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Introduction 

About 71% of the Earth's surface is covered by seas and oceans. For this reason, the 

human activities carried out in the marine environment began to be more and more diversified. 

Nowadays, transportation, tourism, research, fishing, and resource exploitation are all carried 

out in the seas and oceans. Regardless of a nation's level of development, all these activities 

offer financial benefits. 

As energy demand increases, conventional sources are no longer sufficient. Due to 

their availability and ability to either regenerate on their own over time or be deemed 

"inexhaustible," renewable energy sources have received more attention in recent decades. In 

addition, most conventional energy production methods face a major problem related to the 

need to reduce CO2 emissions. Since the beginning of the industrial revolution, when manual 

labor was replaced by mechanized equipment, emissions of CO2 have been continuously 

increasing. The main factor leading to the increase of these emissions is represented by 

human activity, which includes the burning of fossil fuels, especially for developing countries, 

which tend to prioritize economic growth over environmental issues and encourage thus 

conventional energy consumption. Consequently, the exploitation of energy sources has 

become a very important aspect. 

One of the most popular energy sources, particularly on land, is wind energy. Offshore 

wind farm projects have however arisen in recent years, but due to their expensive installation 

and maintenance requirements as well as logistical challenges, they have not been widely 

used. Due to the shrinking amount of land accessible, interest in offshore wind farms has grown 

significantly over time. This method has numerous benefits, such as less of an adverse effect 

on the environment, the potential to build more turbines, the absence of constraints on the 

land's relief, and the application of more sophisticated technologies. Even if offshore wind 

farms can generate more electricity, onshore wind farms continue to be more profitable from 

an economic standpoint. Technological advancements like longer blades, bigger turbines, and 

greater hub heights, as well as being further offshore, which can offer a higher capacity factor, 

all have an impact on these variations. However, because offshore wind farms must be built 

and maintained in challenging marine settings and require longer delivery schedules, their 

costs are far greater. These projects require intricate planning and development, in addition to 

higher construction and grid connection expenses. The PhD thesis "Studies and research 

regarding the generation and transmission of energy in the coastal areas of the Black Sea" 

aims to conduct a thorough analysis of the energy resources in the Black Sea coastal area of 

Romania, focusing primarily on wind resources. In order to evaluate the feasibility of 

constructing offshore wind farms in this location, this PhD thesis aims to provide a 

comprehensive understanding of the energy potential of the region. 

The objectives are numerous and interconnected in order to achieve this goal. First, 

we intend to examine in depth the Black Sea wind resources, with a focus on wind and 

temperature data, as well as the forecasting capacity of these resources, taking into account 

the cyclones that occurred during the analyzed period. Simultaneously, the energy potential of 

Romania's exclusive Black Sea area is assessed by analyzing 9 important sites divided into 

categories based on distance from the shore. In order to determine whether it would be feasible 

to build offshore wind farms in this region, a significant part of the research compares the 

resources of the Black Sea with those of twelve other areas with energy interest. In order to 

expand the range of technological possibilities for harvesting wind energy for renewable 

purposes, alternatives to traditional wind turbines are also examined through the simulation of 

an airborne wind turbine. The technical aspects of wind farm infrastructure are also examined, 

which includes an analysis of the foundations and towers of offshore wind turbines through the 
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use of a Spar foundation simulation. To be able to provide an economic perspective on the 

viability of wind projects in the Black Sea region, a cost analysis is finally performed for the 

simulation of a wind farm with 100 wind turbines. These interrelated goals work together to 

create an in-depth comprehension of the Black Sea's energy potential, which serves as the 

basis for decisions made in this area regarding renewable energy. 

The structure of the PhD thesis 

Chapter 1 provides a succinct analysis of the current state of research in the field of 

renewable energy and associated technologies. It explores the progress made in the 

development, enhancement, and optimization of these technologies. Additionally, it examines 

studies that contribute to the foundation of the themes addressed in this PhD thesis. 

Chapter 2 focuses on the analysis of wind resources in the Black Sea. By identifying 

and evaluating the cyclones recorded during the period of interest, this chapter aims to 

advance the understanding of the forecasting capabilities of the ERA5 database. 

Chapter 3 conducts a comprehensive evaluation of the energy resources in Romania's 

exclusive zone in the Black Sea. The analysis focuses on 9 key locations, grouped by their 

distance from the shore, to gain a detailed perspective of the energy potential in this region 

and to identify variations and similarities among the analyzed locations. 

Chapter 4 brings forth a rigorous comparison of the energy resources in the Black Sea 

with 12 other regions of renewable energy interest, either under development or already 

exploited. The purpose of this analysis is to assess the feasibility of offshore wind farm 

development in the Black Sea in comparison to other regions, contributing to strategic decision-

making in the field of renewable energy. 

Chapter 5 explores alternative technologies for renewable energy extraction, with a 

focus on the simulation of an airborne wind turbine with the equivalent power of a conventional 

5 MW turbine. This research diversifies the technological options available for efficient wind 

energy extraction in the Black Sea. 

Chapter 6 analyzes the key components of offshore wind farm infrastructure, with an 

emphasis on the wind turbine towers. This investigation provides essential technical insights 

and contributes to the development of efficient solutions for constructing and maintaining 

offshore wind farms in marine environments. 

Chapter 7 presents the simulation of a Spar-type wind turbine foundation using the 

ANSYS AQWA program, offering a detailed analysis of this critical component of offshore wind 

farm infrastructure. 

Chapter 8 conducts a cost analysis for simulating a 500 MW wind farm, providing an 

economic perspective on the viability of wind projects in the Black Sea. 

Chapter 9 summarizes the conclusions drawn in the thesis, highlights the personal 

contributions made, and suggests directions for future research. Additionally, it presents the 

scientific papers published during the doctoral studies to underscore the contribution to the 

field of renewable energy.
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1 State of the art 

1.1 Transition from onshore to offshore wind energy 

The rapid increase in the use of wind energy in recent years has been driven by its 

recognition as a key component of sustainable development. Wind energy is a renewable 

energy source that significantly distinguishes itself from traditional fossil fuels, such as gas and 

coal. The emergence of the first offshore wind farms marked the beginning of a new era in 

wind energy generation. Although the initial offshore installations were relatively small and 

experimental, they paved the way for exploring the vast potential of marine winds. Over time, 

accumulated technology and experience have enabled the development of large-scale 

offshore wind farms, significantly contributing to global electricity production from renewable 

sources. 

The initial steps in offshore wind energy utilization were cautious and modest, with the 

installation of a 220 kW turbine in Swedish waters in 1990. This paved the way for a series of 

experimental projects between 1991 and 1998, testing different turbine models and offshore 

foundations. Further development brought multi-megawatt wind turbines and the construction 

of the first commercial wind farms, such as those at Blyth, Middelgrunden, and Yttre Stengrund. 

Subsequently, projects like Horns Rev and Nysted in Denmark solidified the position of 

offshore wind energy in the global energy landscape. 

One of the main factors supporting the transition from onshore to offshore wind turbines 

was the negative impact on the environment and visual quality caused by onshore wind farms. 

Onshore wind turbines occupied vast land spaces and rose in rural or even urban landscapes, 

often generating controversy and opposition from local communities. Furthermore, the 

vibrations and noises produced by these turbines could affect the quality of life for nearby 

residents. Research on the impact of wind energy on the environment and residential 

communities has produced a series of significant perspectives and findings. Although each 

study had a distinct approach, there are notable common points in the conducted research. 

Several studies focused on assessing the visual and auditory impact of wind farms on 

residents. Works like those referenced in [1] and [2] investigated how wind turbines affect the 

quality of life for residents and the level of noise generated by them. These studies highlighted 

the importance of considering public perception and noise levels in the design and placement 

of wind farms. Simultaneously, research related to landscape impact assessment, such as that 

by Jin Guan [3], explored how the construction and operations of wind farms could modify the 

visual appearance of the areas where they are located. These studies emphasized the need 

for careful evaluation of visual impact and the development of architectural and landscape 

integration strategies. However, for a deeper understanding of the visual impact of wind 

turbines, it is essential to consider the temporal factor of visibility, as suggested by the research 

of Ian D. Bishop [4]. Bishop's work adds a significant temporal perspective to the assessment 

of the visual impact of wind turbines. 

While research on the visual impact of wind turbines advances and develops, it is 

important to address other aspects related to wind energy. One of these aspects is the growing 

concern about the health effects associated with wind turbines, known as "wind turbine 

syndrome." Although there is no solid scientific evidence supporting a direct link between 

onshore wind turbines and certain health conditions, this phenomenon has often been 

discussed and analyzed in public health research. In the work of van Kamp and van den Berg 

[5], the health effects of the noise generated by wind turbines, including low-frequency sound 
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and infrasound, were examined. This analysis investigated whether there is solid evidence of 

negative effects on human health caused by these sound phenomena. The work of Hessler et 

al. [6] addressed the same issue and raised the crucial question about the effects of wind 

turbines on human health. These authors critically examined existing studies, questioning the 

existence of a specific syndrome called "wind turbine syndrome," and attempted to determine 

whether wind turbines can indeed make people feel sick. 

As for offshore wind turbines, they represent a significant advancement in the field of 

wind energy and have several significant advantages over onshore ones. One of the most 

notable advantages is their ability to generate more energy. Being located offshore, these wind 

turbines are exposed to more constant and stronger winds, allowing them to generate larger 

amounts of electricity compared to onshore turbines. 

Moreover, the offshore wind market is in continuous growth. Several countries are 

investing in the development of offshore wind farms to harness their energy potential. The work 

referenced in [7] provides an overview of the current situation and future trends in the offshore 

wind industry in Europe. Similarly, the study referenced in [8] analyzes technological 

advancements regarding the size and power of wind turbines. This aspect is crucial for 

increasing production capacity and the energy efficiency of offshore wind farms. On the other 

hand, the study [9] focuses on innovations in the design and materials used for wind turbine 

blades. 

Regarding design optimization, Chen and Kim [10] explore strategies and 

methodologies for optimizing the design of offshore wind turbines. These approaches 

contribute to maximizing efficiency and production capacity. 

The conclusions drawn from these works are diverse and do not offer a unified 

perspective on the impact of wind turbines on human health. Some researchers have argued 

that there is limited evidence of negative effects on human health caused by the low-frequency 

noise and infrasound produced by wind turbines. Others have contested the existence of a 

specific syndrome called "wind turbine syndrome" and have suggested that negative 

perceptions may be largely related to psychological and subjective factors. 

The analysis of the studies presented in this subsection highlights the rapid evolution 

of offshore wind turbines and the complexity of the field. The studies have covered a wide 

range of aspects, from wind resource assessment to the technological development of offshore 

wind turbines, to reliability and efficiency-related issues. 

1.2 An overview of offshore energy potential 

In the global context of transitioning to sustainable energy sources, research on the 

exploitation of wind resources has become essential for the development of a sustainable 

energy future. In recent years, studies related to the use of renewable energy from wind 

sources have garnered significant attention in the scientific and industrial communities. This 

research focuses on using data based on reanalysis databases and direct measurements to 

investigate specific aspects related to wind resources. 

Regarding the choice of the best reanalysis database, it should be noted that this 

decision largely depends on the specific objectives of the research and the geographical region 

of interest. In the literature, numerous studies have been conducted to assess the potential of 

offshore wind energy using reanalysis data and in-situ measurements, addressing different 

regions and methodologies. A common aspect in these studies is the use of reanalysis 

databases such as ERA5, CFSR, or MERRA to obtain information about winds and 

meteorological conditions. 
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For example, the work of Hsiao et al. [11] focused on evaluating the wind energy 

potential in the Taiwan Strait, using ERA5 and CFSR reanalysis data. This study aimed to 

accurately assess the energy potential in this specific region. Tahir et al. [12] evaluated ERA-

Interim and NCEP-CFSR reanalysis datasets in comparison with in-situ measured wind 

speeds at the Keti Bandar port in Pakistan. The objective of this study was the validation and 

comparison of the accuracy of reanalysis data with ground-based measurements. Additionally, 

the study by Rajat Kanti Samal et al. [13] evaluated wind energy resources using reanalysis 

data and compared these data with on-site measurements to analyze variations in these 

resources over time. 

In another context, the study by Pedro M M Soares and his team [14] presented a 

global characterization of offshore wind power density using ERA5 reanalysis data. This study 

emphasized the importance of resolution and accuracy in the reanalysis of data when 

assessing wind energy resources globally.  

Finally, Boming Liu and colleagues [15] used machine learning algorithms to estimate 

wind speed on the coast of China using reanalysis data and in-situ data. This study analyzed 

the potential of wind energy on the coast of China and evaluated the performance of different 

machine learning algorithms in estimating these resources. 

In the context of offshore wind energy, several studies have addressed various aspects 

related to extreme weather conditions and their implications for wind farms. These research 

efforts provide a broad perspective on the complexity of meteorological phenomena in offshore 

environments and the challenges they pose. 

A relevant example is the work of Vemuri et al. [16], which focuses on modeling 

extreme meteorological events in the North Sea and evaluating the sensitivity of physical 

parameterizations in meteorological models. Although this work makes significant 

contributions to understanding these phenomena, it underscores the difficulty of finding a 

unique model configuration that fits all extreme events. 

Regarding the assessment of offshore wind turbine behavior in extreme weather 

conditions, the work referenced in [17] provides valuable contributions by investigating the 

nonlinearity of waves and the cyclic response of the soil. This research emphasizes the need 

to consider extreme conditions in the design and operation of offshore wind farms. 

In another context, the study by Yang et al. [18] proposes an innovative method for 

evaluating offshore wind resources by characterizing meteorological regimes. This approach 

shows that meteorological regimes can significantly influence wind energy production, 

providing a crucial perspective on the predictability of resources based on meteorological 

conditions. Moreover, studies have been conducted to assess environmental impact and 

economic analyses for the development of offshore wind energy in this region [19–21]. The 

North Sea has been the subject of numerous studies related to the variability of offshore wind 

resources and the assessment of energy potential [22–25]. These studies covered aspects 

such as the variability of energy potential, the development of a decision support system, the 

quantification of offshore wind resources, and a detailed assessment of the energy potential in 

the coastal area of the North Sea. 

Regarding the South China Sea, extensive research has been conducted to evaluate 

the offshore wind potential in this region of China. These studies examined wind resources 

and analyzed the feasibility of offshore wind farm projects in the South China Sea area. They 

also focused on assessing environmental impact and conducted economic analyses to 

promote the development of offshore wind energy in this region [26–28]. Additionally, in-depth 

studies have been conducted on the offshore energy potential for the Yellow Sea [29–31] and 

other regions. 
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Following these research, potential opportunities for increasing renewable energy 

production capacity in these regions have been identified, contributing to reducing greenhouse 

gas emissions and transitioning to cleaner energy sources. Although each area has its unique 

characteristics and specific challenges, the research conducted so far has laid the groundwork 

for the efficient development and implementation of offshore wind farms worldwide. With 

ongoing research and innovation efforts, the enormous potential of offshore wind energy can 

be fully utilized for a sustainable and clean future. 

1.3 Recent developments and perspectives in airborne wind energy systems  

Over the past decades, numerous studies have been conducted to analyze and assess 

the energy potential of high-altitude winds, seeking to understand how this natural resource 

generated in the upper layers of the atmosphere could significantly contribute to sustainable 

electricity production. Research by Archer and Caldeira [32] has highlighted that harnessing 

winds at higher altitudes leads to a significant increase in their power and stability, both 

onshore and near coastal areas. This observation opens new perspectives for the 

development of production capacity and the efficiency of wind systems. For instance, in 

Europe, analyzing winds at variable altitudes up to 500 meters above the ground reveals a 

doubling of available wind power density 95% of the time compared to fixed-altitude production, 

specific to conventional wind turbines [33]. Conversely, using a climate model, Marvel et al. 

[34] concluded that ground-based wind turbines could extract at least 400 TW, while high-

altitude wind energy could exceed 1,800 TW. They also emphasized that the global uniform 

implementation of distributed wind turbines to meet the global demand for primary energy of 

18 TW would not significantly impact the global climate. 

To exploit this potential, the concept of airborne wind energy has been introduced. The 

airborne wind turbine, known as the Airborne Wind Turbine (AWT), represents an emerging 

paradigm in the field of renewable energy production, marking a radical shift from traditional 

approaches to capturing wind energy. 

Among the intensively studied aspects is the analysis and optimization of the 

performance of these systems. The work of Sommerfeld et al. [35] focuses on evaluating the 

impact of wind profiles on the performance of AWE systems, using advanced simulations to 

determine optimal flight trajectories. The obtained data show that optimal operating heights 

are generally below 400 m, with most AWES operating around 200 m. In the same context, 

the work of Dief et al. [36] applies system identification algorithms and adaptive control to 

simulate crosswind flight maneuvers, which are essential for harvesting wind energy. 

The aerodynamic optimization of profiles is also an important topic, as shown in the 

work of Arslan Saleem and Man-Hoe Kim [37]. This work proposes a genetic algorithm to 

optimize the aerodynamic profiles of blades, thereby improving the performance of the airborne 

wind turbine. 

Volkan Salma and Roland Schmenhl [38] discuss the importance of integrating AWE 

systems into airspace safely and systematically. This work addresses issues related to the 

operational authorization of commercial AWE systems and methods for assessing associated 

risks. This effort contributes to identifying and managing risks that can affect the safety of AWE 

system operations in airspace. 

Additionally, the literature suggests that replacing the tower with a relatively thin cable 

contributes to reducing the visibility of AWE systems compared to traditional wind turbines. 

