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Abstract 
Renewable energy is increasingly in demand, making it essential not only to develop new technologies for 

energy production but also to adapt existing ones to operate in different environments. This research focuses 

on an already existing technology, applied in a new context. Specifically, it examines offshore wind energy τ 

the generation of electricity from wind power located not on land, but at sea. 

Offshore wind energy has gained significant momentum in recent years for several reasons. Land use 

limitations, landscape disruption, noise pollution, and the electromagnetic fields produced by onshore 

installations have all contributed to shifting wind power development from the mainland to marine or ocean 

environments. 

This technology can be based on different types of foundations. The first is the fixed-bottom system, in which 

various kinds of piles are anchored to the seabed. However, this solution is only feasible when the water 

depth is shallow enough to allow such installation. This technology has been studied for several years due to 

the relative simplicity of its design and implementation. In recent years, however, another approach has 

emerged τ the floating system. This consists of large floating platforms that support wind turbines in areas 

where the seabed is too deep to anchor conventional piles, as their excessive length would make installation 

impractical. The development of this technology is more complex than the fixed-bottom alternative because 

of the engineering challenges involved in building stable floating structures. 

Focusing on Europe, and particularly on the morphology of European seabeds, it can be observed that in 

northern countries τ especially around the North Sea τ the seabed is relatively shallow. In contrast, the 

seabed in southern European regions, such as the Mediterranean Sea, becomes significantly deeper only a 

few kilometers from the coast. Consequently, offshore wind energy in northern Europe is predominantly 

based on fixed-bottom technology, which has been studied and implemented for many years, while in the 

south, research and development are increasingly focused on floating technology τ a newly emerging field. 

These new technologies require different approaches to design, construction, maintenance, and 

decommissioning compared to onshore wind power. Consequently, they are associated with distinct 

economic outcomes that affect the overall feasibility of such projects. 

In this thesis, two models are developed to evaluate the Levelized Cost of Energy (LCOE) and other related 

economic indicators, such as the Internal Rate of Return (IRR), the Net Present Value (NPV), and the profit of 

offshore wind turbines τ both fixed-bottom and floating. Once the model is established, it is applied to 

various European case studies, covering both Northern and Southern Europe, and including both 

technologies. Each case is first analyzed individually to understand how different countries are currently 

exploiting offshore wind technology. Subsequently, comparisons are made between countries, geographical 

regions, and technology types. 

The main objective of this work is to assess, first of all, the economic feasibility of this emerging technology 

and to determine whether offshore wind energy τ although still relatively new τ can become a cornerstone 

in the future of the energy transition. Furthermore, the study aims to explore in greater detail the economic 

differences between the various technologies and geographical areas considered, providing insights into how 

to improve cost efficiency and where each technology can be most effectively developed. 
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CBS ς Cost Breakdown Structure 

CF ς Capacity Factor  

CfD - Contract for Difference 

CP - Cathodic protection  

D&C ς Development and Consenting phase 

DC ς Direct Current 

DEA - Drag Embedment Anchors  
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1. Introduction 

The growing global demand for renewable energy highlights the importance of both developing new 

generation technologies and adapting existing ones to operate under different environmental conditions. 

This research investigates an established technology that has been recontextualized for a new setting: 

offshore wind energy τ the production of electricity from wind resources located at sea rather than on land. 

Offshore wind energy relies mainly on two technological solutions: fixed-bottom and floating systems. The 

former uses piles anchored to the seabed and is suitable for shallow waters, while the latter employs floating 

platforms that allow turbine installation in deep-sea areas, though with greater technical complexity. 

In Europe, geographical conditions strongly influence the choice of technology: northern regions, such as the 

North Sea, favour fixed-bottom installations due to shallow seabed, whereas southern areas, including the 

Mediterranean, are more suitable for floating systems. These offshore technologies demand distinct design, 

construction, maintenance, and decommissioning strategies compared to onshore wind power, leading to 

different economic implications.  

This thesis develops two models to assess the economic performance of offshore wind projects through key 

indicators such as the Levelized Cost of Energy (LCOE), Internal Rate of Return (IRR), Net Present Value (NPV), 

and profit. The models are applied to case studies across Northern and Southern Europe to analyse and 

compare the economic feasibility of fixed-bottom and floating systems. The ultimate goal is to evaluate 

whether offshore wind energy τ particularly the emerging floating technology τ can achieve economic 

viability and play a decisive role in the ongoing energy transition, while identifying opportunities to enhance 

cost efficiency and optimize technology deployment across different regions. 

The first chapter of the thesis aims to define the offshore wind energy market and its current trends, starting 

with an analysis of the role of offshore wind power in the ongoing energy transition. The objective is to 

provide a general technical overview of this emerging technology, highlighting its key characteristics and 

development potential. Subsequently, a global overview of the current offshore wind market will be 

presented, followed by a discussion of its environmental impact and sustainability aspects. 

The chapter will then address the policy and regulatory framework governing offshore wind energy. It will 

begin with a global overview, examining the main policy mechanisms currently in place, and then move 

toward a more specific focus on the European contŜȄǘ ōȅ ŀƴŀƭȅǎƛƴƎ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ ǎǘǊŀǘŜƎȅ ŦƻǊ 

offshore wind development. A particular emphasis will be placed on the Italian legal framework and national 

strategies, as well as on environmental policies related to sustainability. 

After, a comparative analysis between fixed-bottom and floating technologies will be conducted. The 

discussion will first present the different types of fixed-bottom foundations, which have been widely 

deployed for many years, and then focus on the more recent floating wind systems. The chapter will conclude 

with a comparison and evaluation of the potential synergies between these two technological approaches, 

identifying their main differences, strengths, and weaknesses. 

The following sections will analyse additional parameters that contribute to a comprehensive understanding 

of offshore wind energy. The discussion will begin with the study of grid connection and power transmission 

systems, which play a crucial role in the operation of offshore wind farms. Particular attention will then be 

given to submarine cables τ a key component in this technology τ followed by an examination of the 

various protection systems implemented to reduce maintenance costs and ensure the reliability of the 

installations. 
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The chapter will conclude with the definition of the key cost drivers in offshore wind projects, aiming to 

identify the main factors influencing the overall costs of this technology. The analysis will first address general 

cost drivers and subsequently focus on those specific to fixed-bottom and floating systems. Finally, attention 

will be given to the emerging cost drivers expected to shape the future development of offshore wind energy. 

The second chapter will focus on the development of the offshore wind Levelized Cost of Energy (LCOE) 

calculation model. It will begin with a general analysis of the key concepts and calculation methods applicable 

to both offshore wind technologies. The discussion will then concentrate on the specific modelling 

approaches used for fixed-bottom and floating systems. 

The first major component of the LCOE assessment, the Capital Expenditure (CAPEX), will be examined in 

detail. A comprehensive model will be developed to evaluate CAPEX for both fixed-bottom and floating 

technologies. 

