

would be also providing desirable results to enhance environmental quality while 

reducing emissions(Y. Xu et al., 2022).  

T¿rkiye calls for substantial investments, including plans to attract private sector 

financing, increase renewable energy capacity, and welcome foreign investments, 

particularly in the energy sector, as foreign direct investment plays a vital role in 

T¿rkiye's economic and social development, with significant recent inflows into the 

mining and energy sectors(Yousefi-Sahzabi et al., 2017). 

 Organizational Framework and Legislation for Renewable  

From an organizational standpoint, the Turkish Electricity Authority (TEK) held sole 

responsibility for electricity generation, transmission, and distribution until 1994. 

Subsequently, it underwent a division into two major entities: the Turkish Electricity 

Distribution Corporation (TEDAķ) and the Turkish Electricity Generation 

Transmission Corporation (TEAķ). Later, in 2001, TEAķ underwent further 

restructuring, giving rise to state-owned enterprises such as the Turkish Electricity 

Transmission Corporation (TEĶAķ), the Electricity Generation Corporation (E¦Aķ), 

and the Turkish Electricity Trade and Contracting Corporation (TETAķ). During the 

period spanning 2004 to 2013, the privatization of TEDAS's regional distribution 

operations resulted in the establishment of 21 distinct private distribution companies. 

In 2013, Energy Markets Operation Joint Stock Company has been decided to be 
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established. The private company was established in 2015. This strategic move was 

aimed at fostering investor confidence, streamlining future privatization efforts, and 

expanding capacity while upholding regional oversight through TEDAķ(Dolunay, 

2020)(Gºzen, 2014).   

In 2001, T¿rkiye embarked on a significant transformation in its electricity sector, 

aimed at liberalizing and aligning with EU standards. The Electricity Market Law, 

implemented that year, was a pivotal step, opening the electricity market to 

competition. An independent regulatory agency, Energy Market Regulatory 

Authority (EMRA), was established with Law No. 4628 to oversee the competitive 

market. EMRA regulates and licenses the electricity, natural gas, and downstream 

petroleum and LPG market and issues tariffs(EMRA, 2023). Over time, legislative 

changes, including Law No. 6446, framed the market's operation. The initial goals 

were to unbundle market activities, privatize state-owned enterprises, and create a 

competitive electricity market (Yousefi-Sahzabi et al., 2017)(Gºzen, 2014). After 

the privatization initiatives, the private sector holds 84% of total energy generated in 

T¿rkiye as of 2021(Ministry of Energy and Natural Resources, 2023a). 

The legislation for renewable energy in T¿rkiye has been established through the 

Electric Energy from Renewable Energy Sources Law (No. 5346) on the Utiliztion 

for Production Purposes (Referred usually YEK) in 2005, with subsequent 

regulations (amended many times) and management falling under the Law on YEK.  

A new amendment established in 2010 started Renewable Energy Support 

Mechanism (Referred as YEKDEM) added to the YEK. YEKDEM, which 

encompasses pricing, timeframes, quantities, and guidelines for compensating those 

engaged in renewable energy-based production activities. This mechanism is mostly 

covering the feed-in tariffs and guarantees a fixed price rate in order to attract the 

investors. 

A Regulation on Renewable Energy Resource Areas (referred YEKA) was 

established in 2016. It aims to create large-scale renewable energy resource zones on 

various types of properties, both public and private, facilitating the efficient use of 
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renewable energy resources. The regulation also outlines the processes for 

determining these areas, granting connection capacity, and conducting competitions 

to allocate these zones, as well as the licensing and electricity sales procedures for 

power generation facilities within these areas. 

 

Figure 3.5. Schematic Overview of Electricity Authirization of T¿rkiye 

The Electricity Market License Regulation published in the Official Gazette Issue 

28809 in 2013, aims to define the rules and responsibilities for pre-licensing and 

licensing in the electricity market, including the rights and duties of pre-license and 

license holders. This regulation outlines the requirements for participation in the 

electricity market, procedures for obtaining licenses, and the obligations of legal 

entities holding these licenses. 

The Electricity Market Law, designated as Law No. 6446, has been established since 

2013. Its primary objective is to create a financially stable and competitive electricity 

market, overseeing all aspects of electricity generation, distribution, sales, and 

market operations while ensuring independent regulation and audit. 

The most obvious and attractive incentive mechanism can be counted as feed-in 

tariffs that stabilize the investment for long term. T¿rkiye also initially utilized US 

dollars instead of Turkish liras due to instability of the lira currency. There are also 
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several tax incentives provided by the government for renewable investors. It covers 

several kind of exemptions (Gokkoyun, 2022) 

 Several institutions including Ministry of Agriculture and Forestry, Ministry of 

Industry and Technology, public banks, IPARD-TKDK have implemented several 

incentives in order to support renewable energy installations (Ziraat Bank, 2023) 

(TKDK, 2023) 

The transmission system operator of T¿rkiye, Turkish Electricity Transmission 

Corporation (TEĶAķ), which is state-owned, holds observer membership in the 

European Network of Transmission System Operators (ENTSO-E) and boasts of a 

highly integrated transmission system with neighboring countries(ENTSO-E, 

2022a). The interconnections with neighboring countries as transmission lines can 

be seen in Figure 3.6. 