These findings can be correlated with the work of Susana Batel and Patrick Devine-Wright 

[39], exploring the impact of energy infrastructures on the landscape and local communities. 



Alexandra-Ionelia DIACONIȚĂ (MANOLACHE) 
Studies and research regarding the generation and transmission of 
the energy in the coastal areas of the Black Sea 

Chapter 1 State of the art 

 

13 
 

Through their critical approach, the authors suggest that visual and spatial factors need to be 

evaluated differently to understand how energy infrastructures, including AWES, affect 

people's perception of the landscape. 

Regarding residents' attitudes toward wind turbines, the study conducted by Ben Hoen 

and his team [40] provides an interesting perspective. Their study analyzed the attitudes of 

neighbors of wind projects in the United States and found that, overall, these attitudes are 

positive, with improvements as residents adapt to the presence of turbines. 

Moreover, the work of Megahed [41] examines the issue of evaluating the landscape 

impact and visual impact of high-altitude wind technologies, including AWE systems. This 

emphasizes the need to consider spatial and aesthetic characteristics to assess the impact of 

these technologies on the surrounding environment. 

In a landmark study, Johannes Pohl and his colleagues [42] used an integrated 

approach to analyze the noise impact of wind turbines on residents' stress and annoyance. 

This study investigated the perception and opinion of individuals exposed to the noise 

produced by wind turbines and found a correlation between the perception of annoyance and 

subjective factors such as the perception of justice in the planning process of wind projects. 

Another study, conducted by Gundula Hübner and his team [43], compared the 

perception, annoyance, and stress of residents in the United States, Germany, and 

Switzerland in areas near wind turbines. This study highlighted a low prevalence of annoyance 

and stress symptoms related to the noise produced by wind turbines. It also showed that the 

perception of annoyance was negatively correlated with the perception of justice in wind project 

development. 

1.4 Current perspectives on offshore wind turbine towers and foundations  

The marine environment presents a series of unique challenges concerning the 

construction and operation of offshore wind turbines. Strong marine currents, high waves, and 

the instability of weather conditions require a rigorous technical approach and innovative 

design to ensure the optimal functioning of these installations. In this context, the pile and 

foundation represent key elements of this complex approach. 

The offshore wind turbine pile is designed to support the entire structure and maintain 

it at the appropriate height to capture wind flows. On the other hand, the foundation must 

provide structural stability and protect the wind turbines from excessive movements or 

vibrations. In the study by Xiong Liu and his colleagues [44], the complex effects of 

aerodynamic damping on the loading of the horizontal-axis offshore wind turbine pile are 

explored. This research provides a detailed perspective on how winds and waves can influence 

the structural integrity of the pile, contributing to the development of strategies to optimize 

resistance to these effects. The work of Begum Yurdanur Dagli and colleagues [45] focuses 

on the dynamic analysis of offshore wind turbine piles using numerical analyses. 

One research direction focuses on the corrosion resistance of the offshore wind turbine 

pile and foundation, given the constant threat posed by the marine environment. In the work 

developed by Yan et al. [46], corrosion protection strategies for foundations and support 

structures of offshore wind turbines are examined. However, the work [47] addresses the same 

topic but specifically focuses on evaluating the performance of different corrosion-resistant 

coatings used on monopile structures of offshore wind turbines. 

Another important research direction in the field of offshore wind energy focuses on the 

development of monitoring and predictive maintenance systems for wind turbine piles. A 

notable example is the real-time monitoring system for monopile foundation erosion presented 
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in the work of Tang and Zhao [48]. The importance of monitoring applies to all types of 

foundations, and thus, the work of Yolanda Vidal and her team [49] discusses the importance 

of monitoring jacket structures used for the foundations of offshore wind turbines. 

The use of intelligent wireless sensors represents another significant step in the 

structural monitoring of offshore wind turbines. These sensors provide precise information 

about the natural frequencies, damping ratios, and modal shapes of the turbines, as illustrated 

in the work [50]. Wireless sensor technology contributes to more efficient monitoring and early 

identification of structural issues. As monitoring technologies become increasingly advanced, 

the work of Vieira et al. [51] discusses an important aspect: the economic impact of 

implementing these systems on the support structures of offshore wind turbines. 

In terms of research in the field of Multi Wind Turbine (MWT) platforms, it focuses on 

several aspects. One major aspect is the analysis of interactions between wind turbines 

installed on the same platform [52]. In the work developed by Bashetty and Ozcelik [53], the 

effect of shadowing interference between wind turbines installed on the same MWT platform 

is analyzed. Research in this field also focuses on the development of innovative solutions for 

anchoring and stabilizing these platforms to cope with challenging offshore conditions [54]. 

This includes the development of advanced anchoring systems and high-performance 

materials to stabilize platforms in the face of waves and extreme weather conditions. Bae and 

Kim [55] developed a numerical simulation tool for the coupled dynamic analysis of multiple 

turbines on a single floating platform. The results showed that defects in one turbine can 

influence the performance of other turbines and the floating platform, highlighting the 

importance of coupled dynamic analysis in designing these complex systems. 

One of the important materials used in pile construction is composite material. O'Leary 

and colleagues [56] explore the application of lightweight, fiber-reinforced composite materials 

in the construction of offshore wind turbine piles. Additionally, Young et al. [57] present a 

methodology for the design and optimization of composite material wind turbine piles intended 

for use on offshore floating platforms. 

Regarding traditional materials, the work in reference [58] investigates the relative 

performance of steel and concrete piles for different heights and wind speeds. This analysis 

highlights the probabilistic characteristics of exceeding the limit state based on wind loads. In 

contrast, the work [59] focuses on the behavior of pre-stressed concrete wind turbine piles with 

a circular section. 

In terms of anchoring, research is directed towards the development of advanced 

anchoring methods to ensure the stability and safety of offshore wind turbines, especially in 

deep water conditions. Technologies such as screw anchor systems or hybrid solutions are 

subjects of interest, and researchers explore options for optimizing these systems based on 

the specifics of each location. The work of A.C. Pillai and his team [60] focuses on anchor 

loads in shallower waters and investigates synthetic and novel solutions for anchoring 

systems. This research brings innovative alternatives to ensure stability in shallow waters. 

Overall, this subchapter has identified promising directions for future development in 

the field of offshore wind energy, emphasizing the importance of continuous research and 

innovation to maximize the efficiency, durability, and sustainability of these renewable energy 

sources in a complex and variable maritime environment. 
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1.5 A recent evaluation of levelized cost of energy in the offshore wind 

industry 

The levelized cost of energy (LCOE), also known as the cost per unit of electricity 

generated, synthesizes all the aspects mentioned earlier, focusing on the economic dimension. 

The fundamental goal of estimating LCOE is to optimize offshore wind farm projects. 

Studies, such as those conducted by Castro Santos Laura et al. [61], focusing on cost 

analysis in specific regions, and the work by Maienza et al. [62], developing a detailed 

analytical approach to costs for different turbine types, have brought crucial themes to the 

forefront. They emphasize the importance of the specifics of each project in determining LCOE 

and the need to consider a wide range of factors, from geographical and technological 

variables to economic aspects. 

A detailed perspective on recent research in the field of offshore wind farm site 

selection reveals a complex and interconnected landscape of this critical subject. Studies like 

that of Mytilinou and Kolios [63] adopt a comprehensive approach to site selection, aiming to 

optimize efficiency across multiple criteria. These contributions are complemented by research 

such as that conducted by Song et al. [64], discussing multidisciplinary optimization in the 

design of virtual wind turbine farms. This complex approach is extended by the study of 

Rodrigues et al. [65], which integrates the optimization of offshore wind farm architectures with 

electrical infrastructure, highlighting the essential interdependencies between these two 

aspects. 

While the work of Li et al. [66] pursues a statistical and analytical aspect of capacity 

development in the offshore wind energy industry, focusing on the UK region and incorporating 

a multi-criteria analysis element into the location selection process, the work of Deveci et al. 

[67] offers an innovative approach, integrating interval-value methods to define selection 

criteria. 

Another notable aspect emerging from the analysis of the works is the profound 

relevance of technological specificity and location conditions in the process of choosing the 

optimal turbine structure and determining the corresponding costs. Studies like that conducted 

by Myhr et al. [68], comparing various turbine types and analyzing how water depth and 

distance from the shore influence LCOE, underline the importance of technological adaptation 

to the specific requirements of each site. 

At the same time, it is observed that operation and maintenance costs have a significant 

impact on the overall value of LCOE in offshore wind farms, as suggested by the work of 

Hammond and Cooperman [69]. This raises questions about the maintenance and operation 

strategies adopted in the industry and how these can be optimized to ensure long-term 

economic performance. One notable achievement of this work is the development of an 

analytical tool, WOMBAT, which provides a rigorous approach to assessing the costs and 

benefits of operations and maintenance within wind farms. By identifying and analyzing key 

factors influencing these costs, the study offers directions and solutions for optimizing 

economic performance and long-term project sustainability. Additionally, another work 

contributing to this field is the one conducted by McMorland et al. [70]. providing a conceptual 

and analytical framework to understand how new technological innovations can influence and 

be integrated into operation and maintenance strategies. 

Moreover, questions arise regarding risk and uncertainty management approaches. 

The work of Yeter et al. [71] proposes an innovative approach to maintenance planning in 

offshore wind farms. The authors identify and evaluate potential risks and their impact on wind 

turbine performance. 
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1.6 Conclusions 

Perspectives on the future of the offshore wind industry are diverse and exciting, with 

multiple research and innovation directions aimed at contributing to the sustainable 

development of this sector. Some of these directions include the ongoing development of 

innovative turbine technologies, aiming for larger, more efficient, and more reliable turbines, 

and even exploring new concepts such as vertical-axis turbines. Energy storage is a central 

focus, with research concentrated on advanced batteries, hydrogen storage systems, and 

thermal storage to manage production fluctuations and ensure a constant supply of electrical 

energy. The efficiency of operations and maintenance (O&M) is crucial for cost reduction, and 

research is focusing on the development of strategies and technologies for efficient monitoring 

and maintenance of installations. Risk management, safety, and expansion to greater depths 

are key directions, and the development of unified standards and regulations is vital for 

enhancing industry competitiveness and sustainability. The integration of offshore wind energy 

with other renewable sources, such as solar and hydropower, can lead to more efficient hybrid 

systems. Additionally, continuous research on environmental and biodiversity impacts, along 

with efforts in education and public awareness, is crucial. With these well-defined directions 

and collaboration among industry stakeholders, the offshore wind sector is poised to play a 

significant role in renewable energy production and the fight against climate change. 
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2 Wind and wave energy resource potential in the Black 

Sea basin 

2.1 ERA5 database 

Reanalysis, also known as retrospective analysis, is a relatively new field that emerged 

in 1979 with the use of meteorological data collected during the First Global Atmospheric 

Research Program's Global Experiment (FGGE) [72]. 

In the context of climate monitoring, reanalyzed datasets play a fundamental role and 

are widely recognized for their significant contributions. ECMWF (European Centre for 

Medium-Range Weather Forecasts) has a long and impressive history in this field, as 

evidenced in Table 2.1. The latest notable achievement is ERA5, representing the fifth 

generation. 

Table 2.1 Atmospheric resolution for the 5 projects developed by ECMWF [73]. 

Reanalysis Period covered Integrated Forecasting System (IFS) Resolution 

FGGE 1979 - 200 km 

ERA-15 1979-1994 - 125 km 

ERA-40 1957-2002 23r4 125 km 

ERA-Interim 1979-2019 31r2 80 km 

ERA5 1950-prezent 43r1 31 km 

 

In the development of ERA5, the starting point consisted of using the Integrated 

Forecasting System (IFS) Cy41r2, which served as the foundation in the ECMWF's operational 

medium-range forecasting system between March 8 and November 21, 2016. 

Compared to its predecessor, ERA-Interim, ERA5 benefits from a decade of sustained 

research and development at ECMWF. However, there are still unresolved aspects. 

Parameters downloaded from the ERA5 database. 

The ERA5 database serves as a resource for research in climatology, meteorology, 

environmental science, and engineering. This database provides a wide range of essential 

meteorological and climatic parameters, covering a significant period and an extensive 

geographical region. 

Within this PhD thesis, relevant parameters were downloaded and processed from the 

ERA5 database. This dataset is used to analyze in detail the behavior of the Black Sea, to 

study its potential in terms of renewable energy and climatological research. Additionally, these 

parameters are used in this PhD thesis to evaluate essential structural elements of offshore 

wind turbines, such as the foundation. Furthermore, this information contributes to the analysis 

of the cost of wind energy production. Through the MATLAB program, these parameters are 

processed and analyzed to obtain relevant data related to the behavior of the Black Sea and 

the climatic conditions in this area. This data is essential for assessing the characteristics of 

the wind turbine, as well as other technical aspects related to wind energy production. Thus, 

the ERA5 database and the parameters obtained from it play an important role in the research 

of this PhD thesis. Parameters downloaded from the reanalysis database include sea surface 

temperature, significant wave height, mean wave period, peak wave period, mean wave 
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direction, zonal component u10 of the wind speed at 10 meters above ground, meridional 

component v10 of the wind speed at 10 meters above ground. 

Together, the u10 and v10 components form the wind vector at a height of 10 meters, 

also known as the surface-level wind. 

2.2 Characteristics of the Black Sea 

The Black Sea, one of the most intriguing and complex marine ecosystems in the world, 

serves as a fascinating research subject for biologists, oceanographers, and climatologists. 

This body of water, surrounded by seven countries and connected to the Mediterranean Sea 

through the Bosporus Strait, possesses a range of unique features that distinguish it from other 

seas and oceans. 

Covering an area of approximately 436,000 square kilometers, the Black Sea ranks as 

one of the largest inland seas globally. It has an average depth of around 1,200 meters, with 

its deepest point, known as the Crimean Trench, plunging to a depth of 2,212 meters. The 

climate of the Black Sea is significantly influenced by its geographical position, with average 

annual temperatures ranging between 11°C and 17°C, warming during the summer and 

cooling in the winter. 

A distinctive feature of the Black Sea is the seasonal nature of its winds. During the 

summer, west and northwest winds prevail, bringing cool and dry air from central Europe. 

2.3 Climate characteristics of the Black Sea 

For the climatic analysis of wind, the average and maximum wind speed values, as well 

as their directions, were calculated using data provided by ERA5 for a 20-year period (2002–

2021). The data analysis and processing were carried out using the MATLAB program. 

Figure 2.1 illustrates the spatial distribution of the maximum wind speed at a height of 

100 meters in the Black Sea basin. The position in the field of the maximum wind speed is 

located in the western and southeastern areas of the Black Sea basin. Primarily, low values of 

this parameter are found on the eastern coast of the Black Sea. At the same time, the coast of 

Romania stands out as the most well-defined area with high average wind speed values. 

 

  
a) b) 

 

Figure 2.1 The a) maximum; b) average wind speed for the period 2002–2021 at a height of 

100 meters. 
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a) b) 

  
c) d) 

Figure 2.2 The average wind speed at a height of 100 meters during the season: a) winter; b) 

spring; c) summer; d) autumn for the time interval 2002–2021. 

Figure 2.2 depicts the seasonal distributions of wind speed at a height of 100 meters. 

We observe that, in all cases, the Sea of Azov shows the highest value in the wind distribution. 

For all seasons, high speeds at the height of 100 meters are encountered above the Sea of 

Azov and in the western part of the Black Sea basin. It is noteworthy that for spring and 

summer, the average values in the southern part of the Black Sea decrease considerably, 

reaching 1.5-2 m/s in certain locations. 

Figure 2.3 presents the spatial distribution of the significant wave height for the period 

2002-2021. Analyzing this map, it can be observed that the maximum value of this parameter 

is around 1 meter and is located in the western part of the Black Sea basin. In contrast, the 

eastern part of the Black Sea presents values ranging from 0.4 to a maximum of 0.78 meters. 

 

Figure 2.3 The average significant wave height for the time interval 2002-2021. 
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Figure 2.4 presents the distribution of the mean wave period and the peak wave period 

in the Black Sea and the Sea of Azov for an extended period, covering the years 2002-2021. 

The data on this map indicate a varied range of values for the mean wave period, with values 

ranging from 3 to 4.8 seconds in the Black Sea and a maximum value of 3.2 seconds in the 

Sea of Azov, located in the northern part of the region. 

  
a) b) 

Figure 2.4 a) Mean wave period b) Peak wave period for the time period 2002-2021. 

The Black Sea, surrounded by a variety of climatic regions, has witnessed exceptional 

meteorological events throughout its history. Among these events are the Mediterranean 

tropical cyclones, known as "medicanes." 

Over time, the Black Sea has been affected by several notable events similar to 

medicanes. In Figure 2.5, the position and size of the cyclone that affected the Black Sea on 

March 21, 2002, are illustrated. This meteorological phenomenon formed in the north-western 

part of the Black Sea, near the Romanian coast. Using available ERA5 data, the peak moment 

of this cyclone was identified around 5 AM, when its speed reached a notable maximum. This 

Ekman spiral exhibited a wind intensity of up to 19.1 m/s, thus classifying this event as a 

moderate intensity medicane.  

 

Figure 2.5 The tropical cyclone on March 21, 2002, using ERA5 data. 

The cyclonic phenomenon during August 7-11, 2002, represented another notable 

example of a meteorological event affecting the Black Sea and the Sea of Azov in that year 

(Figure 2.6). This cyclone had a different trajectory compared to the one discussed earlier, 

positioning itself in the northern part of the Black Sea and covering an extensive area in this 

region. Additionally, this meteorological event influenced the entire surface of the Sea of Azov. 