The second key component, the Operational and Maintenance Expenditure (OPEX), will subsequently be 

analysed. The main cost concepts will be introduced, followed by a detailed investigation of OPEX for fixed-

bottom and floating wind turbines. 

The chapter will then address other essential parameters influencing LCOE, including decommissioning costs 

and Annual Energy Production (AEP), providing a detailed discussion of their definitions and modelling 

approaches. 

Finally, the chapter will define the financial parameters required for the economic evaluation. This section 

will cover the discount rate, additional financial parameters, subsidy schemes, and electricity market prices, 

leading to the formulation of the models used to calculate profit, Internal Rate of Return (IRR), and Net 

Present Value (NPV). 

The third chapter will focus on the case studies selected for this research. It will begin by presenting and 

describing real-world offshore wind farms located across Europe, including both Northern and Southern 

regions, and covering projects based on fixed-bottom and floating technologies. For each case study, a 

comprehensive data collection will be carried out, identifying the main parameters such as CAPEX, OPEX, 

wind resource, and financing structure. Each wind farm will then be analysed individually to obtain the 

corresponding LCOE model results, which will be presented and discussed. 

Subsequently, a comparative analysis will be conducted among the different case studies. The comparison 

will focus on LCOE, profit, Net Present Value (NPV), and Internal Rate of Return (IRR), categorized by 

geographical area (Northern Europe, Southern Europe, and combined) and by technology type (fixed-bottom, 

floating, and overall). This approach will allow all possible combinations of comparisons within the study. 

Finally, the results obtained will be summarized and interpreted, highlighting the key findings derived from 

the case study analysis. 

A final chapter will then present the conclusions of the research, summarizing the main outcomes and 

providing insights for future developments in the offshore wind energy sector. 

g 
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2. Offshore Wind Energy Market and Trends 

2.1 The Role of Offshore Wind Energy in the Energy Transition   

2.1.1 т Introduction to Offshore Wind Energy  

Offshore renewable energy is a key component in the transition to a sustainable and carbon-neutral energy 

world Figure 2.1 ό9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴΣ нлнлύ. Among the various offshore renewable energy 

technologies, as for example Waves energy, Tidal energy, Floating Wind energy, Bottom Fixed Wind energy, 

Floating Solar (Khurshid et al., 2024), offshore wind is the most advanced and widely deployed.  

 

CƛƎǳǊŜ нΦм π .ŜƴŜŬǘǎ ƻŦ ƻũǎƘƻǊŜ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ƛƴ 9ǳǊƻǇŜ 

The wind energy utilises large turbines situated in marine environments to capture the kinetic energy from 

the wind. These turbines are either fixed to the seabed in shallow waters or mounted on floating platforms 

in deeper water. Figure 2.2 (IRENA, 2021). 

 

CƛƎǳǊŜ нΦнπ aŀƛƴ ŎŀǘŜƎƻǊƛŜǎ ƻŦ ƅƻŀǝƴƎ ƻũǎƘƻǊŜ ǿƛƴŘ ǘǳǊōƛƴŜ ŦƻǳƴŘŀǝƻƴǎ 
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The turbines and towers used in fixed-bottom offshore wind projects are widely adopted for floating 

applications, with minor modifications. Innovations being explored to optimise the performance of floating 

systems include co-designing control systems with the tower and platform, as well as making turbines 

typhoon-resistant (Efthimiou L. & Mehta A., 2022) 

To maintain and control the position of the foundation, a mooring system is required. A key objective of this 

system is to ensure that the structure remains in a fixed position relative to another fixed point within the 

site where the foundation is located. The key components of the mooring system are the mooring lines (or 

tendons) and the anchor, as these elements are responsible for transferring generated forces from the 

foundation to the seabed. Keeping the foundation stable at great water depths is crucial, as unwanted 

motions can damage power cables. (Efthimiou L. & Mehta A., 2023) 

To transport the electrical energy from offshore to the onshore site, it is necessary to have a robust offshore 

power transmission system that can handle these significant power flows  Figure 2.3 (BVG Associates, 2023). 

 

CƛƎǳǊŜ нΦоπ hũǎƘƻǊŜ ǿƛƴŘ ǘǊŀƴǎƳƛǎǎƛƻƴ ŎƻƳǇƻƴŜƴǘǎ 

It is supported by the cable network sequence for offshore-to-onshore power transmission, that could be 

subdivide as follows: 1) array cables are used to transfer the power generated from the wind turbine to an 

offshore sub-station; and 2) export cables are used to then transfer the power from the offshore sub-station 

to an onshore sub-station. A key element must be that the cables are dynamic, so they are designed to follow 

and withstand the motion of the floating sub-structure caused by wind, waves and current Figure 2.4  (BVG 

Associates, 2023). 
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CƛƎǳǊŜ нΦп πCƭƻŀǝƴƎ ƻũǎƘƻǊŜ ǿƛƴŘ ŘȅƴŀƳƛŎ ŎŀōƭƛƴƎ ǎȅǎǘŜƳ 

The configurations for offshore-to-onshore power transmission follow two broad categories: radial and 

network. In a radial configuration, the power has a single path from the generation to the onshore load, 

which has two different topologies Figure 2.5 (DOE, 2023). 

 

CƛƎǳǊŜ нΦрπ wŀŘƛŀƭ ƻũǎƘƻǊŜ ƴŜǘǿƻǊƪ ŎƻƴŬƎǳǊŀǝƻƴ 

Instead, a network configuration is based on the radial configuration, but it includes offshore interlinks 

between offshore nodes or combining one or more offshore nodes with two or more onshore nodes. This 

design allows for the introduction of multi-directional power flows, which can enable different power 

rerouting options and also reduce transmission congestion. (DOE, 2023) 

So, the energy capture process begins as the wind turns the turbine blades, which spin a shaft connected to 

a generator. The generator then converts this mechanical energy into electrical energy, which is transmitted 

to the shore via underwater cables. This energy can then be used on land. 

Offshore wind turbines installed on floaters have access to the strongest and most stable winds. Installed in 

more remote maritime areas, they operate whenever the wind blows. They can have average capacity factors 

of over 50%. (IRENA, 2021). 
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2.1.2 т Global overview of offshore renewable energy  

Globally, the offshore renewable energy market is growing rapidly, with substantial investment in offshore 

wind capacity. In the offshore market, 10.8 GW of new offshore wind was commissioned in 2023, bringing a 

total global offshore wind capacity to 75.2 GW. Offshore wind additions were 24% higher than in 2022, 

making 2023 the second-highest year for new offshore wind capacity. Projections indicate that offshore wind 

can achieve one-third of the necessary power sector emissions reductions to reach net zero by 2050. To meet 

this target, the world will need 380 GW of offshore wind capacity by 2030 and 2000 GW by 2050 (IRENA, 

2024b). The world estimates there is over 71000 GW of technical potential globally, with significant growth 

expected outside the traditional markets of Europe and China (Global wind energy council, 2022). 