 

Figure 3.6. Turkish inner transmission lines and interconnections with neighboring 

countries (ENTSO-E, 2022a) 

 Road to Renewables on Water  

Renewable energy is a key solution to achieving the aforementioned T¿rkeyôs goals, 

but it requires financial support and purchase obligations to compete with traditional 

energy sources like coal and natural gas (Gºzen, 2014).  
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Offshore locations compared to land areas, with their potential for higher wind 

speeds, are at the forefront of the rapidly growing offshore wind energy sector. These 

locations can significantly increase full-load operational time, depending on more 

available abundant resources (D²az & Guedes Soares, 2020)(Enevoldsen & 

Jacobson, 2021). Overall, the followings can be listed as the benefits of growing 

offshore wind generations (Rathod et al., 2021)(Enevoldsen & Jacobson, 2021) (Sun 

et al., 2012) (Taoufik & Fekri, 2021)(Y. Wu et al., 2018)(Y. Chen et al., 2022).0a 

¶ Abundant wind resources  

¶ Flat surface and stable wind 

¶ Enabling the use of larger-capacity turbines  

¶ Proximity to consumption centers 

¶ No competition on land 

Offshore wind generation loading is on the rise especially in Europe (UK and 

Germany is leading), benefiting from larger and more efficient turbines due to fewer 

restrictions (IEA, 2018)(Soares-Ramos et al., 2020). The potential for offshore wind 

is massive and poised for significant growth. In addition to wind, various marine 

technologies, including tidal power, wave energy, OTEC, and offshore floating solar 

face challenges in competing with the cost-effectiveness of offshore wind (IEA, 

2018). 

The National Plan of T¿rkiye indicates that the total installed wind power capacity 

is projected to reach 29.6 GW, with 24.6 GW being onshore and 5 GW being 

offshore by 2035(Ministry of Energy and Natural Resources, 2022b). It reflects hot 

the country is determinant on putting the offshore wind in electricity mix. Although 

the early offshore wind attempts by the Ministry has not yet achieved a successful 

conclusion in 2018, new developments in the sector have been accelerated from that 

year. In order to reach a successful realization, T¿rkiye has been working with 

experienced renewable energy institutions and international organizations to create 

a fresh legal and technical framework. A significant collaboration involves the 

Ministry partnering with the Danish Energy Agency (DEA) in 2019 (Trade Council 
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of Denmark, 2021). The DEA shares insights such as tendering, licensing processes 

and financial frameworks. Since then, the ministry has engaged in collaborations 

with both the World Bank and the European Bank for Reconstruction and 

Development (EBRD) to explore possibilities related to potential identification, 

mapping, and the design of roadmaps(World Bank Group, 2023). Environmental and 

social analyses along with technical, economic and financial feasibility analyses of 

the prospective project supported by World Bank under the European Union 

Instrument for Pre-accession Assistance (IPA) has already been tendered by the 

Ministry (Y¿ksel, 2023). The Ministry also announced that four offshore wind power 

locations in Bandērma, Bozcaada, Gelibolu, and Karabiga (seen in Figure 3.7) have 

been identified as potential Renewable Energy Resource Areas (YEKA) candidates 

(Ministry of Energy and Natural Resources, 2023c). 

 

Figure 3.7. Prospective Wind Power Plant Locations (Ministry of Energy and 

Natural Resources, 2023c) 

The F system, relatively newer than offshore wind implementations, is an emerging 

utilization PV technology (World Bank Group et al., 2019). Floating photovoltaics 

is referred mostly FPV or floatovoltaics in the literature. The FPVs is generally found 

superior compered to ground-mountud systems except design considerations and 
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environmental and social long-term uncertainties(Jin et al., 2023). The followings 

can be listed as the benefits of FPVs(Ueda et al., 2008)(H. Liu et al., 

2018)(Dºrenkªmper et al., 2021)(L. Liu et al., 2017)(Bontempo Scavo et al., 2021): 

¶ Evaporation reduction 

¶ More efficiency due to cooling effect 

¶ Almost zero land loss 

¶ Water quality contributions 

The FPV deployment usually refers to installation on inland water reservoirs (World 

Bank Group et al., 2019). However, it is expected that the island countries  (Malta, 

Maldives, Singapore etc.) or the countries (Netherlands, UAE, Qatar etc.) where the 

land is scarce will utilize the emerging renewable technology (S. Z. Golroodbari et 

al., 2023). Also, it is highly likely to expect that the FPV would be a good alternative 

for coastal cities.  

The potential of floating solar system is incredible. There are several studies focusing 

on the potential assessment of FPVs. One stunning study indicates that covering 10% 

of inland HEPP reservoirs would provide more generation than existing HEPPs 

(Almeida et al., 2022). There are studies in the literature indicating floating solar 

potential of the country. A study regarding T¿rkiye suggests that covering 10% of 

suitable water reservoir surfaces with FPV could generate 125 TWh of electricity, 

meeting 41% of the country's current annual demand and reducing energy 

dependency (Kulat et al., 2023).  
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Figure 3.8. FPV's potential electricity generation when 10% of inland reservoirs are 

covered (Kulat et al., 2023). 