The peak moment of this cyclone was identified for August 9, around 4 a.m. The maximum 
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wind speed associated with this event reached 19.2 m/s, similar in intensity to the previously 

discussed cyclone. 

 

Figure 2.6 Tropical cyclone during August 7-11, 2002, using ERA5 data. 

Tropical cyclone impact during the fall of 2005 in the Black Sea was notably observed 

when an exceptionally intense and unusual tropical cyclone affected the region. The peak 

moment recorded in the ERA5 database for wind speed was highlighted on the 28th day at 

16:00, as depicted in Figure 2.7. Observations reveal a spiraled structure over the 

southwestern region of the Black Sea, where wind speeds ranged between 14 and 20 m/s. 

  
a) b) 

Figure 2.7 a) Tropical cyclone; b) sea surface temperature from September 25-29, 2005, 

using ERA5 data. 

 

Figure 2.8 The tropical cyclone from August 10-16, 2021, using ERA5 data. 
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In Figure 2.8, we can observe the last cyclonic event identified, which took place in 

2021. According to ERA5 data, the peak moment of this cyclone was identified on August 13, 

around 19:00, when the wind speed reached a maximum of 21 m/s. 

2.4 Conclusions 

The Black Sea, a semi-enclosed water body situated between Eastern Europe and 

Southwest Asia, connected to the Mediterranean Sea through the Bosporus Strait and to the 

Sea of Azov through the Kerch Strait, plays a crucial role in the ecological, climatic, and 

economic aspects of the surrounding region. Through a careful analysis of data regarding wind 

speed, waves, and sea surface temperature across the entire Black Sea basin, as well as the 

examination of four notable cyclones occurring between 2002 and 2021, a deeper 

understanding of the atmospheric and oceanographic dynamics of this region has been 

gained. Within this analysis, specific trends and behavioral patterns of the Black Sea have 

been observed. 

The main conclusion is that the Black Sea is susceptible to significant variations in 

wind, waves, and water temperature due to the influence of cyclones and other meteorological 

phenomena. Analyzing the seasonal variations of wind in the Black Sea basin has been a 

crucial part of the study. Significant variations in winds were observed during different periods 

of the year. Generally, winds exhibited a seasonal pattern, with periods characterized by 

intensification and periods of milder winds. 

The cyclones described in this chapter presented a diverse range of intensities and 

trajectories, affecting different regions of the Black Sea and the Sea of Azov. These 

meteorological events can bring significant changes in local meteorological and oceanographic 

conditions, including alterations in wind patterns, increases in wave heights, and variations in 

water temperature. One of these events occurred during September 25-29, 2005, and was 

well-documented and investigated. This cyclone was characterized by low atmospheric 

pressure, strong winds, and a significant impact on the marine conditions of the Black Sea. 

Studying this event provided an opportunity to analyze how Mediterranean tropical cyclones 

can affect the dynamics of the sea and surrounding coastal regions. 

Another important parameter analyzed was the water temperature in the Black Sea. 

Cyclones had a significant impact on water temperature, causing substantial changes. For 

instance, during the cyclone in September 2005, the water temperature in the central area of 

the cyclone dropped significantly, reaching below 17 degrees Celsius, while in the rest of the 

Black Sea, the water temperature remained above 22 degrees Celsius. 

It was also observed that coastal areas and open sea can experience significant 

variations in wind intensity and speed, with certain regions being more susceptible to cyclone 

influence. Additionally, water temperature can fluctuate considerably, impacting marine 

ecosystems and oceanographic processes. 

This analysis has contributed to a better understanding of how meteorological 

phenomena can affect the Black Sea and the importance of monitoring and understanding 

these changes for the proper management of natural resources and nautical safety in this vital 

region of Eastern Europe. Moreover, it could contribute to improving weather forecasts and 

preparedness for extreme weather events in this critical area. 
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3 Evaluation of wind energy potential in the Black Sea 

region 

3.1 The chosen sites in the Black Sea for the wind energy evaluation 

The Exclusive Economic Zone (EEZ) of the Black Sea represents a maritime area 

surrounding the Black Sea, regulated by international law, providing coastal states with 

exclusive rights and privileges concerning natural resources and economic activities. The 

Black Sea has a total of six EEZs, each belonging to the respective coastal states. These 

include the zones of Bulgaria, Georgia, Romania, Russia, Turkey, and Ukraine. 

In this chapter, we will analyze the energy potential for the past, focusing on 9 selected 

locations within the EEZ of Romania. This strategic area, located in the western part of the 

Black Sea, has been identified as of interest for studying wind speed. The exact positions of 

the 9 locations are illustrated in Figure 3.1, and the precise geographical coordinates of these 

points are presented in Table 3.1. 

 

Figure 3.1 The chosen locations for the study of wind in the Black Sea. 

Table 3.1 The coordinates of the selected locations of interest. 
 

Latitude Longitude Depth 

A1 44° 58' 48" 29° 53' 24" 34 m 

A2 44° 32' 24" 29° 13' 48" 26 m 

A3 43° 54' 36" 28° 57' 00" 40 m 

B1 44° 47' 24" 30° 28' 12" 58 m 

B2 44° 21' 36" 30° 10' 12" 78 m 

B3 43° 59' 24" 29° 53' 24" 65 m 

C1 44° 38' 24" 30° 53' 24" 95 m 

C2 44° 13' 48" 30° 52' 48" 173 m 

C3 43° 48' 36" 30° 43' 48" 1000 m 

According to the United Nations Convention on the Law of the Sea, the Exclusive 

Economic Zone (EEZ) grants coastal states the right to explore and exploit natural resources, 

including minerals, energy, and fisheries, as well as to control economic and scientific research 

activities in this area. This chapter provides a more detailed approach to the analyses initiated 
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in the works [74,75], with a particular focus on the Exclusive Economic Zones (EEZ) of 

Romania. 

3.2 Selected wind turbines for the study of the Black Sea ZEE 

The crisis caused by the COVID-19 pandemic poses an imminent threat to the global 

economy and the standard of living of communities worldwide. The effects of the COVID-19 

pandemic have resulted in significant variations among economic sectors. However, the green 

energy industry, particularly in the field of renewable wind energy, appears to have been less 

vulnerable compared to the conventional energy industry, which experienced profound 

adverse effects due to this pandemic. 

3.2.1 Wind turbine components 

This form of energy has significant advantages over onshore wind energy, especially 

due to the stronger and more consistent wind resources available in coastal or offshore areas. 

To better understand the role of each component of the offshore wind turbine, we can refer to 

Figure 3.2, which illustrates the constituent parts and provides a more detailed insight below. 

 

 

Figure 3.2 Main Components of a Wind Turbine. 

3.2.2 Selected wind turbine types 

In the context of developing offshore wind potential in the Black Sea, Romania holds a 

strategically advantageous position. The development and implementation of cutting-edge 

technological solutions in the offshore wind sector would bring significant economic benefits to 

the country. Although offshore wind farms have not been constructed in the Black Sea waters 

to date, thorough studies have been conducted to assess the region's potential for wind energy 

production. These studies have included wind turbines with capacities ranging from 2 to 4.5 

MW, but the technology behind these turbines has evolved rapidly. 

The turbines selected for these projects have nominal capacities between 6 and 9.5 

MW, and their tower height varies between 92 and 100 meters above sea level. To standardize 

future calculations and appropriately compare the performance of these turbines, the tower 

height for all six turbines was approximated at 100 meters above sea level. This provides a 

common basis for evaluating and comparing the performance of these state-of-the-art 

technologies. 
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The power curve of a wind turbine is a crucial characteristic for understanding how it 

generates electrical energy based on wind speed. The power curve graph indicates the 

relationship between wind speed and the electrical power generated by the wind turbine. It is 

an important tool for assessing the performance of a wind turbine and optimizing energy 

production. The power curves of the selected turbines are presented in Figure 3.3 

 

Figure 3.3 Power curves for selected turbines. 

To be able to draw the power curve, wind speed and turbine power are required. A 

quadratic equation is used to obtain this power curve [76]. 
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(3.1) 

where: Pr is the nominal power of the turbine, as provided in the technical specifications 

– in MW, U is the wind speed for which the power is calculated – in m/s, Ucin is the cut-in wind 

speed – in m/s, Ucou is the cut-out wind speed – in (m/s), Urat is the wind speed at which the 

turbine reaches its rated power – in m/s. 

3.3 Logarithmic wind profile 

 

The most commonly used equation for determining wind speed at different heights is 

the Hellmann exponential law. The international standard for the design of offshore wind 

turbines, IEC 61400-3, developed by the International Electrotechnical Commission (IEC), 

refers to the initial standard for wind turbine design, IEC 61400-1, which states that wind speed 

can be calculated using the Hellmann exponential law [77,78]: 

 

U(z)=Uzref
(

z

zref

)
α

 (3.2) 

where: U(z) is the average wind speed as a function of height,, Uzref
 represents the 

reference wind speed (usually at a height of 10 m), z s the height at which interpolation is 

desired (in m), zref is the reference height (10 m), α e is the exponent of the power law, also 

known as the Hellmann exponent [79,80]; the value of this coefficient is typically estimated at 

1/7 (approximately 0.143) [81], evaluating the wind profile under normal meteorological 
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conditions. However, this value may introduce errors in calculations, especially in the offshore 

wind domain, specifically in open waters. In such cases, a value of 0.11 is recommended [82] 

to outline the wind profile under extreme meteorological conditions. 

Another formula commonly used in the study of wind speed in Europe is the 

logarithmical wind profile, also known as the logarithmic wind speed profile. It is an empirical 

relationship that describes how wind speed varies with height above the Earth's surface in the 

atmospheric boundary layer [83]. 

 

U =Uz

ln (
z
z0

)

ln (
zref

z0
)
 (3.3) 

In this equation Uz (in m/s) represents the reference wind speed (obtained from 

databases), zref is the height of 10 m, z is the height at which the calculated wind speed will be 

obtained (in m/s), and z0 is the coefficient of roughness of the water surface, with a value of 

0.0002 m [84]. 

3.4 Parameters used in wind energy assessment 

 

Once the wind speed at a certain height is obtained, energy parameters can be 

calculated. Power density is commonly quantified in watts per square meter (W/m²) or kilowatts 

per square meter (kW/m²), denoted as Pw. Power density can be calculated using the formula 

[85,86]: 

Pw=
1

2
ρ

air
(U)3 (3.4) 

where: ρ
air  is the air density with a value of 1,225 kg m3⁄ , and U is the wind speed 

interpolated at the desired height in m/s. 

One of the energy parameters is the annual electricity production, denoted as AEP 

(MWh), and is an optimization parameter reported for a specific type of turbine and location 

[87]: 

AEP=T× ∫ f(U)P(U)du
cut-out

cut-in

 (3.5) 

where: T=8.760 h/year is the annual operating time of a turbine. Cut-in corresponds to 

the wind speed at which the turbine starts operating, and it continues to rotate until reaching 

the maximum efficiency at the cut-out wind speed [88]. Both parameters have units of m/s. 

P(U) is the specific power curve of a turbine, f(u) is the Weibull distribution function with the 

following formula [79–81]:  

f(U)= (
k

c
) (

U

c
)

k-1

exp [- (
U

c
)

k

] (3.6) 

In this formula, k represents the shape parameter (also known as the Weibull slope), 

which is a dimensionless parameter, c is the scale parameter of the distribution, and U is the 

wind speed in m/s. 

Another parameter that helps evaluate the performance of a wind turbine is the capacity 

factor denoted as Cf expressed in percentages. It is expressed as the ratio of the total power 
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over a certain period P to the maximum nominal power PR. It has the following mathematical 

expression [89,90]: 

Cf=
P

PR

 (3.7) 

where: Cf is expressed in percentages, PE is the anticipated electrical power in MW, 

PR is the nominal power in MW. 

3.5 Wind data processing and analysis for the height of 100 m  

For the study, it was initially necessary to interpolate the data obtained from the ERA5 

database. The wind speed data is reported at a height of 10 m. To obtain these values, the 

logarithmic expression of the wind profile is used, which describes the vertical distribution of 

wind speed, and the height at which the results are calculated is 100 m. 

Figure 3.4 presents data on wind speed at a height of 100 m in the western Black Sea, 

with the nine sites of interest labeled A1, A2, A3, B1, B2, B3, C1, C2, C3. It is divided into three 

sub-figures, each representing the average and maximum wind speed in those specific 

locations. 

 

Figure 3.4 a) Average and b) maximum wind speed in m/s at a height of 100 m for the period 

2002-2021. 

Regarding the average wind speed, site A2 records the highest value of 7.26 m/s, 

closely followed by the value recorded at site C3, which is located at a greater distance from 

the western coast of the Black Sea. In the analysis of the maximum, we can observe that the 

values increase with the distance from the coast, with site C3 recording the highest wind speed 

value of 29.7 m/s. 

Table 3.2 Wind classes interpolated at a height of 100 m. 

Wind 
class 

Resource 
potential 

Average wind speed at 
100 m  

α = 0.143 (m/s) 

Average wind speed at 
100 m  

α = 0.11 (m/s) 

1 Slab U(z) < 6.1 U(z) < 5.7 

2 Marginal 6.1 ≤ U(z) ≤ 7.1 6.1 ≤ U(z) ≤ 6.6 

3 Rezonabil 7.1 ≤ U(z) ≤ 7.8 6.6 ≤ U(z) ≤ 7.2 

4 Bun 7.8 ≤ U(z) ≤ 8.3 7.2 ≤ U(z) ≤ 7.7 

5 Excelent 8.3 ≤ U(z) ≤ 8.9 7.7 ≤ U(z) ≤ 8.2 

6 Remarcabil 8.9 ≤ U(z) ≤ 9.7 8.2 ≤ U(z) ≤ 9.0 

7 Superb U(z) > 9.7 U(z) > 9.0 
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To obtain wind classes at a height of 100 m, Equation 3.2 was used, considering both 

the Hellmann exponent and the extreme weather exponent (Table 3.2). According to the 

specialized literature, areas classified as Class 1 are not recommended for wind resource 

exploitation. It is considered that an area has sufficient wind resources if it is classified as at 

least Class 2, but there are certain restrictions regarding the tower height. 

Figure 3.5 presents the distribution of wind speeds across the 7 classes. It is observed 

that the predominant class is Class 1, characterized by low wind speeds. This may represent 

a significant limitation in the development of wind farms in this region. However, there is 

promising potential in Class 7, representing the best wind resources with high and constant 

speeds. A detailed analysis shows that Site B1 stands out with results at 26.02% for Class 7.  

 

Figure 3.5 Wind speed distribution at 100 m height in % (2002–2021). 

 

Figure 3.6 Wind rose for the 9 studied locations (2002 – 2021). 
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Figure 3.6 presents a wind rose for the 9 locations, providing a crucial perspective on 

the predominant wind direction and speeds in each direction. Observing the wind rose, it can 

be noted that most locations exhibit a similar profile, with predominant wind directions oriented 

both northeast (NE) and southwest (SW). 

The annual energy production for the 9 selected locations is highlighted in Figure 3.7, 

using the wind turbines described in subsection 3.2. It can be observed that all 9 locations 

show similar results regarding wind energy production. Among the 9 locations, Site B1 records 

the highest values of energy production. For the Siemens Gamesa 8 MW turbine, the average 

annual production is 28,100 MWh, followed by Site C1 with 27,800 MWh and B2 with 27,600 

MWh. These results may be influenced by various factors, such as the average wind speed in 

each location, specific local characteristics, or turbine configuration. 

 

Figure 3.7 Annual energy production for the 9 locations reported for the chosen 6 turbines 

considering the period 2002 – 2021. 

 

Figure 3.8 Capacity factor for the 9 locations reported for the chosen 6 turbines considering 

the period 2002 – 2021. 

From the analysis of Figure 3.8, we observe that the Mingyang MySE 7 MW turbine 

records the highest capacity factor. This is mainly due to the fact that this turbine has a low 

cut-in wind speed required to start generating energy and also a low wind speed required to 

reach maximum power. These characteristics allow the Mingyang turbine to operate efficiently 

and produce a higher proportion of its rated power even in variable wind conditions. 
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Although the MHI Vestas-164-9.5 MW turbine has the highest power, it seems not to 

be suitable for operation in the chosen area of the Black Sea basin, as it has the lowest capacity 

factor (approximately 33%), which leads to low AEP values. From the known results, it can be 

observed that for the turbine with the highest power, the annual energy production is quite low. 

This is due to the wind speed at which rated power is achieved. In the case of the MHI Vestas-

164-9.5 MW turbine, as well as the two turbines from the mentioned study, the rated speeds 

are higher than 12.5 m/s, which directly affects turbine productivity.  

3.6 Conclusions 

In this chapter, several reference locations were selected to identify potential suitable 

projects that could be implemented in this area, as there are currently no operational wind farm 

projects in the Black Sea. All locations are located near the west coast of the Black Sea, at 

different distances, but at the same time, all are within the perimeter of the Exclusive Economic 

Zone of Romania. 

Considering the position and climate of the Black Sea, climate change is expected to 

occur, such as increases and decreases in temperature, which has implications for 

atmospheric parameters, such as changes in wind speed. Wind resources are directly related 

to wind speed, and their productivity will be influenced by climate. To understand how these 

climate changes affect the operation of wind turbines, this chapter focused on the dynamics of 

wind energy resources. Wind speed data were obtained using the ERA5 reanalysis database, 

considering a period of approximately 20 years, from January 2002 to December 2021. Each 

reference location is linked to 6 possible types of turbines (Table 3.2). To identify relevant 

trends, studies of average and maximum wind speeds, as well as their seasonal variations, 

were conducted. Furthermore, an evaluation of wind performance is presented. 