Offshore wind is a key asset in achieving these goals while promoting economic stability. Over the past two 

decades, it has evolved into a mature, competitive, and scalable energy source. Offshore wind offers large-

scale, reliable power and addresses critical issues of energy diversification and security by providing a high-

capacity factor and substantial power output. It does so without competing for limited land space and can 

effectively replace conventional baseload power. The diagram Figure 2.6 (Global wind energy council, 2023) 

shows the historic growth of wind energy installations from 2001 to 2023, highlighting a continuous upward 

trend with varying growth rates over different periods. Initially, wind energy installations were primarily 

onshore, with offshore installation making up a very small portion. Over time, the share of offshore 

installations has grown significantly, particularly after 2010, due to increased investments and technological 

advancements. This shift indicates a growing emphasis on offshore wind energy, contributing to the overall 

substantial increase in wind energy capacity over the past two decades. (Global wind energy council, 2023). 

 

CƛƎǳǊŜ нΦсπ IƛǎǘƻǊƛŎ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƻƴǎƘƻǊŜ ŀƴŘ ƻũǎƘƻǊŜ ƛƴǎǘŀƭƭŀǝƻƴ ƛƴ D² 

Furthermore, offshore wind, along with other offshore renewables, plays a pivotal role in driving a 

sustainable Blue Economy. Offshore wind contributes positively to sustainable development ensuring the 

equitable use of resources through transparent and strategic planning processes. These include 

comprehensive marine spatial planning and systematic ecological and socioeconomic assessments, guided 

by social acceptance, cost-benefit analyses, and multi-criteria decision analyses, aiming for optimal 

outcomes. Through advanced technology and energy-efficient practices, offshore wind promotes sustainable 
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economic growth. This approach not only sets higher management standards but also enhances 

environmental quality, balancing economic development with environmental preservation. The benefits 

extended beyond coastal areas, as supply chains and service providers from various countries support this 

endeavour.  

!ƴ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ 9¦ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ƛƴŘǳǎǘǊȅ ƎŜƴŜǊŀǘŜǎ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ϵнΦр ōƛƭƭƛƻƴ ƛƴ ǘƘŜ 

ǾŀƭǳŜ ŦƻǊ ŜƴŜǊƎȅ ƴŜǿ ƎƛƎŀǿŀǘǘ ƛƴǎǘŀƭƭŜŘΦ ¢Ƙƛǎ ƳŜŀƴǎ ŜŀŎƘ ƴŜǿ ƻŦŦǎƘƻǊŜ ǘǳǊōƛƴŜ ŎƻƴǘǊƛōǳǘŜǎ ϵнлΦо Ƴƛƭƭƛƻƴ ǘƻ 

the EU economy. By 2030, the economic contribution is projected to be 2.5 times greater that in 2022, with 

ǿƛƴŘ ŜƴŜǊƎȅ ŜȄǇŜŎǘŜŘ ǘƻ ƳŀƪŜ ǳǇ лΦум҈ ƻŦ ǘƘŜ 9¦Ωǎ D5tΣ ƴŜŀǊƭȅ ƘŀƭŦ ƻŦ ǿƘƛŎƘ ǿƛƭƭ ŎƻƳŜ ŦǊƻƳ ƻŦŦǎƘƻǊŜ ǿƛƴŘ 

(IRENA, 2024a). 

Beyond large turbine components, offshore wind presents opportunities for domestic manufacturing, 

including the production of steel for foundations, substations, and vessels, as well as cables for electricity 

transport. Additionally, vessels are needed for transport components and workers to and from the project 

sites. (Global wind energy council, 2022) 

These trends underscore the potential for significant advancements trough learning via Research and 

Development (R&D), leading to technological enhancements. Initially, offshore wind farms were situated 

closer to shore and shallows depths Figure 2.7 (IRENA2023d, 2023). However, thanks to stronger and more 

consistent wind resources, research, development, and demonstration (RD&D) initiatives have prompted a 

shift of wind farms to greater from the coast to the deeper waters. (IRENA, 2024a) 

 

CƛƎǳǊŜ нΦтπ hũǎƘƻǊŜ ǿƛƴŘ ǘǳǊōƛƴŜ ŘŜǾŜƭƻǇƳŜƴǘǎ ǘǊŜƴŘǎΣ нллл π нлнн 
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2.1.3 т Sustainability of offshore wind power  

The success of floating offshore wind is heavily reliant on the effective manufacturing production of every 

component of this technology. The development of robust local supply chains and promoting skills 

development among the workforce can result in positive socio-economic gains (IRENA, 2019a). However, an 

important facet of floating offshore wind project development is ensuring that the technological production 

and operational impact is sustainable. This section touches on some of the sustainability factors that need to 

be considered when pursuing floating offshore wind solutions, that for most aspects can also be valid for 

fixed bottom, with the only difference of a greater impact on the seabed in the latter. 

Manufacturing considerations and sustainable innovation 

While the potential for floating offshore wind is tremendous, it is equally important that increased efforts be 

made to reduce, re-use, and recycle the raw materials and residues that arise from these projects. Turbine 

blades are the component with the highest sustainability factor, as they are made from composite materials 

that allow them to have high performance-to-weight ratios. According to (IRENA, 2019a). To promote 

sustainability in this phase, it is important to explore a wide range of recycling options. Composite materials 

can be recycled through either mechanical process (such as cutting the turbine blades into small pieces) or 

thermal processes (combustion or pyrolysis) (IRENA, 2019a). An overview of the material requirements for a 

500 MW offshore wind plant is presented Figure 2.8 (IRENA, 2019a). 

 

[ŔŊƨƖĲЮΥдΫцЮ~ċƣĲƖŔċũЮƖĲƕƨŔƖĲůĲŰƣƚЮŉŸƖЮċЮΨΣΣЮ~ìЮŸǭƚőŸƖĲЮƽŔŰĬЮƓũċŰƣ 

Another important consideration is the fact that rare earths materials (such as neodymium and dysprosium) 

are integral materials that are used in the permanent magnets found in generators that employ a direct drive 

configuration (IRENA2023d, 2023). One megawatt of direct-drive wind turbine capacity requires around 500 

kg of permanent magnets (Gielen & Lyons, 2022). About the wind industry, innovation and research are 

being undertaken to potentially develop rare earth-free permanent magnets or to replace neodymium with 

other rare earth elements, including praseodymium, dysprosium and terbium (Gielen & Lyons, 2022). 