While the national plan includes provisions for onshore wind power installations, it 

does not distinguish the utilization of floating or offshore solar projects from overall 

solar installations, despite the expected significant potential for solar energy 

contribution (Ministry of Energy and Natural Resources, 2022b).  

When it comes to the implementation of floating solar energy and FPV, T¿rkiye 

started a legislation indicating hybrid electricity generation from both solar and 

hydropower. The floating solar plant was first named in a new amendment of 

Electricity Market Licence Regulation in 2020 (Official Gazzette, 2013) (Official 

Gazzette, 2020). In the regulation, floating solar plant is referred as ñElectricity 

generation units based on solar energy installed on water surfaces within the scope 

of hydroelectric power generation facilities with reservoirs or regulatorsò. The solar 

power generation from solar panels placed onto water is referred for only inland and 

manmade water resources.  The main purpose of this regulation was to reduce the 

losses of hydroelectricity producers due to electricity generation caused by drought, 

etc. The electricity generated from floating PVs was planned to be at the same tariff 

as hydroelectricity. Although the regulation entered into force in 2020, no 
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commercial installation has been realized due to the design concerns of the 

companies in the FPV system and the inadequacy of electricity purchase prices 

against investment costs.  

Although currently no commercial establishments regarding floating PV, T¿rkiye is 

attempting new installations. T¿rkiye has initiated research-focused projects 

featuring relatively small-scale installations of Floating Photovoltaic (FPV) systems, 

with notable research implementations in Lake B¿y¿k­ekmece in Istanbul and a dam 

along the Azmak River in Mersin (Bulut & Muratoglu, 2018a).  

The first commercial implementation was tendered by ASKĶ (Ankara Water and 

Sewerage Administration) in October 2022. However, the project has still not been 

realized due to permit and environmental requirement uncertainties. The site is at 

Bayēndēr Dam. The institutions have not granted permits yet (2023 October) (ASKI, 

2022).  

On the other hand, The Ministry of Agriculture and Forestry has currently 

established a new commission in order to investigate the environmental effects and 

management mechanism of Floating PVs in serving as an alternative energy source 

(Ministry of Agriculture and Forestry, 2023). In this regard, the General Directorate 

of State Hydraulic Works tendered a 1MW floating PV installation named ñKuzova 

Pumped Irrigation Floating PV Construction (1MW) Construction Workò on 

September 12th, 2023. The site located on Keban Dam, Elazēĵ. The work includes 

the environmental monitoring and evaluation studies collaborated with universities 

and other institutions such as Directorate General of Fisheries and Aquaculture (DSI, 

2023).  
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CHAPTER 4  

4 STUDY AREA 

Site selection is critical for energy projects as it directly impacts resource utilization, 

technical feasibility, and overall project efficiency. A well-chosen site optimizes 

energy generation, minimizes environmental and social impacts, and ensures 

compliance with regulatory standards. For floating solar site selection, a study 

regarding preliminary guidance for prioritizing potential alternatives for floating PV 

site selection on dams developed a ten criteria (Gºkmener et al., 2023): 

1. solar irradiation,  

2. annual sunshine hours,  

3. average temperature,  

4. topographic elevation,  

5. water depth, 

6. distance to settlements,  

7. distance to grid connections,  

8. local average wind speed,  

9. impacts on regional development,  

10. social acceptance.  

More criteria may be added for floating solar power on water resevoirs such as; 

protected areas (such as ramsar sites) to be deducted, minimum reveservoir area 

(Kulat et al., 2023). For the offshore generation system, the site selection is more 

complicated as more criteria should be involved in the selection process such as ports 

and shipping routes (logistics), aquaculture zones, distance from shore, military 

exercise areas, conversation areas, ramsar sites, offshore cable/pipeline routes, 

marine water quality, pathway of migratory (Kim et al., 2016) (B. Wu et al., 2018) 

(Vagiona et al., 2022).  
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The purpose of this study is to conduct a case study on a site that has previously been 

on the agenda or has been studied in the field of underwater reefs and offshore 

studies, rather than developing a direct application and developing a special project. 

For a study to be implemented directly, a study should be carried out in line with the 

above-mentioned criteria and a detailed technical and economic feasibility study is 

carried out by taking very clear data from the field. 

 Why ¢anakkale? 

A study for offshore wind turbines in ¢anakkale has been on the agenda for many 

years. Ministry of Energy and Natural Resources of T¿rkiye has been working for 

over 10 years to realize a project especially in the ¢anakkale region. ¢anakkaleôs 

offshore regions has been selected as a pilot region for new offshore applications. In 

fact, in 2018, a tender was held for the installation of 1.2 GW offshore ¢anakkale, 

but since no bid received for the tender and the project was deemed risky in general, 

the ministry is commissioning a new study (Rural Development Program (IPARD) 

of EU, 2020). (Details on this issue will be explained in other sections.). Also two 

offshore sites of ¢anakkale (total is four in T¿rkiye now) have been determined as 