It was observed that wind speeds are grouped into two major classes, with the most 

predominant classes being C1 and C7, practically the two extreme classes. Considering the 

seasonal and monthly variation of the wind, the image of a temperate region was outlined, 

where there are two opposite seasons, winter and summer, the main cause being the increase 

or decrease in temperature in these periods. However, there are also two transition seasons 

in which the months close to those of the mentioned seasons acquire some of their 

characteristics. 

It can also be said that for our area of interest, more advanced wind turbine 

technologies are not necessary, and turbines such as those from Siemens Gamesa are 

appropriate. From previous studies regarding the potential of the North Sea [22], the capacity 

of the Black Sea becomes evident, where wind intensity does not reach the capacity of the 

North Sea, which is considered the sea with the greatest wind energy potential in Europe, 

having the largest number of wind farms. However, the Black Sea, which is not yet exploited, 

could also become a source of energy. Although the onshore wind turbine industry is already 

used in Romania, there are still no offshore wind farms, although the superior qualities of 

offshore wind have been demonstrated. In this regard, parameters regarding the performance 

of wind turbines were analyzed. The obtained results showed remarkable wind resources in 

these locations. It was also noted that advanced wind turbine technologies are not indicated 

for these locations, as in the case of high-power turbines such as the MHI Vestas-164-9.5 MW, 

as they require high wind speeds to reach rated power. 
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4 Assessment of offshore wind potential in various global 

regions 

After the thorough exploration and analysis of the energy potential of the Black Sea in 

the previous chapters, we now turn our attention to the global dimension of offshore wind 

energy. In a world undergoing constant change, with an increasing focus on renewable energy 

sources, offshore wind energy has become an essential tower in our efforts to shape the 

planet's energy future. 

This chapter builds on our analysis, fitting into the context of the rapid and extensive 

evolution of the offshore wind energy sector worldwide. The development of wind technologies 

in the open seas and oceans, along with the ever-increasing production capacity, has 

transformed this resource into a major player in the fight against climate change and the 

dependence on fossil fuels. 

4.1 Sites of Interest for harvesting wind power worldwide 

In the global analysis of wind potential, we have focused on 12 key locations worldwide, 

each with unique characteristics and considerable potential for wind energy production. In 

China, we identified an intensively exploited area, demonstrating the country's commitment to 

wind energy development. Projects such as Huaneng Dafeng, Jiangsu Rudong, and many 

others already have significant capacity and are under development. This region illustrates 

China's enormous potential in the field of wind energy. 

Near the Caspian Sea, our reference point is near the EnBW Baltic 2 wind farm, 

showcasing the increased interest in harnessing wind resources in this area. Plans for the 

Kriegers Flak project with a capacity of 605 MW underscore the growing wind potential in the 

region. 

The Irish Sea stands out with existing wind farms like Walney and future projects. 

Walney Extension, with a capacity of 659 MW, highlights the importance of this area for wind 

energy development. With numerous projects in the concept or early design phase, the Irish 

Sea is a key location for the wind industry. 

The Mediterranean Sea draws attention with impressive plans for the Canale di Sicilia, 

a wind farm with a projected capacity of 2793 MW. This significant initiative underscores the 

remarkable potential of the region for wind energy production. 

In the Adriatic Sea, projects like Romagna 1 and Romagna 2 are evidence of the 

growing interest in harnessing wind resources. This region enjoys a strategic position and 

considerable potential for wind infrastructure development. 

In the global analysis of wind potential, one of the major points of interest is the North 

Sea, a region renowned for its extensive development in offshore wind energy. In particular, 

the Hornsea 2 project stands out as an example of excellence and impressive scale. With an 

installed capacity of 1,386 MW, Hornsea 2 is the largest offshore wind energy project in the 

North Sea and, in fact, one of the largest in the world. This impressive initiative not only 

provides a significant source of clean and sustainable energy but also emphasizes the critical 

importance of the North Sea region in the global renewable energy industry. 
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Table 4.1 Coordinates of sites of interest for the global study. 

Sites Location Latitude (°) Longitude (°) 

P1 Yellow Sea 32° 54' 7.47" N 121° 26' 24.45" E 

P2 Taiwan Strait 24° 35' 38.7" N 120° 24' 24.7" E 

P3 Arabian Sea 20° 36' 15.3" N 71° 33' 05.3" E 

P4 North Sea 53° 53' 6" N 1° 47' 27.6" E 

P5 North Sea 53° 15' 55.8" N 1° 22' 45.9" E 

P6 Caspian Sea 55° 1' 52.22" N 13° 10' 12.73" E 

P7 Irish Sea 54° 1' 1.38" N 3° 35' 30.63" W 

P8 Mediterranean Sea 37° 55' 47.9" N 11° 25' 47.9" E 

P9 Adriatic Sea 44° 26' 29.85" N 12° 56' 22.91" E 

P10 North Atlantic Ocean 41° 4' 51.63" N 70° 44' 16.6" W 

P11 Indian Ocean 30° 2' 42.25" S 31°16'49.17" E 

P12 Caribbean Sea 32° 54' 7.47" N 121° 26' 24.45" E 

In the context of this global analysis, it is important to note that information about the 

12 selected locations is systematically and accessibly presented in Table 4.1, and Figure 4.1 

complements this information by providing a graphical representation. 

 

 

 

Figure 4.1 Graphical representation of the sites of interest. 

4.2 The proposed turbines to be used in the study 

In order to obtain a comprehensive and detailed perspective of offshore wind potential, 

two highly relevant reference turbines were analyzed: Siemens Gamesa SWT-8.0-167 and 

NREL 5-126, both previously used in the research presented in Chapter 3. The selection of 

these two turbines was based on pertinent and scientific reasons. 
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The Siemens Gamesa SWT-8.0-167 turbine was chosen for analysis due to its 

remarkable performance, which has been carefully documented and validated in the previous 

chapter. This choice was based on the fact that Siemens Gamesa turbines have demonstrated 

reliability and efficiency in offshore wind energy production and have been used in numerous 

major projects worldwide. Therefore, we consider this turbine to be a robust reference for 

evaluating global wind potential. 

On the other hand, the NREL 5-126 turbine was included in the analysis for research 

and development purposes, as it represents a study turbine used in the industry to investigate 

and improve technologies and performance in the offshore wind sector. This strategic choice 

allows us to have extensive and detailed technical data necessary for future analyses and to 

assess the potential of this type of turbine in various global regions. 

Figure 4.2 presents the power curves corresponding exclusively to these two turbines, 

providing a clear and comparable perspective on their performance in the context of the 

upcoming development of wind potential. 

 

 

Figure 4.2 Performance of the chosen turbines – power curves. 

4.3 Wind data processing and analysis 

Figure 4.3 brings to the forefront a detailed analysis of wind speed, organized into wind 

classes. What can be observed from this figure is that the distribution of these wind classes 

varies significantly from one location to another, with the only common aspect being the 

dominance of certain classes. In particular, classes 1 and 7 stand out as predominant in most 

locations. 

However, there are some locations, such as P3 (Arabian Sea), P9 (Adriatic Sea), and 

P12 (Caribbean Sea), where the predominant speed is in class 1. This suggests that these 

locations are not ideal for harnessing wind resources, as class 1 is characterized by very low 

wind speeds, and, according to the analysis, only a small percentage, maximum 30%, is 

suitable for wind activities. This indicates that these locations are not recommended for placing 

wind turbines. 
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On the other hand, there are locations with impressive wind resources, such as those 

in P4 (North Sea), P5 (North Sea), P6 (Caspian Sea), P7 (Irish Sea), P10 (North Atlantic 

Ocean), and P11 (Indian Ocean). Among these, P2, P4, and P7 stand out with the highest 

percentage of wind speeds exceeding 10 m/s. 

It is not surprising that these locations coincide with the most energetically exploited 

ones, where numerous wind farms and wind developments exist in adjacent areas.  

 

Figure 4.3 Wind classes associated with the 12 locations for the period 2002-2021. 

Figure 4.5, depicting the wind rose for the 12 locations, provides an essential 

perspective on wind behavior in these regions. This type of representation illustrates both the 

predominant wind direction and the wind speed range in different directions. 

A notable location is P2 (Taiwan Strait), which has a predominant wind direction from 

the NE (northeast) with a frequency of 27%. Wind speeds in this location mostly fall within the 

range of 10-15 m/s, with 8% exceeding the 15 m/s threshold. This suggests that P2 has 

significant wind potential and can be a highly efficient wind energy development site. For P11 

(Indian Ocean), it is observed that there are predominant directions from both NE and NW 

(northwest), with wind speeds ranging between 15 and 20 m/s for both directions. This 

indicates that P11 exhibits a unique behavior with the potential to produce energy consistently, 

regardless of the wind direction. In contrast, P12 also has a consistent direction from the NE, 

but the wind intensity in this location is quite low, which may limit its potential for wind energy 

production. Locations P4, P5, P6, and P7 exhibit similar behaviors, given their proximity. All 

four locations record significant percentages with wind speeds between 15 and 20 m/s, without 

having a predominant wind direction. These data suggest that these locations have the 

potential for wind energy production under favorable conditions. 

Overall, even when the wind direction varies, modern wind turbine technologies are 

equipped with orientation devices that allow adjusting the turbine based on the wind direction. 

This enables efficient wind energy production in a wide range of conditions, making these 

locations potential significant sources of renewable energy. 
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Figure 4.4 Wind rose for the 12 selected locations for the period 2002-2021. 

Figure 4.5 confirms the previous finding that P3 and P9 are locations with lower wind 

speeds, having the lowest AEP values (1.79 TWh and 1.57 TWh, respectively). These values 

are significantly lower than the AEP recorded for P4 and P7. The most productive locations 

are predictably those with the best wind classes, as mentioned earlier in Figure 4.5. These 

locations are also identified in Figure 4.7 as having the highest AEP values. 

What is interesting is that, compared to the Siemens Gamesa 8 MW turbine, the 

productivity of the NREL 5 MW turbine is lower by about a third. This is due to the lower nominal 

power of the NREL 5 MW turbine. However, the NREL 5 MW turbine has a lower cut-in speed 

of 11.6 m/s, making it more suitable for low-wind intensity locations. 
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Figure 4.5 Annual energy production for the 12 locations (2002-2021). 

To provide a broader context for the observations in Figure 4.6, it can be noted that 

locations P4 and P7 stand out with the highest capacity factor values. This indicates that these 

two locations have relatively stable wind speeds situated near or within the range of 12-25 m/s 

and 11.6-25 m/s, respectively. These favorable conditions allow the turbines to operate nearly 

consistently at maximum capacity, close to the nominal power of 8 MW (for the Siemens 

Gamesa turbine) and 5 MW (for the NREL turbine). 

In contrast, locations P3, P9, and P12 record the lowest capacity factor values. This is 

due to the prevalence of wind class 1 in these areas, making wind energy production inefficient 

as the turbines rarely operate at the capacity required to reach 8 MW or 5 MW power. A notable 

aspect is that the performance of the NREL 5 MW turbine is better than that of the Siemens 

Gamesa 8 MW turbine. This is because NREL turbines can reach nominal power at lower wind 

speeds, making them more efficient under the conditions specified in Figure 4.6. 

 
Figure 4.6 Capacity factor for the 12 locations considering the period 2002–2021. 

Comparing the results obtained in this chapter with those in Chapter 3, where various 

locations in the Black Sea were analyzed, a notable similarity in the behavior of the Black Sea 

with that of locations P1 (Yellow Sea) and P8 (Mediterranean Sea) can be observed. This 
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comparison provides an interesting perspective on the similarities in wind characteristics 

across different regions. 

All the results obtained in this thesis represent an extension of the research initiated in 

the work [91]. However, to ensure coherence and relevance within the PhD thesis, it was 

deemed necessary to modify the analyzed period to obtain a comprehensive perspective on 

the evolution of the analyzed phenomena. 

4.4 Conclusions 

In this chapter, the wind energy potential for 12 offshore locations worldwide has been 

analyzed, all of which are either currently exploited or under development in terms of wind 

energy. These locations were chosen to represent a variety of wind conditions and potential 

for renewable energy production. Among these, the Yellow Sea location stands out as one of 

the most intensively exploited areas, already hosting several operational or in-development 

wind farms, such as Huaneng Dafeng - Phase 1 - 300 MW, Huaneng Dafeng - Phase 2 - 100 

MW, and others. The same level of exploitation intensity is encountered in the North Sea, home 

to wind farms like Hornsea Project One - 1218 MW, Hornsea Project Two - 1386 MW, and 

others. 

In contrast, less exploited locations, such as those in the Mediterranean Sea and the 

Adriatic Sea, are areas of interest for future wind farm development, such as Canale di Sicilia 

with a planned capacity of 2793 MW and the Romagna 1 (120 MW) and Romagna 2 (400 MW) 

farms. These locations were selected to provide a comprehensive picture of the variation in 

wind potential globally. 

The analysis covered a 20-year period, from January 1, 2002, to December 31, 2021, 

using data obtained from the ERA5 database. This study revealed that the North Sea is one 

of the most intensively exploited areas due to its rich wind energy resources. Site P4 proved 

to have the highest values for both annual energy production and capacity factor, with wind 

speeds consistently in the range of 12-25 m/s. Point P7, located in the Irish Sea, demonstrated 

significant potential, with resources similar to those in the North Sea, suggesting that the Irish 

Sea could play a crucial role in offshore wind energy production. On the other hand, location 

P9 in the Adriatic Sea showed weaker results in terms of annual energy production and 

capacity factor, with predominant wind speeds between 0 and 10 m/s. This explains why 

certain locations are not exploited as intensively as others. However, with the help of 

appropriate technologies and strategies, the capacity factor can be improved to maximize 

renewable energy production. 

Work [92] focuses on studying the exploitation of offshore wind and solar energy 

resources in the Mediterranean region. The authors use data from ERA5 reanalysis to assess 

the potential for renewable energy production in this region over an extended period. Following 

this analysis, Figure 2 presents the results obtained for wind power density at a height of 100 

m for the four seasons. From the figure, values can be extracted as 760 W/m^2 for winter, 600 

W/m2 for spring, 240 W/m2 for summer, and 450 W/m2 for autumn. All these values are close 

to those obtained in this chapter, reported for the Mediterranean Sea location (P8). 

Comparing the average speed at a height of 100 m obtained for locations P4, P5, and 

P7, located in the North Sea and Irish Sea, around the value of 9-9.2 m/s, with the results 

obtained in the study [93], a notable similarity can be observed. In the mentioned study, the 

average speed for our locations can be extrapolated from Figure 2, resulting in wind speeds 

ranging from 9 to 10 m/s, making the results convergent. In another earlier study [22], related 

to the potential of the North Sea, Figure 3 presented seasonal and monthly variabilities, for 
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which a seasonal variation of about 0.4 and a monthly variation of around 0.5 were obtained. 

These values are in line with those obtained in this chapter, showing a difference of about 10-

20%. 

For the P1 location (Yellow Sea), the power density is approximately 400 W/m2 in this 

report, while in Costoya et al.'s work [94], the power density for the same location is shown in 

Figure 4.a and is approximately 480 W/m2. We observe that there is, however, a difference of 

80 W/m2 between the two values. This difference could be attributed to several factors, and 

one of them could be the difference in the analyzed periods. This analysis is reported for the 

years 2002-2021, while the analyzed period in the mentioned work is between 1986-2005. At 

the same time, from Figure 4.b, we observe that, for the near future period, the power density 

in this location decreases, which may indicate a natural variation in wind resources over time. 

In conclusion, this chapter shows that, although not all locations have impressive wind 

energy resources, wind farms can significantly contribute to phasing out conventional energy 

production. By improving the performance of wind turbines and adapting them to the specific 

conditions of each location, it is possible to develop efficient wind farms that can generate 

significant amounts of green energy. This chapter emphasizes the importance of researching 

and exploring different locations globally to find significant wind energy resources and 

contribute to the transition to renewable energy sources. 
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5 Wind power produced by airborne wind turbines  

The purpose of this chapter is to provide a comprehensive perspective on wind 

resources in the Black Sea region by making a direct comparison between wind conditions 

reported at the standard height of 100 meters, where most offshore wind turbines operate, and 

those recorded at much higher altitudes, such as 400 meters, where, in the future, Airborne 

Wind Energy Systems (AWES) generators could be installed. In addition to assessing wind 

resources, this chapter also takes into account the performance of various wind converters. 

This promising technology has the potential to expand access to wind resources 

available at higher altitudes, where winds are stronger and more consistent. Evaluating wind 

resources for AWES at altitudes up to 400 meters could provide significant insights into the 

viability of these systems for offshore wind energy generation in the Black Sea region. 

5.1 The fundamentals of functioning of airborne power generation 

technologies 

At higher altitudes, the wind is often stronger and more persistent in most parts of the 

world. Airborne Wind Energy Systems (AWES) [95] aim to harness this untapped energy 

potential, which is inaccessible to conventional ground-based wind turbines. The concept of 

harvesting wind energy using Airborne Wind Turbines (AWT) is new and exciting. The kite's 

apex is equipped with a turbine, an electric generator, and a power converter. The generated 

electricity is transmitted to the ground through a medium-voltage cable [96]. 

The classification refers to Airborne Wind Energy Systems (AWES) based on their 

interactions with the ground and methods of energy production. These systems are divided 

into two main categories: Ground-Gen AWES (with Ground Generator) and Fly-Gen AWES 

(with Flying Generator) (Figure 5.1). 