Floating foundation environmental considerations 

Because floating offshore wind farms are sited in deep waters, it is important to ensure that environmental 

ƛƳǇŀŎǘǎ ƻƴ ǘƘŜ ƳŀǊƛƴŜ ŜŎƻǎȅǎǘŜƳ ŀǊŜ ƴƻǘ ŘŜǘǊƛƳŜƴǘŀƭ ǘƻ ǘƘŜ ŜŎƻǎȅǎǘŜƳΩǎ ƻǾŜǊŀƭƭ ǎǳǎǘŀƛƴŀōƛƭƛǘȅΦ Table 2.1 

(Farr & et al, 2021) provides a summary of some of the general and broad environmental impacts that can 

occur due to then presence of offshore wind projects at greater water depths. (Farr & et al, 2021) 

¢ŀōƭŜ нΦмπ DŜƴŜǊŀƭ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛƳǇŀŎǘ ŎƻƴǎƛŘŜǊŀǝƻƴǎ ŦǊƻƳ ƻũǎƘƻǊŜ ǿƛƴŘ ǇǊƻƧŜŎǘ 
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Environmental consideration Description 

 

 

 

Changes in seabed substrate 

The introduction of offshore foundations into the seabed 

results in the creation of a hard-bottom habitat, which in the 

absence of the foundation is mostly composed of soft-bottom 

substrates. The creation of this new habitat can result in 

displacement of sediments, which can impact sessile species 

that do not have the capacity to find alternative soft-bottom 

habitats. 

For floating foundations, the main contact point with the 

seabed is via the mooring system, particularly the anchor.  

 

 

 

 

 

Invasive species 

Invasive species can be defined as organisms that are not native 

to a specific area. The impacts of this risk differ depending on 

whether the components are constructed onshore in port and 

then towed to site, or if they occur during operation and 

maintenance activities. 

For floating foundations that are constructed in port, such as 

semi-subs, invasive species can colonise components and be 

transported to offshore wind farm sites. During the operation 

and maintenance phase, the vessels that cater to these 

requirements can be conduits for the transport of invasive 

species via their hulls or ballasts. 

 

Wake effects 

The presence of floating sub-structures and components in the 

below-the-ocean level can create impediments to water flows, 

which can result in turbulences as the water accelerates around 

ǘƘŜǎŜ άŜȄǘŜǊƴŀƭ ƻōƧŜŎǘǎέ ς known as the wake effect. 

 

 

Sediment ς suspended/deposition 

During the installation of offshore wind foundations, the 

preparation of the seabed as well as activities from support 

vessels can cause sediments from the seabed to become 

suspended. This can impact the nature of organic matter that 

relies on sediment size and benthic activities. 

Floating mooring systems that have deadweight anchors or 

suction caissons do not impact the seabed significantly and will 

not result in increased sediment suspension.  

 

 

Release of contaminants 

Sediments at the seabed can contain harmful 

chemicals/substances such as arsenic, heavy metals and 

pesticides originating from human activity. The disturbance to 

the seabed can result in the discharge of these contaminants. 

Floating foundations that use embedded anchors, suction 

caissons and deadweight anchors can cause lower re-

suspension of these substances than their fixed-bottom 

counterparts. 

 

 

Floating offshore wind projects require a significant amount of 

cabling to ensure that the power generated can be transmitted 

ƻƴǎƘƻǊŜΦ .ȅ ƛǘǎ ǾŜǊȅ ƴŀǘǳǊŜΣ ǘƘŜǎŜ άƎǊƛŘέ ŎƻƳǇƻƴŜƴǘǎ ǿƛƭƭ 
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Electromagnetic field impacts generate electromagnetic fields (EMFs), which potentially have 

environmental impacts. 

The overall impact of EMFs on marine species appears to be 

negligible, but more research on their interaction with subsea 

grid infrastructure is required. 

 

Biodiversity implications 

Biodiversity refers to the biological diversity of life on earth in all its forms, from the very smallest organisms 

to the largest ones. The global ecosystem is diminishing rapidly due to the impacts of climate change; 

however, if preserved it can contribute greatly to efforts to combat this crisis (Ørsted, 2023) 

A neutral or positive biodiversity impact arising from offshore wind foundations is the potential to serve as 

artificial reefs that can foster the creation of new biodiversity habitats. For floating offshore sub-structures, 

the mooring anchors and subsea cables (if exposed) can also serve as artificial reefs (at mid-water depths) 

for invertebrates and reef-associated fishes. If fishing activity is restricted in these areas, these artificial reefs 

Ŏŀƴ ǎŜǊǾŜ ŀǎ άǇǊƻǘŜŎǘŜŘ ŀǊŜŀǎέ (Farr & et al, 2021) 

The noise pollution arising from floating offshore wind farms is much less compared to fixed-bottom offshore 

wind farms due to the absence of high-acoustic sound generation processes such as piling, which can disturb 

the pre-existing habitat at project sites (Horwath & et al, 2020) 

According to research by (Farr & et al, 2021), the greenhouse gas emissions across the entire life cycle of 

floating offshore wind are around 15.35 kg of CO2-equivalent per MWh, with the manufacturing phase being 

the largest contributor. Even considering uncertainties, this emission factor is still less than one-tenth of the 

minimum emission estimates for natural gas, and less than one-twentieth of the estimates for coal. The 

absence of pile driving (which has high noise emissions and greatly displaces marine mammals) as well as the 

ability to transport onshore-built components for floating offshore wind projects all contribute to minimising 

the biodiversity impact. 

Looking at the biodiversity considerations along with the potential environmental impacts presented earlier, 

the overall environmental footprint for floating offshore wind projects in deeper waters is lower compared 

to fixed-bottom projects. However, most floating offshore wind projects are still at the demonstration phase, 

and these impacts can scale up linearly or non-linearly as project capacities increase in the future. More 

detailed research and analysis will be required to fully ascertain the environmental and biodiversity footprint 

for floating offshore wind farms. 

 

2.2 Policy and Regulatory Framework for Offshore Wind Energy   

2.2.1-Current policy mechanism т global overview  

Thus far, a number of policy mechanisms have been implemented in various markets with the goal of 

supporting demand for offshore wind and providing either revenue support guarantees or incentives to 

developers. 
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Indirect policies 

Indirect policies supporting greenhouse gas (GHG) reduction and the implementation of national renewable 

energy targets have broadly set the foundation for power generation from renewable energy sources. The 

upcoming United Nations Convention on Climate Change (UNFCCC 21) to be held in Paris in late 2015 may 

very well help guarantee the increasing role of renewable energy sources, particularly in the power 

generation sector, should further national commitments for emissions reduction targets be established. 