Renewable Energy Resource Areas in order to develop offshore wind 

implementations (Ministry of Energy and Natural Resources, 2023c). Another issue 

is the underwater ecosystem situation. It has been proven by photographs taken 

during dives and academic studies conducted that the ¢anakkale Sea and the 

bosphorous is very suitable for artificial reef applications and its possible 

contributions to the underwater ecosystem and fisher (¥zalp, 2009). The artificial  

reef benefits in that region have also been observed by fisheries (Akay, 2018). 
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Figure 4.1. A healthy colony of Cladocora caespitosa in the site (Credit: ¥zalp and 

Akinoglu 2019) 

The proximity of ¢anakkale to major cities such as Istanbul, Izmir, and Bursa 

provides a significant advantage. These cities have high energy demands, and being 

in close proximity reduces transmission losses and enhances the efficiency of energy 

distribution. The proximity of ¢anakkale to these urban centers reduces the need for 

extensive transmission infrastructure. ¢anakkale is also located onto natural gas 

transit lines that transfer natural gas from Ķran and Azerbaijan to Europe. The lines 

includes several pumping station and electricity requirement naturally. The strategic 

position provides opportunities for exporting surplus electricity to European 

markets, T¿rkiye is holding membership in the European Network of Transmission 

System Operators (ENTSO-E, 2022a), fostering green energy trade, and 

strengthening integration and economic cooperation.  

However for an on-grid system implementations the capacities on the transmission 

line and transformer distribution center for integration of a new generation should be 

taken into account. Negotiations should continue with TEĶAķ and the Regional 

Distribution Company, which grant permission and conformity for connection. In 

this study, it is assumed that there is sufficient capacity for connections. 
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Figure 4.2. Gas and oil pipelines passing through T¿rkiye(BOTAS, 2023). 

Furthermore, the west coast of ¢anakkale stands out as a less touristic region 

compared to other parts of T¿rkiye. This characteristic offers advantages for 

electricity and artificial implementation, as it minimizes conflicts related to land use 

and helps protect natural habitats. The relatively lower population density also 

reduces potential concerns associated with public and private sector (such as hotels) 

opposition to energy infrastructure projects. In fact, the touristic diving tours may be 

attractive after the realization (Hooper et al., 2017)(Ditton et al., 2002).  

Last but not least, the west coast of Canakkale is renowned for its favorable wind 

conditions, making it prone to having abundant wind resources. The Figure 4.3 

ilustrates that the wind speed characteristic makes the region highly suitable for wind 

energy projects. If a tri-hybrid system (including wind turbine, floating platform, 

solar panels and artificial reef) is established and remains functional on the coast of 

Canakkale, it signifies the resilience and reliability of the entire system. Namely, the 

proposed system can be a reliable model for everywhere of T¿rkiye.  
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Figure 4.3. Wind speed map by Ministry of Energy and Natural Resource 

All the site related variables (wind speed, radiation, wave speed etc.) have been 

received based upon the aforementioned coordinates.  

In summary, the the following reasons may be counted as ¢anakkale is one of the 

ideal sites for the trio-hybrid offshore generation system: 

1) Offshore Wind Turbine Initiative Experiences: Ministry of Energy and 

Natural Resources working for over 10 years on offshore wind turbine 

projects in ¢anakkale. Two offshore sites in ¢anakkale designated as 

Renewable Energy Resource Areas for offshore wind development (Ministry 

of Energy and Natural Resources, 2023c) (Rural Development Program 

(IPARD) of EU, 2020). 

2) Favorable Wind Conditions: Renowned for favorable wind conditions, 

making it ideal for wind energy projects. Wind speed map by Ministry of 

Energy and Natural Resources illustrates the region's suitability (see Figure 

4.3). 

3) Underwater Ecosystem Potential: ¢anakkale Sea and the Bosphorus suitable 

for artificial reef applications, benefiting the underwater ecosystem and 

fishery (¥zalp, 2009) (Akay, 2018). 

4) Proximity to Major Cities: ¢anakkaleôs proximity to major cities like 

Istanbul, Izmir, and Bursa, which have high energy demand, is advantageous. 
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5) Export Opportunities: Strategic position provides opportunities to export 

surplus electricity to European markets. T¿rkiye's membership in the 

European Network of Transmission System Operators fosters green energy 

trade and economic cooperation (ENTSO-E, 2022a). 

6) Less Touristic and Populated Coast: West coast of ¢anakkale is less touristic, 

minimizing land and sea use conflicts and protecting natural habitats. Lower 

population density reduces concerns related to public and private sector 

opposition. 

7) Touristic Diving Opportunities and Potential Economic Contributions: After 

realization, touristic diving tours may become attractive, contributing to the 

local economy (Hooper et al., 2017)(Ditton et al., 2002).. 