 

Figure 5.1 Types of AWES systems a) Fly-Gen System; b) Ground-Gen System. 

According to Betz's law [97], only the tip of the blade and/or a lightweight turbine are 

necessary to generate a given amount of electrical energy, as the kite flies at a speed several 

times faster than the actual wind speed. The AWES concept is highly attractive, considering 

that 30% of the blade length produces more than half the power of a conventional turbine 

(Figure 5.3) [97,98]. 
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Figure 5.2 The fundamental idea of AWES systems with a ground generator. 

5.2 High altitude wind data processing and analysis 

Meteorological data was extracted from the ERA5 reanalysis database over a 20-year 

period (January 2002 – December 2021) to cover the entire Black Sea region and evaluate 

wind conditions at a height of 100 meters (U100). 

However, the concept behind Airborne Wind Energy Systems (AWES) is to operate at 

much higher altitudes, such as 1000 meters, as seen in the Kite Gen project [99]. Wind speed 

increases significantly with height, up to the atmospheric boundary layer, and this relationship 

follows a logarithmic function [100]. Thus, to adapt the initial dataset to the specific operational 

height of the AWES system, a wind logarithmic profile is applied [101]. This adjustment is 

necessary to accurately reflect the wind characteristics at the desired height of the AWES 

system and ensure a precise assessment of the energy generation potential. To obtain the 

wind speed for the operation of an AWES system, the logarithmic wind profile is again used, 

but this time using U100 as the reference speed. 

UAWES=UERA5

ln(z
AWES

)-ln(z
ERA5

)

ln(z
ERA5

)-ln(z
0
)

 (5.1) 

Where: UAWES – is the wind speed adjusted for a specific AWES; UERA5 – is the wind 

speed associated with ERA5 data (U100 in this case); zAWES – is the operating height of an 

AWES; zERA5 – is the reference height of wind data according to ERA5 (100 m in this case); 

z0 is the surface roughness coefficient, with a value of 0.0002 m [102]. It's important to note 

that while this method may seem less precise for higher atmospheric layers, it is reliable 

enough to estimate marine wind resources based on the information provided by Schelbergen 

et al. [103]. 

For this chapter, only the parameter U100 has been considered for six-hour intervals 

(00:00:00, 06:00:00, 12:00:00, 18:00:00) of each day to avoid possible uncertainties that may 

arise when using the logarithmic wind law. 
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5.3 Airborne wind energy systems 

The performance of a specific wind turbine (a three-blade system) can be expressed 

through a power curve, establishing a direct relationship between the designed power and a 

specific wind speed. Figure 5.3 illustrates these curves, including a 5 MW wind turbine already 

analyzed in Chapter 3, and two Airborne Wind Energy Systems (AWES) (500 kW and 5 MW); 

these three systems will be further considered for evaluation. Based on this information, the 

wind turbine's performance has already been analyzed for a tower height of 100 m, compared 

to AWES, where two operating heights will be used (200 and 414 m). It is important to note 

that, in Weber et al. [100], a clear distinction is made between an AWE with flexible blades and 

one with rigid blades, while this chapter uses only information related to generic power curves. 

 

 

Figure 5.3  Power curves of wind turbines according to Weber et al. [100]. 

5.4 Results obtained for airborne wind energy systems 

An initial overview of the wind resources of the Black Sea is presented in Figure 5.4, 

showing the spatial distribution of the U500 parameter (average values). As expected, the 

central and western parts of this region exhibit more consistent values, with significantly higher 

values displayed for the Sea of Azov (located to the north). For the western coastal area, wind 

conditions in the range of 6 to 8.2 m/s represent a common trend, especially along the 

Romanian coastline. 

 

Figure 5.4 Average wind speed at a height of 500 m [104]. 
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Figure 5.5  Direct comparison between wind conditions associated with reference heights of 

100 and 500 m for the time interval 2002 – 2021 (U500 minus U100 — in m/s) [104]. 

Figure 5.5 represents a detailed analysis of the differences between two distinct wind 

fields, U500 and U100, throughout the entire dataset. The choice of the U500 parameter for 

comparison is justified because it represents an average height at which an airborne system 

can operate, being relevant in the context of exploiting renewable wind resources. By 

examining the anticipated variations between the two wind fields, it is observed that they fall 

within the range of 0.3 to approximately 1 m/s. 

Figure 5.6 a) provides an initial perspective on the performance of airborne wind energy 

systems (AWES) by presenting the annual electricity production of a 500 kW system with an 

average flight altitude of 200 m. This analysis reveals a gradual increase in electricity 

production, starting from 0.5 GWh in the eastern coastal areas, up to 1.25 GWh in the eastern 

offshore region. Additionally, values progressively increase to peak at 2.39 GWh in the western 

sector. 

Figure 5.6 b) illustrates the capacity factor of the aforementioned airborne system with 

a capacity of 500 kW. According to these data, we observe that the maximum values of the 

capacity factor range between 55% and 58%, with outstanding performances near the Sea of 

Azov. In the offshore region, situated between 30% and 32.5% on the Black Sea map, more 

stable values of this factor are noticeable, starting to decrease until reaching a level of 35% 

near the eastern coast. 

 

  
a) b) 

Figure 5.6 a) Annual energy production; b) capacity factor (in %) for the estimated 500 kW 

AWES system under U200 wind conditions for the time interval 2002 – 2021 [104]. 
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The results of the analysis (Figure 5.7) reveal that, for this operational height, the 

performance of the 5 MW AWES system is substantially lower compared to that of a traditional 

wind turbine. In the Sea of Azov region, estimates indicate a maximum AEP production of 

16.33 GWh. In the Black Sea, electricity production reaches a maximum of 14.34 GWh in the 

northwest sector, gradually diminishing to 10 GWh in the southwest. 

The capacity factor for the Black Sea region exhibits variations ranging from 5% to 

33%, depending on the specific region of interest. 

 

  
a) b) 

Figure 5.7 a) Annual energy production; b) capacity factor (in %) for the estimated 5000 MW 

AWES system under U200 wind conditions for the time interval 2002 – 2021 [104]. 

Figure 5.8 highlights the evaluation of the 5 MW AWES system's performance at a 

reference height of 414 m, presenting results regarding annual electricity production and, 

respectively, the capacity factor. These data provide a more detailed perspective on the 

system's performance in various regions. In the case of the Black Sea, significant 

improvements in AWES performance compared to the 200 m height are also highlighted. 

 

  
a) b) 

Figure 5. 8 a) Annual energy production; b) capacity factor (in %) for the estimated 5000 MW 

AWES system under U414 wind conditions for the time interval 2002 – 2021[104]. 

Data validation is essential. According to reference [105], which analyzed wind speeds 

using in-situ data for three locations in the western Black Sea, the average wind speed for the 

years 2015–2020 at a height of 2.5 m was 6.7 m/s (which corresponds to approximately 9.3 

m/s at a height of 100 m). The results obtained in this study indicated an average wind speed 

of about 8 m/s for the same location. It is important to note that the ERA5 database seems to 

underestimate wind speeds, although these differences can be attributed to temporal 

variations and an irregular wind profile. Nevertheless, these results suggest the possibility of 

better wind resources than those recorded, which is beneficial for the energy industry. 
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5.5 Conclusions 

In this chapter, a comprehensive overview of the wind energy potential in the Black 

Sea has been provided, considering different reference heights and wind turbine technologies. 

The entire study was based on wind data from the last 20 years (2002-2021) extracted from 

the ERA5 reanalysis project. Overall, this project tends to underestimate regional wind 

resources, as shown by the comparison with in-situ measurements. Although the Black Sea 

was the focus of this study, it is noteworthy that the best wind resources were, in fact, found 

near the Sea of Azov (northern area), regardless of the time interval considered. However, 

given the current geopolitical situation, it is challenging to anticipate the implications of a 

renewable energy project for this area. 

Regarding wind turbines, all results were presented in terms of spatial maps covering 

the entire Black Sea, which, to the author's knowledge, can be considered an innovative 

element for this region. It is important to note that no restrictions were included in these maps 

(e.g., maritime routes, exclusive zones, etc.). The main element of originality lies in the analysis 

of airborne wind energy systems (500 kW and 5 MW) since such an analysis has not been 

conducted previously for this geographic region (either on land or at sea). Based on existing 

literature, several scenarios were developed where the optimal flight altitude of AWES was 

defined for two particular heights (200 and 414 m). 

From the comparisons of 5 MW systems, it is clear that the traditional wind turbine (with 

three blades) offers better performance, regardless of the operational heights of AWES. From 

a direct comparison (using airborne values - U200) of electricity production, a difference of 

22% was observed in the western part of the Black Sea and a maximum of 80% in the eastern 

area. However, similar performance can be expected only if such an AWES can operate at 

altitudes above 750 m. 

Although the operating principles of airborne generators are similar, most AWE 

systems are still in the early stages of development. To become competitive with traditional 

wind turbines, these airborne systems need to be able to improve their production capacity. 

The scalability process must be carefully planned, as the kite's traction force will increase 

significantly, while the overall characteristics of the airborne generator need to be upgraded. 

For example, in the work of Dominguez Santana and El-Thalji [106], a 30 kW prototype was 

scaled up to a 1500 kW version. In this case, the following modifications were identified: the 

traction force increased from 7.5 to 375 kW; the diameter of the traction cable increased from 

2 to 30 mm; and the drum diameter increased from 0.25 to 1.2 m. 



Alexandra-Ionelia DIACONIȚĂ (MANOLACHE) 
Studies and research regarding the generation and transmission of 
the energy in the coastal areas of the Black Sea 

Chapter 6 Analysis of the offshore  
wind turbine tower's structure 

 

45 
 

6 Analysis of the offshore wind turbine tower's structure 

Offshore wind turbine foundations play a crucial role in harnessing wind energy from 

the open sea. These tall structures are carefully designed and constructed to support the entire 

wind turbine system, enabling the capture of clean and renewable energy from the strong 

offshore winds. 

The foundation, typically made of steel or concrete, is built in sections, each composed 

of cylindrical tubes. These sections are manufactured off-site in specialized facilities. Steel 

foundations are constructed from conical sections of tubular steel welded together in lengths 

ranging from 30 to 40 meters and then transported to the construction site for assembly. In the 

case of concrete foundations, molds are used to achieve the desired shape, and the concrete 

is poured and allowed to set. 

The height of onshore wind turbines is greater to exploit the stronger wind speeds. 

However, the powerful wind speeds in the maritime zone can be harnessed at lower altitudes. 

Therefore, foundations for offshore wind turbines can be shorter, as the same height is not 

required to achieve similar wind speeds [107]. Once the foundation sections are fabricated, 

they are transported to the installation location of the offshore wind farm using specialized 

vessels. The assembly phase begins once the foundation sections have reached their 

destination. Large installation vessels equipped with cranes are used to lift and position each 

foundation section accurately. Alignment is done precisely, and the sections are securely 

fastened using bolted connections or welding. 

6.1 Wind turbine and tower characteristics 

The selected turbine for this chapter is the Vestas V112-3 MW, corresponding to IEC 

Class I. This type of wind turbine has a horizontal axis with wind orientation. The turbine is 

equipped with a three-blade rotor positioned by a microprocessor-controlled pitch system. The 

turbine's characteristics are presented in Table 6.1 and Figure 6.1. 

  

(a) (b) 

Figure 6.1 The 2D model for the wind turbine a) with cylindrical tower; b) with conical tower 

[108]. 
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Table 6.1 Turbine characteristics. 

Properties Values 

Rated capacity 3 MW 

Wind class IEC Ia 

Rotor diameter 112 m 

Area   9852 m2 

Mass (blades, rotor and nacelle) 155 t 

Hub height 84 m 

Material Steel S355JR 

Tower type Cylindrical Conical 

Tower diameter 4.176 m 6 m at base 

3.87 at top 

The material characteristics of the tower from the Vestas V122-3 MW turbine are 

presented in Table 6.2.  

 

Figure 6.2 Power curve and thrust coefficient of the turbine Vestas V112-3 MW [108]. 

Table 6.2 Tower material characteristics. 

Properties Values 

Young’s modulus (E) 200∙10
3
 MPa 

Density (ρ) 7800 kg/m3 

Poisson’s ratio (ν) 0.3 

6.2 Fundamental presuptions 

• The tower was considered to be a cantilevered beam fixed to the structure. At the 

top, a load equal to the combined mass of the nacelle, blades, and rotor was applied. 

• The tower material was assumed to be isotropic and homogeneous. One tower has 

a constant circular cross-section along its height, while the other has a tapering 

cross-section from the base to the top, both with relatively small thicknesses of the 

shell. 

• Secondary effects were neglected (such as axial and shear deformations and 

moment of inertia). 

• Distributed aerodynamic loads were caused only by the traction forces. 
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6.2.1 Load calculations 

  

Figure 6.3 The forces and moments acting on the tower [108]. 

The main loads acting on the tower are gravitational loads and aerodynamic loads 

resulting from wind action, which can be traction and bearing forces. Aerodynamic loads were 

grouped into two categories: those acting directly on the tower and those acting on the rotor 

and transferred further to the upper part of the tower. The forces and moments acting on the 

turbine are illustrated in Figure 6.3. 

6.2.2 Gravitational loads 

Gravitational loads are determined by the weight of the supported components, which 

in this context include the nacelle, rotor, and wind turbine blades. Together, these components 

have an approximate weight of 155 tons. This gravitational load contributes to the development 

of compressive stresses on the tower structure. 

To illustrate this influence, a simplified model was used, involving placing a mass point 

at the top of the tower. This mass point effectively represents the point where the total weight 

of the wind turbine components is concentrated. 

6.2.3 Aerodynamic loads 

 
 

Figure 6.4 The pressure applied along the two towers [108]. 
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Fd=
1

2
ρ

airU(z)
2
CdD(z) 

(6.1) 

where: ρ
air is the air density (having the value of 1.225 kg/m3), U(z) is the wind velocity 

at height z (in m/s), Cd is the drag coefficient (this parameter has a value of 0.7), D(z) is the 

tower diameter at height z (in m). 

Wind speed varies along the tower height under normal wind conditions, and it will be 

calculated using formula 3.2. 

For the extreme wind model, wind speed was calculated using the formula below, 

according to the IEC 61400-1 standard [109]: 

Ue50=1.4∙Uref (6.2) 

Offshore wind turbines are classified based on wind speed and turbulence parameters, 

according to the IEC standard. In the formula above, Ue50 is the predicted extreme wind speed 

with a 50-year return period (in m/s). The chosen turbine belongs to the IEC Ia class, and 

according to the standard, the reference speed Uref is 50 m/s. 

Using the power law wind profile equation, the above equation becomes: 

U(e50)z
=1.1∙ Uref (

z

ztower

)
α

 
(6.3) 

In addition to the loads imposed by the wind on the tower, the top of the tower was also 

affected by a series of forces and moments resulting from the wind action on other components 

of the turbine assembly [110]. The design standard IEC61400-1 [109] defines twenty-two load 

cases for turbine design, covering all operating conditions from startup to extreme conditions. 

The typical cases used were those in extreme wind conditions and those in normal operating 

conditions. The aerodynamic force resulting from the wind action on the rotor can be calculated 

using the formula [111,112]: 

Fx=
1

2
CTρU

2
A 

(6.4) 

Where: CT is the thrust coefficient, ρ is the air density (with a value of 1.225 kg/m3), U 

is the wind speed in m/s, and A is the area described by the blades in m2. 

6.3 Tower performance analysis and optimization in various black sea 

locations 

Within Chapter 3 of the study dedicated to exploring the potential of renewable wind 

energy in the Black Sea area, significant results have been outlined. Carefully analyzing the 

six points of interest, two remarkable locations for wind speed assessment at a height of 100 

meters have been identified. Point B1, where the water depth reaches 58 meters, highlighted 

the highest interpolated values of wind speeds. This emphasizes remarkable potential for 

harnessing wind energy in this area. At the same time, we chose to consider the location of 

point C3, characterized by an impressive depth of 1000 meters. 

In this phase of the study, the algorithm described in Chapter 3 was carefully 

implemented for calculating wind speeds at a height of 84 meters.  
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Figure 6.5 Pressure applied along the tower height for the conditions in the Black Sea. 

Table 6.3 Information related to the chosen location. 

Data Values 

Location B1 C3 

Longitude (°) 30.47 30.73 

Latitude (°) 44.79 43.81 

Depth (m) 58 1000 

Maximum wind speed at 84 

m (m/s) 

27.8 29.7 

Average wind speed (m/s) 7.5 7.32 

As the chosen points have a maximum wind speed value of 27.8 m/s and 29.7 m/s, an 

attempt was made to reduce the thickness of the tower wall in two steps, by 25% and 50%, for 

the strength study. 

6.4 Results obtained from finite element analysis 

The most common method for designing the tower of a wind turbine is the 

manufacturing of sections between 20 and 30 meters coupled with flanges at both ends and 

then fixed in place. In this chapter, only the tower sections were considered without simulating 

the connections. The tower was divided into four sections, three with a length of 20 meters and 

one with a length of 24 meters. The two towers were modeled as shell structures in ANSYS 

[113,114], using 8-node elements. The main features are detailed in Tables 6.1 and 6.2. The 

thicknesses of the two towers are indicated in Table 6.4. The 3D model is presented in Figure 

6.6 a) and b). 

Table 6.4 Tower wall thickness [108]. 

Segment Thickness 

Segment 1 50 mm 

Segment 2 30 mm 

Segment 3 19 mm 

Segment 4 19 mm 
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a) cylindrical b) conical c) cylindrical d) conical 

Figure 6.6 Tower geometry and mesh of 0.5 m [108].  