These indirect policies have a trickle-down effect that impacts the national appetite for renewable energy 

generation and, by extension, for offshore wind. In many cases private and state-run power suppliers are 

now obliged to source a percentage of the power they sell to end users from renewable energy sources, 

although they typically have the option of which energy to source. (REN21, 2014) 

Direct policies 

Direct polices to promote offshore wind generally consist of revenue support mechanisms, typically in the 

form of long-duration contracts for renewable power generation. There are several different models for this 

support structure. Most commonly, as seen in Europe, long-term feed-in tariffs are offered to developers 

either on a fixed or variable basis over a span of ten to 20 years with varying payout models. (GWEC, 2014) 

Asian countries have also started to follow this model, with China, Taiwan, and Japan each implementing 

feed-in tariffs for offshore wind generation. As an alternative, in the USA, renewable portfolio standards (or 

quotas) are imposed on power suppliers by state legislatures, and then market-ǎǘȅƭŜ ΨόƎǊŜŜƴύ ŎǊŜŘƛǘǎΩ ŦƻǊ 

renewable power generation are brokered by a state clearing house or public utility commission in a market 

exchange format. The main Direct policies are: 

Feed-in tariff subsides 

Feed-in tariffs (FITs) are purchase agreements (typically between a government and the power generator) 

ǘƘŀǘ ŜǎǎŜƴǘƛŀƭƭȅ ŀŎǘ ŀǎ ŀ ƳŜŎƘŀƴƛǎƳ ǘƻ ƛƳǇǊƻǾŜ ƛƴǾŜǎǘƳŜƴǘ ŎƻƴŦƛŘŜƴŎŜ ƛƴ ǘƘŜ ǎŜŎǘƻǊ ōȅ ƻŦŦŜǊƛƴƎ ŀ ΨōŀƴƪŀōƭŜΩ 

guarantee on the revenue stream. FITs typically represent the maximum price that the government would 

pay for power and have thus been criticized in more mature offshore wind markets for not promoting 

competition. Nevertheless, in many countries in Europe and Asia, FITs are the preferred mechanism for 

incentivizing project development. (GWEC, 2014) 

wŜǾŜǊǎŜ ǎǳōǎƛŘȅ ŀǳŎǘƛƻƴǎ ŀƴŘ άŎƻƴǘǊŀŎǘǎ ŦƻǊ ŘƛŦŦŜǊŜƴŎŜέ 

New competition mechanisms such as reverse auctions for feed-ƛƴ ǘŀǊƛŦŦǎΣ ǿƘŜǊŜōȅ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ŘŜǾŜƭƻǇŜǊ 

essentially submits a competitive bid to the government for a tariff price, are aimed at ultimately reducing 

the cost of energy by promoting more competition amongst project developers. 

The new policy framework is largely a response to fatigue over high subsidy prices for offshore wind and 

ratepayer burden. We can define a new Contract for Difference (CfD) scheme that acts as a long duration (15 

year) contract between a low-carbon electriŎƛǘȅ ƎŜƴŜǊŀǘƻǊ ŀƴŘ ǘƘŜ ƎƻǾŜǊƴƳŜƴǘΦ Ψ¢ƻǇ ǳǇΩ ǇŀȅƳŜƴǘǎ ŀǊŜ 

provided to generators when the market price for power is below the intended level of total revenue, or the 

ΨǎǘǊƛƪŜ ǇǊƛŎŜΩΣ ǘƘŀǘ ǘƘŜ ŘŜǾŜƭƻǇŜǊ ōƛŘǎ ƻƴ ŦƻǊ ǘƘŜ /Ŧ5Φ Lƴ ǘƘƛǎ ǿŀȅΣ ǘƘŜ /Ŧ5 ƛǎ ƛƴǘŜƴŘŜŘ ǘƻ provide certainty and 

stability of revenues to generators by reducing their exposure to volatile wholesale prices, whilst at the same 

time protecting consumers from paying higher electricity prices. (DECC, 2015) 

Renewable obligation mandates and credits 
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Renewable Obligation schemes mandate that regulated or licensed electricity suppliers source a proportion 

of electricity sold to customers from renewable energy sources. This policy mechanism seeks to incentivize 

investments in large-scale renewable energy generation which are underpinned by guaranteed demand for 

electricity from renewable sources. Credits for renewable energy generation are typically sold on markets for 

ΨDǊŜŜƴ /ŜǊǘƛŦƛŎŀǘŜǎΩΣ ǿƛǘƘ ǿƘƻƭŜǎŀƭŜ ƳŀǊƪŜǘ ǇǊƛŎŜǎ ǾŀǊȅƛƴƎ ς based on demand for renewable power 

generation. 

Despite the simplicity of renewable energy obligation mandates and the corresponding renewable energy 

credits, several countries have moved away from this policy framework in recent years, particularly in regard 

to offshore wind. This is primarily attributed to uncertainties in future revenues, and the fact that these policy 

frameworks often benefit the more mature renewable energy sources. (Gross, 2010) 

Tax production credits and incentives 

Tax production credits and incentives play a crucial role in promoting offshore renewable energy.  These 

incentives typically include tax credits for production, investment tax credits, accelerated depreciation 

schedules, and sometimes direct subsidies or grants. They're designed to lower the initial costs and 

operational expenses of renewable energy projects, making them more financially attractive and competitive 

compared to conventional energy sources.  

 

2.2.2-European strategy overview for Offshore Renewable energy sources  

Europe was the early adopter of offshore wind technology and quickly emerged as the world leader in 

offshore development. The first offshore wind farm, Vindeby, was installed in Denmark in 1991. (Breton & 
Moe, 2009) Currently, Europe maintains its prominent position, with 45% or 34 GW of total global offshore 

wind installed capacity in operation, making in the second-largest region in this sector Figure 2.9- European 

map wind fields 2023 (European commission, 2023). 

On 19 November 2020, the European Commission published and EU strategy to harness the potential of 

offshore renewable energy for a climate-neutral future. This Offshore Renewable Strategy was widely 

anticipated as part of the European Green Deal and foreseŜƴ ƛƴ ǘƘŜ /ƻƳƳƛǎǎƛƻƴΩǎ нлнл ²ƻǊƪ tǊƻƎǊŀƳƳŜΦ 

¢ƘŜ hŦŦǎƘƻǊŜ wŜƴŜǿŀōƭŜ {ǘǊŀǘŜƎȅ ŀƛƳǎ ǘƻ ŘǊŀƳŀǘƛŎŀƭƭȅ ƛƴŎǊŜŀǎŜ ǘƘŜ 9¦Ωǎ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ŜƭŜŎǘǊƛŎƛǘȅ ŦǊƻƳ 

offshore renewable energy sources from 12 gigawatts (GW) at present to over 60 GW by 2030 and 200 GW 

by 2050. Whereas wind power is the only offshore renewable technology that currently operates on a 

commercial basis. In terms of offshore wind power, the commercial development of floating technologies 

will allow the exploitation of a much wider range of potential offshore locations.  
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CƛƎǳǊŜ нΦфπ 9ǳǊƻǇŜŀƴ ƳŀǇ ǿƛƴŘ ŬŜƭŘǎ нлно 