 Selected Location 

The west coast of ¢anakkale, situated in northwestern T¿rkiye, may present a 

favorable location for such a project due to its advantageous characteristics listed 

above. When the Nautical Chart in the Figure 4.4, maritime traffic drawings and 

previous underwater studies were analyzed, the following criteria were taken into 

consideration in the study area seen in Figure 4.5. The coordinates selected are 

39Á57'59.31"N, 26Á8'39.35"E. The location is approximately 2 km far from the 

coast and the closest coast as can be seen in the Figure 4.5  is consisting of 

agricultural farmland. The 2 km was chosen to prevent both interventions from the 

coast and activities on the coast. As the distance increases, it is obvious that the costs 

related to cabling and maintanence etc. will increase. The platform is designed for 

an installation at a depth of around 25m, as deeper depths may pose stability issues 

and diminish the artificial reef's potential benefits for the seafloor ecosystem due to 

reduced sunlight penetration. These makes the place more favorable for a project 

realization compared to more touristic or urban coastal areas of T¿rkiye. In 

summary: 

¶ Location selection 2 km from the coast  
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¶ Avoidance of the strait waterway boundary 

¶ Flat seabed as much as possible (averagely 25m water depth) 

¶ Dune substrate for artificial reef development  

¶ Avoiding the borders of the historic Turuva National Park 

 

Figure 4.4. Nautical Chart for West Agean (TR011-¢anakkale ï Baba Burnu) 
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Figure 4.5. Selected site region and the coordinates (Google Maps and Earth utilized) 

The aforementioned are the potential advantages considered for selecting a site. 

However, for the complete implementation of a project, additional factors must be 

considered, including: 

¶ Ensuring connectivity within the Electricity Distribution System: Suitability 

of transmission lines. 

¶ Providing adequate space for loading transformers  

¶ Addressing and resolving any bureaucratic challenges. 

¶ Conducting a more detailed analysis of seafloor bathymetry to achieve 

sharper precision. 

¶ Seeking opinions from relevant institutions such as the Military, General 

Directorate of Maritime Affairs, Coast Guard, General Directorate of 

Fisheries and Aquaculture, etc. 

¶ Investigating whether the site intersects with the migratory bird pathway. 
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In summary, this thesis seeks to undertake a case study on a site identified as 

advantageous rather than implementing a specific project outright, as previously 

mentioned. It is hoped that the data collected at the end of the study can provide us 

with a perspective and give ideas of the feasibility and applicability of the work. To 

proceed with direct implementation (a real life application), the study must adhere 

to specified criteria, necessitating a comprehensive technical and economic 

feasibility analysis based on meticulously gathered field data. 
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CHAPTER 5  

5 MATERIALS AND METHODS  

This chapter provides an explanation of the materials and methods utilized that were 

meticulously selected for the research presented in the thesis. As stated in the Thesis 

Objectives section, the aims of the study have been categorized into four primary 

themes: Electricity, Platform, Environment, and Policy. The first three themes are 

covered in the materials and methods section. The Policy theme is discussed in the 

Results and Discussion section while building upon the overall first three themes.  

The materials and methods developed in the chapter will be implemented on a case 

study. The proposed case study (the-trio-hybrid system) seeks to develop a prototype 

with a capacity of around 1MW, envisioning that the findings of the study will serve 

as a template for future installations. The site selected for this thesis is Aegean coast 

of ¢anakkale T¿rkiye. The Study Area section provides comprehensive explanation 

why that place was selected.  

 Electricity  

The present thesis necessitates the identification and development of two distinct 

electricity generator components: Solar Panels and Wind Turbines. The recent 

advancements in solar panel and wind turbine technologies have spurred the 

production and commercialization of electricity generation modules by various 

companies. Within the context of this thesis, accessible and widely recognized 

products were selected. 

Overall, in the electricity section of the Materials and Methods chapter, the criteria 

ensuring electricity generation are outlined below: 
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¶ Selection and specifications of solar panels 

¶ Selection and specifications of wind turbines 

¶ Approximate design of the electricity generation system  

¶ A module for electricity production 

¶ A final system combination of the modules 

¶ Explanation of how electricity production calculations from solar and wind 

sources are conducted, including relevant formulas. 

5.1.1 Solar Panel Selection 

One of the objectives of the thesis is to make use of cutting-edge technologies that 

have been developed recently. Considering solar panel selection, half-cut technology 

is a new solar cell design increasing panel efficiency and resistance reduces resistive 

losses and shading effects, and results in improved power output and temperature 

coefficient (Joshi et al., 2019) Also, bifacial solar panels, capable of generating 

electricity from both front and rear surfaces, therefore generating more electricity are 

an emerging technology.(Lo et al., 2015). While the front side operates 

conventionally by directly facing the sun, the rear side takes advantage of reflected 

sunlight from surfaces like the ground. This is known as the albedo effect, enhances 

energy efficiency, especially when installed over reflective surfaces. The adoption 

of the aforementioned technologies is expected to enhance efficiency and increase 

yield.  

The application of bifacial technology, in particular, allows for greater penetration 

of sunlight through solar panels and into bodies of water, thereby supporting life 

forms that exist beneath aquatic environments. Given this, the possible artificial reef 

implementation would provide more successful outcome. 

Overall, the choice of solar panel was based on several key criteria, including: 

¶ Selection of a well-known brand available in the market 
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¶ A product that has undergone various quality tests (especially corrosion 

under humidity) 

¶ High-efficiency operation 

¶ Opting for the latest advanced technology 

¶ Ensuring bifacial features for effective sunlight transmission. 