The mesh was generated using quadrilateral elements because they best reproduce 

the stress distribution, and the results of finite element analysis depend on the chosen 

discretization solution. The size of the applied quadrilateral elements was 0.5 m (Figure 6.6 c) 

and d)). 

  

a) cylindrical b) conic 

Figure 6.7 The first mode of vibration for the two towers [108].  

To avoid resonance caused by vibrations, the tower's frequency must differ from 

harmonic vibrations associated with the rotor. The rotor has a harmonic vibration value 

between 1P=frot∙Sf
 and 3P=

3∙frot

Sf
. The primary excitation frequency of the rotor, caused by the 

rotor's rotation at a given speed, inducing mass imbalances, is denoted as 1P. The second 

excitation frequency is caused by the blade passing the tower; this wind turbine has three 

blades, denoted as 3P. The range of variation of the tower's natural frequency can be 

expressed by the inequality (6.5). This represents the recommended interval for optimal design 

[115]: 

frot∙Sf≤ftower≤
3∙frot

Sf

 
(6.5) 
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where: Sf is the safety factor for frequency (has the value of 1.05 according to the GL 

standard [116]), ftower is the first natural frequency of the tower, and frot is the frequency 

associated with the rotor. The Vestas V112-3 MW has a rotor rotation speed of 12.8 rpm, 

corresponding to a frequency of 0.213 Hz. 

Thus, the first natural frequency of the tower must be between the values: 

0.244≤ftower≤0.640 
(6.6) 

As seen in Figure 6.7, the first vibration mode for the cylindrical structure was 0.269 

Hz, and for the conical structure, it was 0.380 Hz. Both values were within the range of 0.224-

0.640 Hz. 

Figure 6.8 illustrates the two towers deformed under the action of forces and moments 

in normal and extreme wind conditions. A tower is considered safe when the maximum 

deformation (denoted as dmax) does not exceed the allowable deformation (denoted as 

dallowable). The structure is considered globally stable and out of danger when the following 

relation is fulfilled  [117]: 

dmax≤dallowable 
(6.7) 

The allowable deformation can be calculated using the formula [118]: 

dallowable=1,25∙
L

100
 

(6.8) 

where L is the tower height and measured in meters. 

From the above equations, a value of 1.05 m was obtained for the allowable 

deformation. The deformations obtained for the two tower geometries were below this value. 

The cylindrical structure had the maximum deformation at the top of the tower, and its value 

was approximately 0.44 m, while for the conical structure, the deformation was much smaller, 

about 0.24 m. These values were much smaller than the allowable deformation, indicating that 

the structure was sufficiently rigid. The maximum deformation under extreme conditions for the 

cylindrical tower was 1.6385 m, exceeding the allowable deformation value. This result 

indicates that the cylindrical structure was not rigid enough for these conditions. The maximum 

deformation of the conical tower was 0.87261 m. 

    

a) cylindrical b) cylindrical c) conical d) conical 

Figure 6.8 Total deformation of the tower: a) normal wind conditions; b) extreme wind 

conditions; c) normal wind conditions; d) extreme wind conditions [108]. 



Alexandra-Ionelia DIACONIȚĂ (MANOLACHE) 
Studies and research regarding the generation and transmission of 
the energy in the coastal areas of the Black Sea 

Chapter 6 Analysis of the offshore  
wind turbine tower's structure 

 

52 
 

The von Mises stress, σ, generated by loads cannot exceed the allowable stress. This 

can be expressed by the following inequality: 

σ ≤σallowable 
(6.9) 

The allowable stress is given by: 

σallowable=
σy

γ
m

 (6.10) 

where σy is the yield strength and γ
m

 is the material safety factor.  

The yield strength of S355 steel is 335 MPa for thicknesses of 40 mm ≤ t ≤ 63 mm, and 

for thicknesses of 16 mm ≤ t ≤ 40 mm, the yield strength is 345 MPa. In the case of the chosen 

tower, the yield strength at the upper thickness was considered to ensure that all desired 

conditions are met. 

The value of the safety factor was 1.1. This value is a minimum compared to those 

used in practice but serves as a reference value taking into account material instability. For 

this reason, the values obtained from the calculation may be higher than the actual ones. 

Using Equations (6.9) and (6.10), the allowable stress value of 305 MPa was obtained. 

The von Mises stress values in the case of cylindrical and conical structures under normal 

operating conditions were 100 MPa and 71.5 MPa, respectively (Figure 6.9). These values are 

below the allowable stress value. Under extreme conditions, we can observe that the cylindrical 

tower had a von Mises stress value of 360 MPa; this exceeds the allowed value, indicating that 

the cylindrical structure was not safe. The conical tower had a von Mises stress of 254 MPa. 

The conical structure was safe under both normal operating conditions and extreme conditions.  

 

  
a) cylindrical b) conical c) cylindrical d) conical 

Figure 6.9 Von Mises stress in a) normal wind conditions; b) normal wind conditions; c) 

extreme wind conditions; d) extreme wind conditions [108]. 

Following the reduction of wall thickness, the total mass of both towers underwent a 

reduction, accompanied by a decrease in their natural frequencies. Table 6.5 provides an 

overview of the highlighted trends, where natural frequencies show a decrease as the wall 

thickness is reduced. Analyzing in detail, we observe that for the first vibration mode, all 

recorded values for various thicknesses fell within the mentioned range, indicating efficient 

avoidance of the resonance phenomenon, regardless of the chosen thickness. Additionally, 

we found that deformations had an upward trend proportional to the reduction of the wall 

thickness of the tower, but none of the values exceeded the maximum allowable limit of 1.05 

m. Regarding von Mises stress, it also showed a clear increase proportional to deformations. 
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However, none of the obtained values exceeded the allowable limit defined by Equations (6.9) 

and (6.10). 

Table 6.5 The results obtained for the three types of thicknesses. 

Type of 
tower 

Parameters Baseline 25% thickness 
reduction 

50% thickness 
reduction 

Cylindrical Maximum total 
deformation 

0.52311 m 0.69313 m 1.0338 m 

Maximum von Mises 
stress 

117.28 MPa 153.28 MPa 222.50 MPa 

1st natural frequency 0.36082 Hz 0.32099 Hz 0.26951 Hz 
Conical Maximum total 

deformation 
0.27942 m 0.37088 m 0.55414 m 

Maximum von Mises 
stress 

84.03MPa 109.60 MPa 159.50 MPa 

1st natural frequency 0.51194 Hz 0.45413 Hz 0.38008 Hz 

6.5 Analysis for a 100 m wind turbine tower 

In the absence of specific technical data for a 100-meter tower in operation, we can 

turn to the information provided in the work [58], which adopted an interesting approach. The 

authors extrapolated the specifications of the Vestas V-90 turbine, scaling them to a height of 

103 meters, and assigned component weights according to the NREL 5 MW turbine (Table 

6.6). Additionally, we will extend the comparison to an alternative structure, namely a concrete 

tower, to highlight the advantages and disadvantages of each option in terms of performance, 

durability, and environmental impact. Thus, we can obtain a more complete and enriched 

understanding of the technical and design implications of a 100-meter-tall tower. 

Table 6.6 Basic properties of the NREL interpolated turbine for a 103m tower height. 

Properties Steel tower Concrete tower 

Height 103 m 

Bottom diameter 6 m 8,2 m 

Bottom thickness 35 mm 250 mm 

Top diameter 3.87 m 4.8 m 

Top thickness 25 mm 250 mm 

In Table 6.7, the material characteristics used for the construction of the tower are 

presented. It can be observed that, in this case, two types of materials are considered, with a 

particular emphasis on precast concrete towers. It is important to note that precast concrete 

towers are equipped with steel tendons that stretch along their diameter. 

Table 6.7 Material Characteristics for Tower Construction[59]. 

Properties Steel tower Concrete tower 

Young’s modulus (E) 210∙10
3
 MPa 26∙10

3
 MPa 

Density (ρ) 8500 kg/m3 2450 kg/m3 

Poisson’s ratio (ν) 0,3 0,2 

This aspect is significant because the use of steel tendons in precast concrete towers 

contributes to the consolidation and strengthening of the tower's structure, thereby increasing 
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its capacity to withstand the gravitational and compressive loads to which it is subjected. Steel 

reinforcement is often employed in the construction of towers to ensure the necessary strength 

and stability in variable loading conditions and challenging environments. 

The admissible parameters that must be respected for the prestressed concrete tower 

are presented in table 6.8. 

Table 6.8 Design variables for prestressed concrete tower [119]. 

Parameter Values of concrete tower 

Frequency 0,212≤ftower≤0,606 Hz 

Allowable deformation 1,29 m 

Tensile strength 2,4 - 5 MPa 

Compressive strength 27.5 MPa 

By examining Figure 6.10, we can observe that the deformation in the case of the 

concrete tower is smaller compared to that of the steel tower. This behavior can be attributed 

to the significantly larger diameter of the concrete structure compared to the steel one. 

Additionally, the thickness of the tower wall may contribute to this aspect, considering that the 

thickness is approximately 7 times greater than that of the steel tower. Moreover, we can 

observe that, compared to the 84m tower, deformations in the case of the 103m tower increase 

significantly from 0.25m to 0.41m. This significant difference could be attributed to variations 

in the thickness of the tower walls and might be similar to the behavior observed in the case 

of a 25% reduction in wall thickness. Within the concrete tower, we can observe that the 

maximum stress is located at the bottom of the tower. 

 

   

a) steel b) concrete c) steel d) concrete 

Figure 6.10 Total Deformation and Von Mises Stresses under the Black Sea Wind - B1. 

The results obtained in Figure 6.11 exhibit similarities to those in Figure 6.10, with the 

note that they reflect an increase determined by the variation in wind speed, which changes 

intensity in the case of location C3. 
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a) steel b) concrete c) steel d) concrete 

Figure 6.11 Total Deformation and Von Mises Stresses under the Black Sea Wind - C3. 

6.6 Conclusions 

This chapter aimed to evaluate two types of towers for a wind turbine: one with a 

cylindrical shape and the other with a conical shape. Reference parameters were adopted 

according to the specifications of the Vestas V112-3 MW offshore wind turbine. Based on these 

data, an adaptation of the conical tower was performed, demonstrating better results compared 

to the cylindrical tower. Additionally, the possibility of using a concrete tower was explored, 

with the height interpolated to 103 m, a size increasingly used for offshore renewable energy 

exploitation. All analyses were conducted using the ANSYS software application. 

Following the modal analysis, a mesh size of 0.5 m was adopted, as the difference 

between the 0.25 m and 0.5 m meshes was nearly imperceptible. The natural frequency for 

the cylindrical tower was 0.27 Hz, and for the conical tower, it was 0.38 Hz, with both 

frequencies falling between 0.269 and 0.640 Hz, thereby avoiding the resonance effect. 

Within this study, two distinct static analyses were conducted. The first analysis was 

performed under normal turbine operating conditions, with wind speed up to the cut-off limit of 

25 m/s. The second analysis was carried out in a scenario where the turbine was non-

functional, and the wind speed reached 50 m/s. Forces acting on the tower in both cases, 

either under normal conditions or in the fault scenario, were determined by the wind thrust 

force on the blades, the bending moment of the blades, wind distribution across the tower 

height, the gravitational force generated by the weight of supported components (nacelle, 

blades, and rotor), and the weight of the tower itself. In addition to the two mentioned analyses, 

the specific operating conditions of the Black Sea for two locations already addressed in 

Chapter 3 were investigated. Furthermore, the possibilities of using a tower taller than 103 m 

and the prospects of using a material other than steel, specifically concrete, were explored. 

Deformations of both towers under normal operating conditions were below the 

permissible value, being more than 50% lower. In extreme wind conditions, deformations for 

the conical structure were close to the permissible limit, while those for the cylindrical tower 

exceeded this limit. The maximum deformations for both towers were located at the top of the 

tower at a height of 84 m. If we consider a diameter for the cylindrical tower that is equivalent 

to the conical structure, the deformation obtained had a value of 1.18 m, exceeding the 

permissible deformation limit. Thus, the conical structure exhibited better resistance than the 

cylindrical one. The optimal diameter for the structure not to deform below the permissible limit 
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was 5.2 m (for this diameter, a maximum deformation of 1.02 m was obtained), a difference of 

1 m from the diameter chosen for the study. 

Von Mises stresses for both towers under normal operating conditions remained below 

the permissible value, being 305 MPa. The obtained values for the cylindrical and conical 

towers were 100 and 71.5 MPa, respectively, representing approximately one-fourth and one-

third of the permissible stress value. In extreme wind conditions, the cylindrical structure 

exceeded the permissible value by approximately 55 MPa, while the conical tower remained 

below this permissible limit. The highest stresses were identified at the junction of the tower 

sections, particularly in the transition zone from a wall thickness of 30 mm to 19 mm (at a 

height of 40 m). High stresses were also observed at the junction between sections with a wall 

thickness of 50 mm and those with a thickness of 30 mm (at a height of 20 m). The fact that 

stresses were recorded in these zones and not at the bottom of the tower, as would be normal, 

is due to the design of the two towers without the use of flanges. If we consider the same 

diameter of 5.2 m for the cylindrical tower, the von Mises stress would remain below the 

permissible value, recording a value of 287 MPa. An important observation can be made 

regarding the concrete tower, where the maximum von Mises stresses are in the lower part. 

This is because the thickness of the tower is constant over the entire height, and the stress 

values for this case range between 4 and 4.5 MPa, within the permissible limits for this material. 

To validate the model presented in this chapter, a comparison was made between the 

obtained results and the work in [120], where measurements were taken on an 80 m tower 

wind turbine. This study involved placing sensors at various heights (on four levels, from level 

0 to level 3) and recording multiple signal types, such as acceleration, deformation, 

temperature, and tilt. Additionally, a finite element model was presented in [120], and 

developed to determine its feasibility and utility in future analyses. The conclusion was that 

results can be successfully interpreted and calculated using finite element models. From this 

study, a value close to 0.340 Hz was obtained for the natural frequencies of mode 1. The 

values obtained in this chapter were 0.361 Hz for the cylindrical tower and 0.512 Hz for the 

conical one. These differences were determined by the thickness of the shell, which in this 

analysis was larger than in [120]. However, Table 6.6 revealed a trend of these frequencies to 

decrease as the wall thickness was reduced. Additionally, the variations are influenced by the 

diameters chosen for the towers. Considering all these aspects, it can be concluded that the 

towers had similar frequencies, and the work in [120], can serve as a method to validate the 

model developed in this analysis. Moreover, in the mentioned study, the maximum stress 

values under a wind speed of 25 m/s were evaluated, and they were around 70 MPa. In 

comparison, values for the towers in this chapter were approximately 100 and 65 MPa. These 

detailed analyses contribute to a better understanding of tower performance in different 

scenarios and loading conditions. 

In the study, a potential direction towards the efficiency of this type of wind turbine was 

identified, considering its potential location in the Black Sea. In this region, wind speeds do not 

reach very high levels, but the productivity of such a turbine could reach approximately 45%. 

It was observed that by thinning the tower wall, the turbine could exhibit adequate mechanical 

resistance to operate in this location. 
. 
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7 Floating structure analysis 

This chapter presents a detailed analysis of the hydrodynamic characteristics for a 

spar-type foundation designed to support an offshore wind turbine. The study will be conducted 

using the ANSYS AQWA program [121], where a model will be generated to include both the 

foundation and the anchoring system composed of three anchor lines, as well as the export 

cable. 

Data regarding the foundation characteristics can be found in Table 7.1, while the 

turbine characteristics will be taken from the NREL model used in previous research in the 

preceding chapters (Table 7.2). It is noteworthy that, although offshore wind turbines have 

been deployed at depths of up to 150 meters so far, one of the locations of interest for this 

chapter is associated with a water depth of 1000 meters. This choice is justified by the 

informative purpose of this study. 

Table 7.1 Spar foundation characteristics. 

Parameters Values 

Diameter 15 m 

Height 100 m 

Draft 85 m 

Displacement 15020.7 m3 

Center of gravity -59.43 m 

Total mass 14698798.37 kg 

Number of anchor lines 3  

 

The total mass of the system includes both the weights associated with the structure 

itself and the fixed and variable ballast. 

In this context, the anchor line consists of two main components: chains and polyester 

cables. A diameter of 239 mm for chains and 160 mm for cables was selected to ensure the 

necessary strength against the hydrodynamic and mechanical demands of the marine 

environment [122]. Chains and cables have specific masses of 315 kg/m and 44 kg/m, 

respectively. Regarding the export cable, it is essential to understand that it does not play a 

role in ensuring the stability of the structure. 

Table 7.2 NREL turbine characteristics of interest for the foundation study [123]. 

Parameters Values 

Rotor mass 110000 kg 

Nacelle mass 240000 kg 

Tower mass 347460 kg 

Center of gravity 60 m 

7.1 Types of foundations used in the offshore wind industry 

Offshore wind turbine foundations constitute an essential part of the infrastructure 

required to efficiently harness wind energy off the coasts. These sophisticated and complex 

structures are designed to firmly support and anchor wind turbines in the tumultuous waters of 
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the oceans, paving the way for the effective exploitation of wind energy resources offshore. 

The main types of foundations include monopile foundations (with a single supporting pile), 

jacket foundations (truss-like structures), tripod foundations, TLP foundations (Tension Leg 

Platform – vertically pretensioned coupling), semi-submersible foundations, and spar 

foundations. 