¢ƘŜ ǎǘǊŀǘŜƎȅ ǎŜŜƪǎ ǘƻ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ƴŜŎŜǎǎŀǊȅ ƛƴǾŜǎǘƳŜƴǘ ƻŦ ŀƭƳƻǎǘ ϵулл ōƛƭƭƛƻƴ ƛƴ ƻŦŦǎƘƻǊŜ ǊŜƴŜǿŀōƭŜǎ 

between now and 2050, by increasing certainty for investors and smoothing the path for investments, easing 

bottlenecks, and finding the best combination of public and private finance. Regional cooperation is essential 

to reaching this goal and ensuring that renewables technologies are developed not only in the North Sea 

(where most offshore wind projects are currently located) but also in the Baltic Sea, Mediterranean Sea, Black 

Sea, Atlantic Ocean, and outermost regions and overseas territories. The EU will promote a pan-European 

supply chain involving multiple regions in coastal and inland areas and look to enhance maritime spatial 

planning for a successful large-scale deployment of offshore renewable energy. Among the thorny issues to 

be resolved is the interaction between offshore energy production and other maritime industries such as 

fishing. The EU should provide a predictable legal framework that promotes innovative and cost-effective 

projects. It is important to strengthen supply chain and support continuous innovation in the offshore 

renewable sector, where Europe is the leader in terms of both market size and the development of new 

technologies. European leadership in offshore renewables helps to support valuable green jobs across the 

EU (and many more to come as an investment is scaled up), yet the EU faces strong competition from China, 

the United Kingdom and other countries that are investing heavily in this sector. 

In terms of EU financing, the strategy notes the continued importance of mainstream EU programmes such 

as the Connecting Europe Facility for cross-border infrastructure, the Horizon Europe programme for 

research and innovation, as well as the new InvestEU programme. It also heavily emphasises the importance 

of the NextGenerationEU recovery plan, in particular the Recovery and Resilience Facility, which has a total 

budget of 672.5 billion Euros of which at least 37% should be spent on climate-related actions. The 

commission adopted also a legislative proposal to revise the Renewable Energy Directive Figure 2.10 (Tang, 

2022). The includes a provision that would oblige Member States to cooperate on the amount of offshore 

renewable generation to be deployed within each sea basin by 2050 and increase their cross-border 

cooperation on renewable energy, inter alia, through offshore hubs. (Agnieszka Widuto, 2020) 
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CƛƎǳǊŜ нΦмлπ LƴŦƻƎǊŀǇƘƛŎ ƻŦ ƎǳƛŘŀƴŎŜ ǘƻ ǎƛƳǇƭƛŦȅ ǇŜǊƳƛǩƴƎ ƻŦ ǿƛƴŘ ŜƴŜǊƎȅ ǇǊƻƧŜŎǘǎ 

The invasion of Ukraine by Russia and its use of gas supplies as a political tool has led to an unprecedented 

energy security crisis in the EU, resulting in a sharp rise in prices. The EU has taken decisive actions by 

introducing REPowerEU which aims to eradicate energy dependence on Russia, enhance energy security, 

increase the share of renewables from 40% (1,067 GW) to 45% (1,236 GW) by 2030, ensure overall resilience 

through domestically sourced affordable renewables, and reduce prices over time. The forward-looking 

ǎǘǊŀǘŜƎƛŜǎ ƛƴǘǊƻŘǳŎŜǎ ƛƴ нлно ǘƻ ŜƴƘŀƴŎŜ ŜƴŜǊƎȅ ǎŜŎǳǊƛǘȅ ǘƘǊƻǳƎƘ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ƛƴŎƭǳŘŜ ǘƘŜ 9¦Ωǎ hŦŦǎƘƻǊŜ 

Renewable Energy (ORE) generation goals across its five sea basins, aiming for approximately 111 GW by 

2030, nearly twice the at least 60 GW set out in the EU Offshore Renewable Energy Strategy in November 

2020 (European union Law, 2020), and around 317 GW by 2050 (European Commission, 2024). Additionally, 

there are plans to build 300 GW in the North Seas by 2025 under the Ostend Declaration. The Baltic Sea 

ŎƻǳƴǘǊƛŜǎ ƘŀǾŜ ŀ ǘŀǊƎŜǘ ƻŦ мфΦс D² ōȅ нлол ǳƴŘŜǊ ά¢ƘŜ ±ƛƭƴƛǳǎ 5ŜŎƭŀǊŀǘƛƻƴέ (Council of Europe, 2024). 

Moreover, nine countries of the North Seas Energy Cooperation are collectively planning auctions for around 

15 GW annually, aiming to award almost 100 GW between 2023 and 2030 (European commission, 2023). 

 

2.2.3-Italian legal framework and policies, national strategy  

Legal framework and policies 

In Italy the Ministry of Environment and Energy Security (MASE) is the public authority responsible for the 

development and regulation of the national energy policy. Among the energy policies, the offshore wind 

energy development and regulation is part of the competences of the MASE. In 2019, the National Integrated 

Energy and Climate Plan 2030 (PNIEC) was approved through the Council of Ministers Resolution No. 100 of 

2020 by the Italian government. The PNIEC serves as the foundation of Italy's energy and climate policy for 

the 2020-2030 decade, according to the pathway toward carbon neutrality by 2050. It sets targets for 

reducing greenhouse gas emissions, increasing the share of renewable energy, and improving energy 

efficiency, in line with Italy's commitments within the European Union. The PNIEC was then reviewed in 2024. 
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The Ministry of Infrastructure and Transport, through its Directorate-General for the Supervision of Port 

Authorities, Port Infrastructure, and Maritime Transport, manages both the National Maritime Space and 

Marine Spatial Planning. Legislative Decree No. 201 of 17 October 2016 implements the European Directive 

2014/89/EU and establishes the legal framework for Marine spatial planning in Italy, which includes the 

planning of areas designated for the development of marine renewable energy projects, including offshore 

wind energy. 

!ƴƻǘƘŜǊ ƛƳǇƻǊǘŀƴǘ Ǉƭŀƴ ƛǎ ǘƘŜ άtƭŀƴ ŦƻǊ ǘƘŜ {Ŝŀ нлно-нлнрέΣ ǿƘƛŎƘ ŀƛƳǎ ŀǘ ǇǊƻƳƻǘƛƴƎ ǘƘŜ ǎǳǎǘŀƛƴŀōƭŜ 

development of the ocean and strengthening the role of the sea. The associated action plan includes 

numerous specific measures to implement, with significant actions in the field of marine renewable energy, 

with a particular focus on offshore wind power. The government simplified the procedures for the 

development of innovative projects through the creation of Special Economic Zones, which include coastal 

areas designated for the development of advanced technologies, including marine renewable energy. 