 

Figure 5.1. Bifacial Solar Panels allowing sunlight penetration (Source: WoodMac 

website) 

As a result, LG Neon H Bifacial Solar Panel ï 440W (product code: LG440N2W-

E6), having the half-cut and bifacial features, was selected as seen in Figure 5.2 

(LG Electronics, 2022). The panel has passed several qualification tests in terms of 

output, fire and corrosion. The producer company also provides 25-year warranty 

for the product and relatively high output. A full detail for the specifications of the 

panel can be found in appendices. The 

Table 5.1 summarizes the features of the panel selected. 

 

Table 5.1. Fundemental features of selected Panel: LG Neon H Bifacial (LG 

Electronics, 2022) 

Cell Properties (Material/Type) Monocrystalline/N-type 

Cell Maker LG 

Cell Confi guration 144 Cells (6 x 24) 

Module Dimensions (L x W x H) 2,110 x 1,042 x 40 mm 

Weight 22kg 
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Frame (Material) Anodized Aluminium 

Connector (Type/Maker) MC 4/MC 

Product Warranty 25 Years 

Solar Module Output Warranty 

First yr: 98.4%,After 1st yr : -0.35 

%/yr, 3) 90.4%for 25 yrs 

Maximum Power (Pmax) [W] 440 

  

Figure 5.2. LG440N2W-E6 solar panel (LG Electronics, 2022) 

 

5.1.2 Turbine Selection 

The selection of wind turbines for offshore deployment is a critical consideration, 

and various factors such as capacity, efficiency, and accessibility must be taken into 

account. It isessential to to ensure stability in adverse weather conditions. Also, 

highly efficient and easily accessible turbines are more desirable.  

In summary, the wind turbine selection criteria included: 

¶ Small-sized and modular wind turbines (Explaining in the following sections 

for stabilization requirements) 
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¶ a commercially available product 

¶ High-efficiency operation 

¶ Selecting a wind turbine resistant to extreme weather conditions and passing 

relevant quality tests 

To this end, the study utilized small and multiple turbines, with the Britwind H15 

Class II - 16kW turbine being selected as one of the optimal choice(Britwind, 

2023). The 

Table 5.2 summarizes the features of the wind turbine selected. 

 

Table 5.2. Fundemental features of the selected wind turbine: Britwind H15- Class 

II (Britwind, 2023) 

Architecture Upwind, 3 bladed rotor, self regulating 

Design Longevity 20 years design life 

Design Temperature Range -20ÁC to +50ÁC 

Design maximum wind 

conditions 

60m/s gust 

8.5m/s AMWS 

Rotor 

Diameter: 10.4m 

Speed: 100rpm nominal 

Tower height 14.5m 

Noise 

Measured sound power at 8m/s at hub height: 88.6dB 

Declared sound power at 8m/s at hub height: 89.9dB 

Maximum Power 

16kW (600 second average) 

20kW (1 second average) ï 3 phase* 

17kW (1 second average) ï 1 phase* 

*The peak export power can be capped to a lower value 

if required. 



 

 

86 

Reference Power (11m/s @ 

hub height) 

14.5kW ï 3 phase 

14.5kW ï 1 phase 

Cost 22,051 USD 

Warranty 2 years 

 

Figure 5.3. Geometrical view of  the selected turbine (Britwind, 2023) 



 

 

87 

 

Figure 5.4. Installation of the selected Turbine (Britwind, 2023) 

 

5.1.3 Electricity System Design 

One of the primary objectives of this thesis is to propose a modular design trio-hybrid 

electricity generation plant that can be easily expanded by increasing the amount of 

material used. The proposed design is intended to provide a prototype with a capacity 

of roughly 1MW, so that the outcome of the study can be used as a model for future 

installations. 

A module of an approximate square shape will be utilized, with each corner hosting 

a wind turbine and the central area placed by rows of solar panels. Based on the 

preliminary design; 1 module includes 236 Panels and each corner has a single 

turbine. Total Solar Power of a module is 103,840 W. 10Á tilt angle as recommended 

for floating solar implementation (Ravichandran et al., 2021) s. The distances 

between two panels were selected to be 10 cm for maintenance and needs for 
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movement gaps minimizing stresses on the panels. The distance between two rows 

including walkway is selected to be 40 cm, which is advisable for maintenance and 

cleaning of panel requirements. The plan view as seen in Figure 5.5 covers the 

dimensions of a module. The Figure 5.6 and Figure 5.7 presents the details for the 

design.  

Table 5.3. Dimensional and technical features of a module designed 

Solar power installed 103,840 W 

Wind power installed 64,000 W 

Number of panels at a 

module 

236 

Number of Wind Turbines 4 

Module dimensions 32,66m x 34,124m 

Walkway widths 40cm at inner rows and 3m at outer edges where 

turbines are located 

Distance between two 

panels 

10cm 

Selected tilt angle  10Á (Ravichandran et al., 2021) 
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Figure 5.5. Plan view of a module 

 

Figure 5.6.Section view of panels (side view) 

 

Figure 5.7. Front view of panels 

In order to convert DC electricity produced by solar cells, an inverter need to be 

utilized. For the purpose of accessibility and applicability, one of the most used 

inverters in the market was chosen. Considering the module size; a Huawei 
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SUN2000-100KTL-M with a capacity of 100kW (can expand toward 110kW) solar 

panel was utilized (Huawei, 2022). Inverters are located at inner corners in protective 

boxes that protect the device from water interactions. The humidity resistance is also 

another important feature which the inverter should have it. The technical 

specification of the inverter can be seen below in Table 5.4. 