 

 

Figure 7.1 Types of Foundations, from left to right: Monopile, Jacket, Tripod, TLP, Semi-

submersible, Spar. 

7.2 Degrees of freedom for the spar foundation 

 

Figure 7.2 The six degrees of freedom for spar foundation. 

In the context of floating wind turbines with spar foundation, the concept of 6 degrees 

of freedom (6-DOF) is crucial to the design and operation of these offshore structures (Figure 

7.2). These 6 degrees of freedom describe the foundation's ability to move and rotate in six 

distinct directions, allowing adaptation to the variable conditions of the ocean. These degrees 

of freedom include movement along the x-axis (aligned with the wind direction - surge), 

movement along the y-axis (perpendicular to the wind direction - sway), vertical movement 

(heave), rotation around the x-axis (roll), rotation around the y-axis (pitch), and rotation around 

the z-axis (yaw). 
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The analytical equation in the time domain for floating wind turbines is expressed as 

follows [124]: 

(M+A∞)ẍ(t)+ ∫ h(t-τ)ẋ(τ)dτ+Df(ẋ)+K(x)x=q(t,x,ẋ)
t

0

 (7.1) 

where: M is the mass matrix for the floating spar foundation, A∞ represents additional 

masses as frequency approaches infinity, h(t) is the delay function, reflecting the influence of 

the motion history on the current state of the wind turbine, 𝐷 is the nonlinear damping matrix, 

reflecting the damping forces during the motion of the wind turbine and foundation, K is the 

restoring stiffness matrix, accounting for the return-to-initial position behavior of the wind 

turbine and foundation, 𝑞 is the excitation force vector, including forces generated by incident 

waves and diffraction, aerodynamic forces of the rotor, wind pressure on the tower, and 

nonlinear restoring forces, such as those generated by anchoring cables and couples resulting 

from the structure's motion, x,ẋ,ẍ represent the position, velocity, and acceleration vectors of 

the wind turbine origin in the three directions. 

7.3 Wave spectrum  

The JONSWAP spectrum, developed in the 1970s as part of the Joint North Sea Wave 

(JONSWAP) project, was designed to address the observed variability of marine waves under 

different conditions. It is characterized by its distinct mathematical formula, describing the 

distribution of wave energy in terms of frequency and direction. The JONSWAP spectrum 

formula is defined as follows [125,126]: 

S(f,θ)=
αnormg2
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 (7.1) 

where: S(f,θ) is the spectral energy density at frequency f and direction θ (In m2s), α 

is the normalization coefficient, g is the gravitational acceleration, fm is the peak frequency of 

the spectrum (in Hz), γ is the peak enhancement factor. 

7.4 Results of the ANSYS foundation simulation 

 

Figure 7.3 Geometry created using ANSYS program. 

In this context, the structure is analyzed using diffraction theory. The geometry used 

for this study is presented in Figure 7.3. 
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In this chapter, a mesh size of 0.5 meters has been adopted. The total number of panels 

is 37,233, of which 16,091 are diffraction elements. The results of the discretization generation 

process are illustrated in Figure 7.4. 

 

 
  

Figure 7.4 Discretization of both the foundation and the turbine created in ANSYS AQWA. 

The initial analysis of the spar-type foundation focuses on the diffraction phenomenon. 

This was performed in the frequency range of ocean waves between 0 and 1.8 rad/s. Figure 

7.5 shows that the Response Amplitude Operator (RAO) for longitudinal translation (surge) 

exhibits a decreasing trend with increasing wave frequency. At the same time, the RAO for 

vertical translation (heave) and the RAO for pitch oscillation show an increasing trend followed 

by a decrease. 

   
a) b) c) 

Figure 7.5 Frequency response function of the a) longitudinal translation; b) vertical 

translation; c) pitch oscillation. 

Comparing the obtained results with those from reference [127], it can be observed that 

the frequency response function for longitudinal translation oscillation is approximately 1.8, a 

value close to that obtained in this analysis. Using the mentioned reference as a benchmark, 

both for the analysis of vertical translation oscillation and for roll oscillation, it is noted that for 

vertical translation oscillation, the RAO value is a maximum of 7, while roll oscillation presents 

values of 2.5. It can be concluded that the results are close, although differences exist, which 

can be attributed to the different dimensions of the structure and the environment in which the 

foundation operates. 

The data presented in Figure 7.6 illustrate the results obtained from evaluating the 

hydrodynamic forces and moments induced by both incident waves (Froude-Kryloff method) 

and the direct interaction of the body with the surrounding environment. The excitation force in 

the longitudinal direction reaches a maximum of 3632 kN, while for the excitation in the vertical 

direction, it halves, reaching a maximum of 1617 kN. It is observed that the maximum excitation 
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force in the vertical direction occurs at the lowest frequency, where the wave period is large. 

For the excitation moment around the x-axis, it reaches its maximum value at a frequency of 

0.15 Hz and has a value of approximately 158,600 kNm. 

   
a) b) c) 

Figure 7.6 a) Excitation force of the wave in the longitudinal direction; b) excitation force of 

the wave in the vertical direction; c) excitation moment given by the wave for roll oscillation. 

   
a) b) c) 

Figure 7.7 Additional masses for a) surge oscillation; b) heave oscillation; c) pitch oscillation. 

The additional masses for the analyzed structure are presented in Figures 7.7 for the 

three types of movements: surge, heave, and pitch. These additional masses largely depend 

on the structure's geometry, influencing the fluid particle acceleration on the geometric surface. 

 

   
   

Figure 7.8 Wave height a) considering all components; b) diffraction; c) radiation. 

Simulating a wave with an amplitude of 2 m for a wave period of 6 s, equivalent to a 

frequency of 0.167, the wave height containing all its components was obtained. The simulated 

wave is of the frontal type. As seen in Figure 7.8, its maximum height is 4.12 m, and the 

minimum is -2.19 m. 
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To analyze the hydrodynamic response of the structure along with the anchor lines, a 

stability analysis was conducted. In this analysis, an irregular wave was simulated using the 

JONSWAP spectrum, requiring the definition of the significant wave height and wave peak 

period. For this scenario, a significant wave height of 2 m and a peak period of 6 s were 

considered, characterizing the wave spectrum adequately. For simulation, a frontal wave 

direction was chosen. The significant wave height value of 2 meters represents the maximum 

level recorded for the period between 2002 and 2021, specific to the eastern part of the Black 

Sea. This value corresponds to a wave period of 6 seconds. As a result of this analysis, it was 

found that the foundation will vertically displace by 1.531 m, indicating the stability of the 

foundation under the simulated environmental conditions. 

7.5 Conclusions 

This chapter presents the hydrodynamic analysis of a spar-type foundation modeled 

and simulated using the ANSYS AQWA program. Consequently, a detailed geometric model 

of the foundation and the anchoring system was created. This model also included the three 

anchor lines and the export cable connecting the foundation to the electrical grid. 

According to the analysis results obtained in the ANSYS AQWA simulation, it is 

observed that the drift force calculated by the near-field method and the far-field method agree, 

thus reflecting the accuracy of the discretization. Regarding the diffraction phenomenon 

analysis, it was observed that the frequency response functions for longitudinal displacement, 

vertical motion, and tilt exhibit specific trends, while for other types of movements (sway, roll, 

and yaw), significantly lower values are recorded due to the wave orientation at 0°. 

Comparing the obtained results with those in the literature, a significant agreement is 

observed for vertical displacement and roll oscillation, with minor differences due to the 

different dimensions of the structures and the operating environment. It was also noted that 

water depth plays a crucial role in determining the frequency response function value. 

The additional masses for surge, heave, and pitch movements depend largely on the 

structure's geometry and are used to assess the sinking risk factors in the offshore wind 

industry. Comparing the obtained results with literature references, it was observed that the 

values fall within the specified range for heave motion and are close for the other oscillations. 

The differences that emerged are largely influenced by the structural variations, as discussed 

in detail in a previous study [128]. 

The hydrodynamic response analysis included simulating a frontal-type wave with a 

significant height of 2 m and a period of 6 s. This analysis demonstrated the stability of the 

foundation under simulated environmental conditions. In conclusion, the data presented in this 

chapter illustrate the results obtained from evaluating the hydrodynamic forces and moments 

induced by the action of incident wave forces and the direct interaction of the structure with the 

marine environment. 
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8 Levelized cost of energy for a wind turbine farm 

8.1 Levelized cost of energy in the current wind industry 

The Levelized Cost of Energy (LCOE) represents the theoretical price at which 

electricity should be sold to achieve financial breakeven. Therefore, it plays a fundamental role 

in assessing the economic feasibility of energy projects and provides a standardized method 

for comparing costs across different energy sources [129,130]. LCOE can be defined as the 

ratio of the costs of an energy project to its electricity production over its lifespan, usually 

expressed as [131]: 

LCOE=
∑ (CAPEXi+OPEXi)(1+r)

-iTproject

i=1

∑ AEPi(1+r)
-iTproiect

i=1

 (8.1) 

In this formula, costs are divided into two categories: capital expenditures (CAPEX), 

covering costs incurred before the project's operation, and operational expenditures (OPEX), 

encompassing the costs of electricity production and infrastructure maintenance. Annual 

energy production (AEP) is the primary source of revenue. The project's lifespan is denoted 

by Tproject, and r is the discount rate. 

 

Figure 8.1 Components of the levelized cost of energy. 

8.2 Relevant aspects in the levelized cost of energy evaluation 

In this context, LCOE values are specific to each project, and the approach in this 

chapter exemplifies a concrete situation for the Black Sea region. For this simulation, focus is 

placed on the nine locations identified in Chapter 3, where Siemens Gamesa 8 MW turbines 

demonstrated optimal performance. These turbines were assigned the capacity to generate a 

total power of 800 MW. 

To provide insight into specific components, considerations related to the distance from 

the shore will also be discussed. In the Black Sea region, where offshore wind farms do not 

yet exist, assumptions will be made based on existing legislation in other countries where such 

projects are already underway. Factors such as visual impact minimization and generated 

noise levels will be considered. The theoretical visibility limit of turbines is limited to distances 
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greater than 45 km due to the Earth's curvature. Depending on the country, various regulations 

are in place, such as the 12 nautical miles (NM) restrictions for North Sea wind farms (e.g., 

Belgium, the Netherlands, and Scotland) or the 2-kilometer distance from the shore, as in 

Norway [132], or approximately 11 kilometers in Greece and 12 kilometers in Spain [133]. 

In addition to the distance from the shore, water depth plays a crucial role in 

determining the optimal foundation for turbines. Therefore, for each location, a specific 

foundation type will be chosen according to the indications presented in Table 8.1. 

Table 8.1 Depths and distances from the Black Sea coast for the 9 established locations. 

Locations Depth Distance to shore Foundation type 

A1 34 m 20 km Monopile 

A2 26 m 25 km Monopile 

A3 40 m 24 km Jacket 

B1 58 m 70 km Jacke 

B2 78 m 70 km Tension leg 

B3 65 m 100 km Tension leg 

C1 95 m 100 km Semi-submersible 

C2 173 m 120 km Semi-submersible 

C3 1000 m 145 km Spar 

The last variable addressed in this context is maritime transportation. As shown in 

Figure 8.2, a significant volume of maritime transport is highlighted, especially in port areas 

like Constanta in Romania. Overlaying this map with the locations selected in Chapter 3 

reveals that locations A3, B1, B2, and B3 are in high-traffic zones, making them unsuitable for 

wind turbine farm placement to prevent potential maritime incidents. 

 

 

Figure 8.2 Maritime traffic in the Black Sea. 

8.2.1 Capital expenditure 

• Development and consenting 

This stage of the project encompasses environmental studies, seabed surveys, 

meteorological stations, project management, and development services. According to some 

authors, this value is estimated at around 4% of the total CAPEX [134]. The total costs for 

Development and Approval (D&A) are set at approximately 187.2 k€/MW [134]. 

• Turbine and structure 

For offshore wind turbines, the combination of the turbine and substructure represents 

about 55% of the total CAPEX [134]. Based on data from various sources, the average cost of 
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a generic wind turbine is estimated to be 950 k€ – 1.6 M€ per MW [135,136]. We will adopt a 

turbine cost of 1.2 M€ per MW. 

For substructures, manufacturing costs will be estimated based on a complexity factor, 

as presented in reference [137], and an overview is provided in Table 8.2. 

Table 8.2 Production cost for different substructure types [137]. 

Structure type 
Material 

consumption 
Material price 

Production 

price 
Final price 

Monopile 1200 t 1.2 M€ 1.2 M€ 2.4 M€ 

Jacket 825 t 0.825 M€ 2.355 M€ 3.18 M€ 

Tension leg 521 t 0.521 M€ 0.677 M€ 1.198 M€ 

Semi-submersible 2500 t 2.5 M€ 5 M€ 7.5 M€ 

Spar 1700 t 1.7 M€ 2.04 M€ 3.74 M€ 

 

• Mooring system 

Mooring lines can be made of various materials, such as synthetic cables, chains, or 

metal cables. Synthetic cables, typically made from polyester or polyethylene, providing 

strength and durability in the marine environment, are commonly used to connect floating 

structures to anchors and, consequently, to the seabed. 

Determining the length of mooring lines is a crucial aspect of designing these systems. 

For spar foundations, it is assumed that the length of the mooring line for a depth of 100 meters 

is 500 meters, with an addition of 150 meters for every additional 100 meters of depth [129]. 

For semi-submersible foundations, an additional 60 meters is added to these estimates. In 

both cases, an additional 50 meters of chain is added for each mooring line. 

Table 8.3 Estimated price for mooring systems for each foundation type at a depth of 200 m [137]. 

Structure type 

Mooring 

system 

component 

Anchor type 
Number/ 

length 
Final price 

Tension leg 
Anchors 

Suction 3 1.5375 M€ 

 Catenary Stevpris Mk6 3 0.165 M€ 

 

Mooring Lines 

Vertical metal cables 528 m 0.0355 M€ 

 Catenary metal cables 2130 m 0.0479 M€ 

 Chains 150 m 0.0188 M€ 

Semi-submersible Anchors Catenary Stevpris Mk5 4 0.456 M€ 

 
Mooring Lines 

Metal cables 2840 m 0.1278 M€ 

 Chains 200 m 0.05 M€ 

Spar Anchors Catenary Stevpris Mk5 3 0.342 M€ 

 
Mooring Lines 

Metal cables 1950 m 0.0878 M€ 

 Chains 150 m 0.0375 M€ 

• Transmission 

The electrical system of an offshore wind farm has evolved significantly over time to 

adapt to the growing needs of the offshore wind industry. This complex electrical network is 

essential for the efficient capture and distribution of wind energy into the power grid. 

To illustrate the structure of the offshore wind farm, we can frame it in a rectangular 

scheme, composed of two columns, each having 5 turbines, with a total of 10 rows. In this 
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arrangement, the offshore substation will be positioned in the center of the farm to facilitate the 

efficient collection and transmission of generated energy, as illustrated in Figure 8.3. 

In this chapter, an estimated distance of 1 km between turbines is adopted, although a 

more accurate approximation can be obtained by considering 4-10 rotor diameters. Maximizing 

this distance results in reduced interference between turbines but entails increased operating 

and capital costs. 

To get an idea of the costs involved, we can consider the price of a cable as 0.281 

M€/km for a cable with a section of 300 mm2. 

 

Figure 8.3 Offshore wind farm structure. 

Table 8.4 Transmission cost [138]. 

Parameters HVAC HVDC 

nex_cables 3  3 

Cex_cables M€/km 2.336 1.168 

noff_sub 3 2 

Coff_sub M€ 39 142.75 

non_sub - 1 

Con_sub M€ - 84.35 

• Installation 

To successfully install the substructures and offshore wind turbines, it is crucial to 

implement well-planned procedures adapted to the specific maritime environment. In this 

regard, we focus on two main types of substructures: fixed and floating. Each of these subtypes 

requires distinct installation approaches [139]. An estimate of the installation costs for turbine 

foundations is provided in Table 8.5. 

Table 8.5 Cost for turbine and foundation installation. 

Turbine type Turbine installation cost 
Substructure installation 

cost 

Monopile 0.578 M€/turbine 0.917 M€/turbine 

Jacket 0.578 M€/turbine 1.328 M€/turbine 

Tension leg 0.768 M€/turbine 0.192 M€/turbine 

Semi-submersible 0.644 M€/turbine 0.222 M€/turbine 

Spar 0.655 M€/turbine 0.088 M€/turbine 
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A crucial aspect of the installation process is the use of ships and specialized 

equipment, adapted to withstand the marine environment and handle the heavy components 

of both substructures and wind turbines. 

For fixed-bottom offshore wind farms, installation costs are estimated at approximately 

31 M€, while for floating wind farms, utilizing floating foundations, installation costs are 

estimated at around 24.54 M€. These estimates reflect variations in cost based on the 

technology and individual specifications of each offshore wind farm project. 

• Decommissioning 

The decommissioning process in the context of offshore wind farms is essential to 

ensure the efficient and safe removal of existing infrastructure at the end of the farm's lifespan. 

This process involves dismantling and removing various key components, including wind 

turbines, floating platforms, transition pieces, subsea cables, and the offshore substation. In 

the decommissioning process, it is assumed that the reverse of the installation process will 

take place. 

Decommissioning costs vary significantly depending on the complexity of the project, 

specific decommissioning methods, and other factors, often estimated as a percentage of the 

project's installation costs. These estimates are presented in Table 8.6. 

Table 8.6 Decommissioning cost for different substructure types [137]. 