Decree-Law 76/2020 (Simplification Decree) facilitated the establishment of these zones, with a specific focus 

on promoting innovation in marine renewable energy technologies. (Anita Tatti & Sibilla Ferroni, 2023) 

National strategies 

National integrated Energy and Climate Plan 2030 (PNIEC) 

The PNIEC is the strategic document adopted by Italy to guide the country's energy transition and climate 

efforts in line with European Union objectives. The plan aims to reduce greenhouse gas emissions, increase 

the share of renewable energy in the energy mix, and improve energy efficiency by 2030, with a long-term 

goal of achieving climate neutrality by 2050. Within the PNIEC, offshore wind energy plays a crucial role. 

To facilitate offshore renewable energy development, the 2022 TEN-E regulation requires member states to 

cooperate on cross-border offshore renewable energy targets, within their respective maritime corridors, 

with intermediate milestones set for 2030 and 2040. Italy, which borders both the eastern and western 

Mediterranean basins, signed two non-binding agreements in January 2023 with other member states, 

including Greece, Spain, France, Malta, Croatia, and Slovenia, committing to connect up to 4 GW to the Italian 

grid by 2030 in the "South and West Offshore Grids" priority corridor, and 4.5 GW in the "South and East 

Offshore Grids" corridor. The sea basins and involved countries are shown in Figure 2.11 (European 

commission, 2020). 

The PNIEC acknowledges the importance of research and technological development for the success of 

offshore wind energy in Italy, promoting investments in innovation to reduce the costs of floating 

technologies and enhance the sector's competitiveness. The expansion of offshore wind will not only help to 

increase the share of energy from renewable sources, but also create new economic opportunities, 

generating jobs and stimulating growth in the renewable energy industrial sector. (MASE, 2024) 
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CƛƎǳǊŜ нΦммπ ¢9bπ9 tǊƛƻǊƛǘȅ hũǎƘƻǊŜ DǊƛŘ /ƻǊǊƛŘƻǊǎ ŀǎ ƭŀƛŘ Řƻǿƴ ƛƴ wŜƎǳƭŀǝƻƴ ό9¦ύ нлннκусф  

Plan for the Sea 2023-2025 

In the Plan for the Sea document, Italy is described as an ideal candidate to become Southern Europe's energy 

hub, particularly in the transition towards clean energy. Offshore wind power plays a significant role in this 

strategy. Offshore wind farms, alonƎ ǿƛǘƘ ǿŀǾŜ ŜƴŜǊƎȅΣ ŀǊŜ ōŜŎƻƳƛƴƎ ƛƴŎǊŜŀǎƛƴƎƭȅ ƛƳǇƻǊǘŀƴǘ ƛƴ 9ǳǊƻǇŜΩǎ 

ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ƳƛȄΣ ǘƘƻǳƎƘ LǘŀƭȅΩǎ ǇǊƻƎǊŜǎǎ Ƙŀǎ ōŜŜƴ ǎƻƳŜǿƘŀǘ ǎƭƻǿŜǊΦ  

In addition to offshore wind development, Italy is moving to establish Exclusive Economic Zones (EEZs), as 

authorised by the 2021 law. An EEZ is useful for offshore wind sector as it gives to Italy the exclusive rights 

to develop wind farms up to 200 nautical miles from its coast.  

This strategy will enhance Italy's sovereignty over the exploration, exploitation, and management of marine 

resources, including renewable energy such as offshore wind and solar power, as well as tidal and wave 

energy. Within the EEZs, Italy can exert control over installations and structures at sea, including artificial 

ƛǎƭŀƴŘǎ ŀƴŘ ƻŦŦǎƘƻǊŜ ǇƭŀǘŦƻǊƳǎΦ ¢ƘŜ ŜǎǘŀōƭƛǎƘƳŜƴǘ ƻŦ ǘƘŜǎŜ ȊƻƴŜǎ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ƛƳǇǊƻǾŜ ŎƻƴǘǊƻƭ ƻǾŜǊ LǘŀƭȅΩǎ 

offshore fields, while also allowing for more sustainable use of marine resources in line with international 

norms. (Fabrizio & Matteo, 2023) 

REPowerEU 

The REPowerEU plan is a European Commission initiative, and its primary goal is to reduce the European 

Union's dependence on fossil fuels, and to accelerate the transition towards renewable energy sources. 

Within this framework, offshore wind energy plays a crucial role.  

CƻǊ LǘŀƭȅΣ ǘƘŜ Ǉƭŀƴ ŎǊŜŀǘŜǎ ƻǇǇƻǊǘǳƴƛǘƛŜǎ ŦƻǊ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ŘŜǾŜƭƻǇƳŜƴǘΦ LǘŀƭȅΩǎ ŎƻŀǎǘƭƛƴŜΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ƛƴ ǘƘŜ 

aŜŘƛǘŜǊǊŀƴŜŀƴΣ Ŏŀƴ ƛƴŎǊŜŀǎŜ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ŦŀǊƳǎΣ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ōƻǘƘ ǘƘŜ ŎƻǳƴǘǊȅΩǎ ŜƴŜǊƎȅ 

independence and its climate goals. One of the key aspects of REPowerEU for offshore wind is the choice of 

ambitious targets. The EU aims to have a total offshore wind capacity of 300 GW by 2050, with an 

intermediate target of 60 GW by 2030. The development of offshore wind farms slower in Italy than some 

northern European nations, but REPowerEU is expected to change this, accelerating Italy's contribution. The 

main focus of this project are the streamline and speed up permitting procedures, the infrastructure 

development, and the financing in the renewable energy sector. (European Commission, 2022) 
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2.2.4-Enviromental policy for offshore wind farm  

According to Energy Sector Management Assistance Program (ESMAP, 2020), offshore wind farms are 

potentially viable in many emerging countries to be installed in the next few years, followed by industrial 

deployment to bring this technology to maturity and justified by the global economy decarbonization targets 

and the greateǊ ǇŀǊǘƛŎƛǇŀǘƛƻƴ ƻŦ ǊŜƴŜǿŀōƭŜ ŜƴŜǊƎȅ ƛƴ ǘƘŜ ŎƻǳƴǘǊƛŜǎΩ ŜƴŜǊƎȅ ƳŀǘǊƛȄ ǳƴǘƛƭ нлрл (IRENA, 2020). 

The policy implications aim to support countries (new markets) to establish environmental policy framework 

for offshore wind development are different. 

The first guidelines is the Establishment of a national offshore wind energy production target. In this 

manner, new markets should set national goals for Offshore Wind Power (OWP) production, in which, 

through them, the strategies and actions for upscaling the offshore wind sector can be ensured, such as it 

occurs in the four research cases. 

The second guideline is the Mapping of marine offshore wind zones. The government of new markets needs 

to identify and to map, through public policies, possible areas particularly suitable for offshore wind 

development, as part of a prior planning process to facilitate and speed up the environmental licensing 

procedure. To this end, countries must invest in innovation solutions and new technologies to investigate the 

maritime environment. 