Table 5.4. Technical specificatons of the inverter (Huawei, 2022) 

Technical Specification SUN2000-100KTL-M1 

Max. efficiency 98.8% @480 V, 98.6% @380 V / 400 V 

Max. Input Voltage 1,100 V 

Max. Current per MPPT 26 A 

Max. Short Circuit Current per 

MPPT 
40 A 

Start Voltage & MPPT Opr. Voltage 

Range 
200 V & 200 V ~ 1,000 V 

Nominal Input Voltage 
720 V @480 Vac, 600 V @400 Vac, 570 V 

@380 Vac 

Nominal AC Active Power 100,000 W 

Max. AC Apparent Power 110,000 VA 

Max. AC Active Power (cosű=1) 110,000 W 

Nominal Output Voltage 480 V/ 400 V/ 380 V, 3W+(N)+PE 

Rated AC Grid Frequency 50 Hz / 60 Hz 

Nominal Output Current 
120.3 A @480 V, 144.4 A @400 V, 152.0 A 

@380 V 

Max. Output Current 
133.7 A @480 V, 160.4 A @400 V, 168.8 A 

@380 V 

Display 
LED indicators; WLAN adaptor + 

FusionSolar APP 

Monitoring BUS (MBUS) Yes (isolation transformer required) 

Dimensions (W x H x D) 1,035 x 700 x 365 mm 

Weight (with mounting plate) 90 kg 

Operating Temperature Range -25ÁC ~ 60ÁC 

Cooling Method Smart Air Cooling 

Max. Operating Altitude without 

Derating 
4,000 m 

Relative Humidity 0 ~ 100% 

DC Connector Staubli MC4 

AC Connector Waterproof Connector + OT/DT Terminal 

Protection Degree IP66 
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Cabling of solar panels were designed to be going beneath solar panel rows toward 

invertors. Then from the inverters, the AC cables reach to the transmission line 

toward the electrical scheme. It is important to note that all the cables either had 

submersible feature or utilized with waterproof cover.  

 

Figure 5.8. Plan view of final system and a closer look 

 

5.1.4 Generation Calculations 

In this study, there are two different modules of hybrid electricity generation: solar 

and wind power generations. Simulations for these two productions are made with 
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existing models based on annual generation and generation calculation methods are 

explained separately below. 

The capacity factor of a power plant is the ratio of actual energy production to 

maximum potential production. This study utilized determined capacity factors from 

Global Solar Atlas and Global Wind Atlas for simulations. 

5.1.4.1 Solar Power Generation 

The location selected for the study is Agean cost of ¢anakkale province of T¿rkiye. 

In order to calculate energy generation, two importtant distinct location-based data 

needed for electricity input: solar radiation and wind speed. The measurements are 

highly variable and dependent to the climatic conditions and long term average 

values need to be utilized. 

The first analysis took place in the solar data. Existing radiation models based on 

long term data was intended to be utilized. In this manner, Global Solar Atlas 2.0, 

which is widely accepted and utilized in the market, was utilized. Global Solar Atlas 

2.0 is a free and accessible online tool providing radiation values and possible output 

based on your design (tilt angle etc.). As stated before, the tilt angle is selected as 

10  (Ravichandran et al., 2021). Considering the site coordinates, the radiation rate 

was taken as 1351 kWh/m2 as seen in Figure 5.9 (Solargis, 2020).  

 



 

 

93 

 

Figure 5.9. Global Solar Atlas 2.0 tool and selected site (Solargis, 2020) 

The value is found to be validated based on the official radiation value in GEPA map 

published by the General Directorate of Energy Affairs of T¿rkiye as seen Figure 

5.10 (General Directorate of Energy Affairs of T¿rkiye, 2021). The daily average 

radiation for each month can be seen in Figure 5.11. The highest radiation occur in 

the month of June.  

 

  

Figure 5.10. Solar Energy Potential Map by Energy Affairs of T¿rkiye (General 

Directorate of Energy Affairs of T¿rkiye, 2021) 
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Figure 5.11. Monthly production averages in GEPA (General Directorate of Energy 

Affairs of T¿rkiye, 2021) 

Along with the solar radiation data, the solar power values given by panel producer 

and the number of panels based on project design were noted as seen below Table 

5.5.  

Table 5.5. Solar power values (LG Electronics, 2022) 

Selected Panel 

LG Neon Bifacial 

440W 

Power of a selected panel (kilowatt) 0.440 

Number of panels at a module 236 

Number of module 8 

Total installed solar power (kw) 830,7 

Panel output yield loss first year % 1.6 

Panel output yield loss after first year % 0.35 

 

One of the favorable feature of floating solar implementation, as explained earlier, 

is more generation due energy efficiency gain arising from cooling feature of 

 -
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 2,00

 3,00

 4,00
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(Daily Radiation kWh/m2-day) 
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seawater. Namely, FPV modules exhibit lower average temperatures compared to 

traditional PV modules. This is attributed to the cooling effects achieved through 

evaporative cooling or direct water contact, leading to increased energy efficiency. 