Structure type Decommissioning Material recycling profit Total 

Monopile 0.302 M€ 0.238 M€ 0.064 M€ 

Jacket 0.368 M€ 0.125 M€ 0.244 M€ 

Tension leg 0.205 M€ 0.138 M€ 0.067 M€ 

Semi-submersible 0.193 M€ 0.424 M€ -0.231 M€ 

Spar 0.203 M€ 0.311 M€ -0.108 M€ 

8.2.2 Operation and maintenance 

The operations and maintenance (O&M) costs in offshore wind turbine farms involve 

several essential cost categories, divided into two major groups: fixed costs and variable costs. 

As O&M costs are challenging to identify, this subchapter will provide some estimates 

based on the work [137], presented in Table 8.7. These costs will be grouped into two 

categories: those reported for fixed foundations and those reported for floating foundations. 

Table 8.7 O&M costs [137]. 

Parameters Fixed foundation Floating foundation 

Material costs   

Unplanned 5,381 M€ 5,372 M€ 

Basic 0,131 M€ 0,131 M€ 

Planned 1,600 M€ 1,600 M€ 

Labor costs   

Unplanned and basic 4,766 M€ 4,766 M€ 

Planned 0,032 M€ 0,032 M€ 

Equipment costs   

Unplanned and basic 35,165 M€ 42,888 M€ 

Planned 1,456 M€ 1,490 M€ 

Total annual repair costs 48,532 M€ 56,280 M€ 
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8.3 Results of implementation in Black Sea areas 

Tables 8.8, 8.9, and 8.10 provide the necessary data to analyze the costs associated 

with locations in the three categories. 

It is observed that, in all the tables below, including Table 8.11, the semi-submersible 

foundation appears to be the costliest option. This conclusion suggests that, although semi-

submersible structures may have advantages in terms of stability in deeper water conditions, 

they may entail significantly higher costs compared to other foundation types, such as 

monopiles or tension legs, used in other locations.  

Table 8.8 CAPEX for locations from category A. 

Parameters A1 A2 A3 

Development and consenting (M€) 149.76 149.76 149.76 

Turbine (M€) 963.06 963.06 963.06 

Substructure (M€) 240.00 240.00 218.00 

Anchor (M€) - - - 

Transmission (M€) 492.78 509.94 507.07 

Installation (M€) 228.04 230.74 271.68 

Decommissioning (M€) 0.06 0.06 0.24 

CAPEX (M€) 2085.92 2105.79 2222.81 

Table 8.9 CAPEX for locations from category B. 

Parameters B1 B2 B3 

Development and consenting (M€) 149.76 149.76 149.76 

Turbine (M€) 963.06 963.06 963.06 

Substructure (M€) 318.00 119.80 119.80 

Anchor (M€) - 176.13 175.47 

Transmission (M€) 669.06 669.96 774.49 

Installation (M€) 299.36 198.91 310.82 

Decommissioning (M€) 0.24 0.07 0.07 

CAPEX (M€) 2412.49 2288.71 2504.49 

Table 8.10 CAPEX for locations from category C. 

Parameters C1 C2 C3 

Development and consenting (M€) 149.76 149.76 149.76 

Turbine (M€) 963.06 963.06 963.06 

Substructure (M€) 750.00 750.00 374.00 

Anchor (M€) 62.65 59.64 1.867.20 

Transmission (M€) 775.84 849.43 974.21 

Installation (M€) 207.73 221.90 249.49 

Decommissioning (M€) -0.23 -0.23 -0.11 

CAPEX (M€) 2926.14 3010.88 4591.18 

For the studied wind farm, the total capital cost varies significantly, ranging from 2.085 

billion euros to 4.591 billion euros. The lower value is recorded for location A1, which has the 

shallowest water depth and the closest proximity to the shore, while the higher value is found 

for location C3, characterized by the farthest distance from the shore and a water depth of 

1000 meters. 
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An important aspect highlighted in Table 8.10 is that decommissioning costs can be 

negative in specific cases due to the recyclability and reusability of materials and components 

from wind farms. This emphasizes a commitment to sustainability and can bring significant 

economic and ecological benefits. 

Analyzing Table 8.11, a breakdown of operation and maintenance costs into two main 

categories is observed: those related to fixed foundations and those related to floating 

foundations. This classification approach is useful for better understanding the cost structure 

in offshore wind farms. However, it is important to emphasize some critical aspects and 

limitations of these data. 

Table 8.11 Total OPEX for simulated farms. 

Locations OPEX (M€) 

A1 970.64 

A2 970.64 

A3 970.64 

B1 970.64 

B2 1125.60 

B3 1125.60 

C1 1125.60 

C2 1125.60 

C3 1125.60 

Analyzing Table 8.12 provides a clear perspective on the levelized cost of energy 

(LCOE) in the context of offshore wind farms. This measure is essential for evaluating the 

economic efficiency of projects and considers capital costs, operation and maintenance costs, 

and annual energy production. 

There are significant variations in LCOE between different locations and projects. The 

lowest LCOE is recorded for the farm located in A2, while the highest LCOE is recorded for 

C3. 

Table 8.12 also presents the results for LCOE with losses, highlighting a significant 

increase of 38% compared to the LCOE for full production. This indicates the considerable 

impact of losses on the economic efficiency of projects. 

Table 8.12 Total LCOE for simulated farms. 

Locations LCOE €/MWh LCOE with losses €/MWh 

A1 65.02 89.61 

A2 58.50 80.67 

A3 67.27 92.75 

B1 60.20 83.45 

B2 61.81 85.68 

B3 66.33 92.27 

C1 73.04 101.60 

C2 75.46 105.21 

C3 106.78 149.32 
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8.4 Conclusions 

In conclusion, this analysis provides a comprehensive perspective on the costs and 

performance of different types of offshore wind turbines, both fixed to the seabed and floating. 

However, several aspects requiring further investigation and improvement have been 

identified. For instance, the costs of anchors should be quantified more accurately, and 

variables related to anchoring options and soil conditions need to be analyzed in detail. This 

finding underscores the crucial interdependence between water depth and anchoring costs. 

Opting for locations with shallower depths can make floating wind technology much more 

economically attractive, contributing to the long-term sustainability of these projects. 

Additionally, there is potential for cost savings and scaling effects, especially for mass-

produced components such as turbines, anchor lines, and anchors. 

It has been observed that water depth has a relatively limited impact on costs, except 

for those associated with anchoring, which are influenced by the length of anchor lines. 

However, this influence of water depth on anchor line costs is mitigated by other expenses, 

such as those related to the anchoring system. 

Regarding the Levelized Cost of Energy (LCOE), the analysis has highlighted the 

paramount importance of energy production and, implicitly, wind resource in comparison to 

other location-specific aspects such as distance to shore or water depth. Essentially, the 

estimation of annual energy production has emerged as the key variable determining the cost 

of energy, emphasizing the importance of precise and location-specific assessments. 

In conclusion, this study represents a significant step in understanding the costs and 

performance of offshore floating wind farms. However, there are clear research needs and a 

requirement for clarification on certain aspects to obtain more precise estimates and make 

more informed choices in the development of floating offshore wind farms. 
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9 Conclusions 

9.1 General conclusions 

The Black Sea is a semi-enclosed body of water with crucial ecological, climatic, and 

economic significance in the surrounding region. A detailed analysis of meteorological and 

oceanographic data, as well as notable events from 2002 to 2021, has revealed the unique 

characteristics of this region. The main conclusion is that the Black Sea is susceptible to 

significant variations in wind, waves, and water temperature, influenced by cyclones and other 

meteorological phenomena. Seasonal variations in wind have been identified as a crucial 

aspect of the wind resource dynamics in the Black Sea basin, with complex patterns involving 

periods of intensification and calm. 

Cyclones affecting the region have shown a diversity of intensities and trajectories, 

influencing different regions of the Black Sea and the Sea of Azov. These meteorological 

events can cause significant changes in local oceanographic and atmospheric conditions, 

including alterations in wind speed, wave height, and water temperature. The study of the 

cyclone in September 2005 highlighted the significant impact of Mediterranean tropical 

cyclones on marine and coastal conditions. 

Water temperature, also an important parameter, has been significantly affected by 

cyclones, leading to substantial changes in the central region of the cyclone. These 

temperature variations can impact marine ecosystems and oceanographic processes. 

Regarding the wind potential in the Black Sea, the analysis of wind speed data has 

revealed that this region possesses notable wind resources. The selected reference locations 

have shown annual energy production values in the range of 16,000-28,100 MWh, with 

promising prospects for the development of offshore wind farms. The results indicate that 

currently available wind turbine technologies, such as those from Siemens Gamesa, are 

sufficient for the efficient exploitation of these resources. 

Comparing the results with other studies in the field confirms the significant potential of 

the Black Sea for the development of renewable wind energy. However, it is crucial to monitor 

climate evolution and wind resources continuously to make informed decisions about the future 

development of this renewable energy source in this vital region of Eastern Europe. 

Although the Black Sea does not boast impressive wind resources at low altitudes, the 

analysis reveals significant potential for renewable energy generation at higher altitudes. This 

opens interesting perspectives for the future development of airborne wind energy 

technologies. 

Comparing the performance of a 5 MW AWES system with a conventional wind turbine 

of the same capacity, it is evident that the airborne system can achieve superior results, 

especially in the Black Sea region under favorable wind conditions. The choice of operating 

altitude is crucial for maximizing the efficiency and performance of airborne systems, and the 

obtained data suggest that the optimal altitude falls within the range of 750-800 m above 

ground level. 

In addition to improved performance, AWES technologies also present advantages in 

terms of costs. Airborne systems do not require expensive foundations and can be installed in 

various locations, including areas with deep water depths where conventional wind turbines 

are not viable. This makes them an attractive option for developing renewable energy 

infrastructure in the Black Sea region. 
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While this work focused on assessing the high-altitude wind potential, it is essential to 

note that the development of AWES technologies is still in the pre-commercial phase, and their 

widespread implementation requires continuous research and development. However, the 

obtained results suggest that these technologies have significant potential in the context of 

transitioning to renewable energy sources in the Black Sea region, contributing to the 

diversification of the energy sector and the reduction of carbon emissions. 

The analysis of the structural elements of wind turbines, with a focus on towers 

(performed using the ANSYS program), demonstrated the importance of aspects such as 

shape and material. It was found that, in some cases, modifying the shape and using 

alternative materials, such as concrete, can lead to improvements in structural and economic 

performance. This represents a valuable opportunity for the future development of offshore 

wind technologies. 

Furthermore, the analysis of the foundation on which the wind turbine is placed was 

conducted using the ANSYS AQWA program. The study focused on the hydrodynamic 

behavior of a spar-type foundation in marine environments, highlighting the importance of 

factors such as structure geometry, water depth, and their influence on hydrodynamic forces 

and moments. The results obtained demonstrate the consistency of simulations and the 

relevance of using the ANSYS AQWA program in such studies. Comparisons with data from 

the literature confirmed the analysis's coherence and underscored the relevance of the 

analyzed parameters for assessing the stability and performance of the structure. 

Another aspect addressed in the thesis is the evaluation of the efficiency and costs 

associated with offshore wind technologies, both fixed to the seabed and floating. This analysis 

brought critical aspects to the forefront, such as adapting structures to withstand extreme wind 

conditions, optimizing costs based on water depth and energy production, and evaluating the 

structural robustness of towers. 

One of the significant findings of this study was the paramount importance of energy 

production in determining the Levelized Cost of Energy (LCOE). The results showed that wind 

turbine performance and wind resources are key factors in establishing the economic efficiency 

of offshore wind farms. 

The impact of water depth on anchoring and transmission costs, with a relatively limited 

influence on other costs, was also emphasized. This aspect opens new opportunities for 

regions with greater water depths, highlighting the potential of floating wind energy in these 

locations. 

Regarding structural aspects, the analysis highlighted the advantages of floating 

structures, such as lower anchoring costs and adaptability to varying depths. However, it was 

observed that the structural strength of towers is a crucial factor, and their adaptation to specific 

wind and water depth conditions was necessary to ensure the safety and efficiency of the wind 

turbine. 

This research has provided a comprehensive perspective on the costs and 

performance of offshore wind technologies and has contributed to a deeper understanding of 

these crucial aspects. However, there are needs for future research to quantify the 

uncertainties associated with LCOE estimates and to bring more clarity to cost analyses, 

especially for locations with greater water depths. 

Overall, the PhD thesis underscores the importance of the Black Sea as a significant 

ecological, climatic, and economic resource in its surrounding region. The extensive analyses 

have revealed the considerable potential of the region for the development of renewable wind 

energy, with notable resources, especially at higher altitudes. This perspective suggests that 

the Black Sea can play a crucial role in diversifying the energy mix, reducing carbon emissions, 



Alexandra-Ionelia DIACONIȚĂ (MANOLACHE) 
Studies and research regarding the generation and transmission of 
the energy in the coastal areas of the Black Sea 

Chapter 9 Conclusions 

 

73 
 

and promoting renewable energy sources in Eastern Europe. However, the implementation of 

these technologies requires continuous research and development, adaptation to specific wind 

and water depth conditions, and careful monitoring of climate evolution. By exploring these 

aspects, the Black Sea can become a focal point in the transition to a more sustainable energy 

and ecological future. 

9.2 Original contributions 

• Development of a detailed and well-elaborated current state of the art, identifying 

potential research directions and significant challenges in the field of offshore wind 

energy. 

• Collection, organization, and analysis of wind and wave climate data in the Black Sea 

for the period 2002–2021, arranged in a logical chronological sequence to provide a 

comprehensive perspective on the climate of this region. This contributes to 

understanding the unique characteristics of the Black Sea region and identifying the 

influences of cyclones and meteorological phenomena on it. 

• Investigation of cyclones affecting the Black Sea, analyzing their intensities and 

trajectories, contributing to understanding the impact of these meteorological events 

on local oceanographic and atmospheric conditions, as well as studying how the 

ERA5 database estimates these phenomena. 

• Assessment of wind potential in the Black Sea region, identifying promising locations 

for the development of offshore wind farms, and highlighting existing wind turbine 

technologies suitable for efficient exploitation of these resources. 

• Global-level evaluation and categorization of the Black Sea's energy exploitation 

potential. By comparing the Black Sea's potential with other globally exploited energy 

locations, significant conclusions can be drawn regarding its viability and importance. 

• Investigation of airborne energy production technologies in the Black Sea region, 

highlighting the advantages of these technologies in terms of efficiency and costs 

compared to conventional wind turbines. 

• Development of calculation algorithms in the MATLAB program for processing data 

from the ERA5 database and generating results in graphical format, representing a 

significant contribution to the analysis and interpretation of meteorological and 

oceanographic data in the context of this PhD thesis. These algorithms facilitated the 

extraction of essential information from the ERA5 database, contributing to 

substantiating conclusions and obtaining relevant research results. 

• Analysis of the structural elements of wind turbines, examining aspects such as the 

shape and material of the towers, and highlighting opportunities to improve the 

functional and economic performance of these components. 

• Development of geometric models using the ANSYS program for evaluating different 

types of structural designs for wind turbine towers and analyzing them using the 

ANSYS program. This approach allowed for a detailed analysis of the strength and 

structural behavior of the towers under different conditions, providing essential data 

for optimizing and improving these structures to increase the efficiency and safety of 

offshore wind farms. 

• Creation of a detailed geometric model in the ANSYS program for the analysis of the 

wind turbine foundation and the study of structure diffraction considering the climate 

of the Black Sea. 
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• Evaluation of the efficiency and costs of offshore wind technologies in the context of 

the Black Sea. By using existing data and information, these costs were adapted and 

personalized to focus on the characteristics of the Black Sea region. Thus, critical 

factors influencing the efficiency and costs of offshore wind technologies in this region 

were identified, especially focusing on the impact of water depth and turbine 

performance on the Levelized Cost of Energy (LCOE). 

• Development of adapted auxiliary formulas to generalize and simplify the cost 

calculation process, especially in the context of integrating these formulas into 

Chapter 9 to facilitate their application in the calculation model for all types of 

foundations used. 

• Creation of detailed graphical representations that contributed to understanding and 

illustrating the results obtained throughout the entire research. 

9.3 Perspectives 

• Modeling and simulation at various depths and evaluating its behavior against 

irregular waves or wave groups specific to the conditions in the Black Sea for spar-

type foundations. 

• Investigating the possibility of using other types of foundations, such as semi-

submersible foundations or fixed foundations, in the specific context of the offshore 

environment in the Black Sea through simulations. Performing a comparison of the 

behavior of these foundation types to assess their advantages and disadvantages 

in this region. 

• Structural analysis of airborne wind energy systems using the ANSYS program. 

• Exploring the potential combination of multiple types of renewable energy capture 

devices, such as wind turbines with solar panels or wind turbines with wave energy 

capture devices. 

• Verifying the accuracy of data from the ERA5 reanalysis database by comparing 

them with real data and conducting a comparative analysis with other relevant 

databases. 

• Investigating the feasibility of implementing floating solar panels and analyzing the 

appropriate foundation requirements for their placement in the Black Sea. 

• Evaluating the impact on marine biodiversity: Studying the effects of offshore wind 

farms and other renewable energy extraction systems on the marine environment 

and ecosystems in the Black Sea. 

• Investigating the economic and social impact of developing renewable energy 

sources in the region, including job creation, infrastructure for local communities, 

and the impact on energy prices. 

• Researching the effects of climate change on wind and solar resources in marine 

environments. 

• Investigating cost optimization solutions for the construction and maintenance of 

offshore wind farms. 

• Analyzing the impact on maritime navigation and safety at sea in the context of 

developing renewable energy infrastructure. 
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