The temperature of water and thermal considerations in photovoltaics are highlighted 

as crucial factors affecting electricity generation efficiency. Existing literature 

reviews experimental and conceptual studies on the cooling effects of FPV. The 

outcomes may be seen in the Table 5.6 below: 

 

 

 

Table 5.6. Comperative or experimental studies investigating energy yield effect of 

FPV 

Published Study Location Study Method Yield Situation 

(H. Liu et al., 2018) Singapore 
Comperative 

Experiment 

yield increased but no 

numbers provided 

(Ueda et al., 2012) Japan 
Comperative 

Experiment 

7.4% to 17% yield 

increase 

(S. Z. Golroodbari & van 

Sark, 2020a) 
Netherlands 

Comperative 

Experiment 
13% yield increase  

(Choi et al., 2013) Korea 
Comperative 

Experiment 
11% yield increase  

(Kamuyu et al., 2018) Korea Theoretical 14.7% yield increase  

(Goswami et al., 2019) India Theoretical 10.2% yield increase  

(Sacramento et al., 2015) Brazil 
Comperative 

Experiment 

9.5% to 14.5% yield 

increase 

(El Hammoumi et al., 2021) Morocco 
Comperative 

Experiment 
2.33% yield increase 

(Dºrenkªmper et al., 2021) 
Netherlands & 

Singapore 

Comperative 

Experiment 

3% and %6 yield increase 

respectively 

(Yadav et al., 2017) India 
Comperative 

Experiment 
0.8% yield increase 

(L. Liu et al., 2017) China Theoretical 1.6% to 2% yield increase 

(Majid et al., 2014) Malaysia 
Comperative 

Experiment 
15.5% yield increase 
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(Azmi et al., 2013) Malaysia 
Comperative 

Experiment 

2.8% to 14.6% yield 

increase 

 

The efficiency is being highly effected by the local climatic conditions and the 

design. Therefore, the average of all the studies seen in Table 5.6 is taken into 

consideration. This is 9.2% increase. The number will be considered as the cooling 

efficiency coefficient. 

In this study, bifacial solar panels are being utilized. Bifacial solar panels, capable 

of generating electricity from both front and rear surfaces, harness reflected sunlight, 

known as the albedo effect, to enhance energy efficiency. This technology, including 

the application of bifacial panels over bodies of water, not only increases electricity 

yield but also supports aquatic life, potentially leading to successful artificial reef 

implementation. A simulation study performed a bifacial application on offshore 

floating PV system. The bifacial contribution as energy efficiency gain was wound 

to be between 2.8% and 11.9% (the average is 7.4) (Hasan & Dincer, 2020). The 

contribution will be defined as bifacial contribution coefficient.  

Thus, the equation below indicates the calculation of annual average electricity 

generated from solar power installed.  

Ὁ ὖ ὔ Ὑ  ‎  ʀ ʊ  

Ὁ : Annual electricity generated from solar power [kWh] 

ὖ : Power of the selected panel [kW] 

ὔ : Number of solar panels 

Ὑ : Unit generation based on long term radiation [kWh/kW] 

 ‎ : Panel output yield loss (changes yearly) 

ʀ: Cooling Efficiency Coefficient  

ʊ: Bifacial Contribution Coefficient 
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5.1.4.2 Wind Power Generation 

The other generation module used in this study is wind turbine. In this respect, an 

existing and widely accepted tool as solar stated above was utilized for wind speed 

that is an input for generation calculations. In summary the methods explained below 

has been utilized for the electricity generation gained from the wind turbines: 

¶ Global Wind Atlas (Technical University of Denmark (DTU), 2022) 

provides wind speed averages for the study location at different heights. 

Recorded wind speeds at various levels were analyzed to understand the 

relationship between height and wind speed. 

¶ A trendline was developed to determine the average wind speed at the hub 

level (16m) based on the recorded data. 

¶ The analysis of Britwind's data on electricity generation variables at different 

wind speeds was conducted to estimate the annual energy production for 15 

modeled turbines at the determined average wind speed. 

The Global Wind Atlas 3.0, a web application by the Technical University of 

Denmark (DTU), is now released in partnership with the World Bank Group, funded 

by the Energy Sector Management Assistance Program (ESMAP) provides wind 

speed averages for different highest. The location selected for the study was pointed 

and the wind speed averages at diverse levels were noted as seen Figure 5.12. 
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Figure 5.12. Wind speed and power curve by Global Wind Atlas (Technical 

University of Denmark (DTU), 2022) 

The wind speeds at different height can be seen in Table 5.7. As expected, the wind 

speed increases as risen.  

 

 

 

Table 5.7. Wind sepeed at different levels provided by Wind Solar Atlas (Technical 

University of Denmark (DTU), 2022) 

Height (m) Wind speed (m/s) 

10 6.58 

50 7.98 

100 8.87 

150 9.56 

200 10.05 

 

The average wind speed is slightly less than the 8m/s, the class II wind turbines can 

fit well to the existing offshore implementation. In order to obtain the average wind 

speed at the hub level, which is 16m, of the wind turbines, a graph at Figure 5.13 

was drawn and a trendline was developed. Therefore, the average wind speed at the 




















































































































































































































