The third guideline is the adoption of a One-stop-shop procedure. For a faster and less bureaucratic 

procedure for licensing offshore wind projects it is necessary to define an Operator body for the Offshore 

Wind Connection Network, since it is the competent body responsible for the coordination and control of 

the operŀǘƛƻƴǎ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ƎŜƴŜǊŀǘƛƻƴ ŀƴŘ ǘǊŀƴǎƳƛǎǎƛƻƴ ŦŀŎƛƭƛǘƛŜǎ ƛƴ ǘƘŜ ŎƻǳƴǘǊȅΩǎ bŀǘƛƻƴŀƭ 

Interconnected System. 

The fourth guideline concerns the Maritime land concession Regimes: Open-doors and Tenders. Developers 

must be able to request specific areas for leasing through an open-doors procedure. Also, after a strategic 

definition of suitable areas for OWP development, considering the environmental aspects involved, the 

announcement of a tendering procedure must be available for potential bidders in those new markets. 

The fifth guideline concerns the development of a Standard procedure guide in environmental licensing for 

offshore wind farms, available in an official portal of the regulatory agency. In this way, the developer would 

be guided for all procedures and necessary documents for obtaining the environmental licenses. The 

procedures guide should be updated with new procedures, as experience and maturity in the procedures for 

implementing OWP in new markets increase. 

The sixth guideline is the Development of Environmental Studies: Environmental Impact Assessment (EIA), 

Strategic Environmental Assessment (SEA), and Habitats Regulations Assessment (HRA).  

According to the criteria for the size of the offshore wind farm to be installed, the scope of the environmental 

study to be carried out is defined, as well as the licensing authority. Thus, for pilot projects, which have a 

lower degree of impact, a simplified study, the EIS, may be carried out. For projects with an adverse impact, 

a detailed EIA must be accomplished by the developer. For the SEA studies, a competent authority may 

investigate future seabed areas to be leased for OWP projects to ensure a faster environmental consenting 

process and the protection of the marine environment. This strategy represents a general trend in all 

research cases. Regarding the HRA studies, the identification of areas must be undertaken in accordance with 

nature conservation in Economic Exclusive Zone, as determined by law for European countries. As a result, a 

competent authority must make an appropriate assessment of the implications of the project for that site 
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regarding adverse effects on the integrity of the habitats site. Furthermore, upon the environmental studies, 

the developer must clarify in each phase of the project (pre-implementation planning, project 

implementation and use of post-project facilities) the mitigating measures for the negative environmental 

impacts of the offshore wind project, in order to achieve the environmental protection goals, since the 

majority of GHG emissions from wind energy arise the manufacture of turbines and construction of the plant. 

The last guideline is the tǳōƭƛŎΣ ŀǳǘƘƻǊƛǘƛŜǎΣ ŀƴŘ ǎǘŀƪŜƘƻƭŘŜǊǎΩ Ŏƻƴǎǳƭǘŀǘƛƻƴ. As seen in the EIA experience of 

the research cases, the authorities involved, interest groups and all citizens use the public consultation stage 

to make comments that contribute to the final decision regarding the OWP projects. A suggestion for new 

markets is the development of an official online portal for this consultation, containing all offshore wind 

projects under approval.  

(Vasconcelos et al., 2022) 

In conclusion it is crucial to establish the environmental licensing regulations for offshore wind power 

projects, as the world races to completely decarbonize its power sector in line with the requirements set out 

by international policies. The practices suggested can be adopted by any country that aims to develop this 

ŜƴŜǊƎȅ ǎƻǳǊŎŜΣ ŘǳŜ ǘƻ ƛǘǎ ƎǊŜŀǘŜǊ ǇŀǊǘƛŎƛǇŀǘƛƻƴ ƛƴ ǘƘŜ ŎƻǳƴǘǊƛŜǎΩ ŜƴŜǊƎȅ ƳŀǘǊƛȄ ǳƴǘƛƭ нлрлΦ 
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2.3 Comparison of Fixed-Bottom and Floating Wind Technologies   

2.3.1-Fixed-Bottom Wind Technologies  

The general structure of an offshore wind turbine was presented in the previous chapter; therefore, this 

section will specifically examine the key difference between fixed-bottom and floating wind turbines: the 

foundation system. 

Monopile foundation 

A monopile foundation consists of welded steel tubes made of rolled steel plates, and the tower is supported 

directly by the foundation pile legs or by connecting the two through a transition section. The structure of a 

monopile foundation is shown in Figure 2.12 (Gao et al., 2024). The pile legs are inserted below the seabed 

and the depth of insertion depends on the actual environmental loads and the geological conditions of the 

seabed. The typical single foundation diameter is 3ς8 m (X. Wu et al., 2019) and are usually applied to shallow 

water depths, ranging from 0ς30 m. (Jun, 2010) 

 

CƛƎǳǊŜ нΦмнπ aƻƴƻǇƛƭŜ ŦƻǳƴŘŀǝƻƴ ǎǘǊǳŎǘǳǊŜ 

Monopile foundation is currently the most widely used type of foundation in offshore wind projects. In 

European waters, in 2019, more than 75% of the completed offshore wind power projects are monopile 

foundations (Tang et al., 2022). It has the advantages of mature technology, simple structure, convenient 

and quick construction, strong adaptability, good economy, and low cost. Monopile foundations are suitable 

for areas with a sandy soil or soft clay layer, good bearing capacity, and stable seabed. (Shi, 2020) 

Gravity foundation 

The gravity foundation is one of the main types of offshore wind turbine foundation structures. It mainly 

relies on the foundation structure and internal ballast weight to resist the overturning moment and sliding 

force generated by the upper unit and external environment, as shown in Figure 2.13 (Gao et al., 2024). This 

ensures the stability of the foundation and tower structure. Gravity foundations are suitable for foundation 

conditions such as compacted clay and hard rock. However, they are not suitable for soft-foundation seabed 
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due to the high bearing capacity of the foundation. They are usually applicable to the sea area with water 

depths of 0ς10 m (Jun, 2010). 

 

 

CƛƎǳǊŜ нΦмоπ DǊŀǾƛǘȅ ŦƻǳƴŘŀǝƻƴ ǎǘǊǳŎǘǳǊŜ 

The advantage of the gravity foundation is that it has well stability, while the pile structure can be 

manufactured by prefabrication and other means, reducing the link of offshore piling operations and 

reducing construction and installation costs. (Shi, 2020) 

Multi-Pile Bearing Foundation 

Multi-pile bearing foundations consist of a foundation pile and concrete bearing platform, as shown in Figure 

2.14 (Gao et al., 2024). They have higher rigidity and better performance in resisting horizontal loads and are 

suitable for medium water depth and less-demanding geological conditions on the seabed. They require 

traditional port construction equipment and construction techniques and are less difficult to construct. 

Before being used in offshore wind power, they were a common engineering structure for port terminals. 

They are usually welded and manufactured in advance on land and can be applied to water depths of 5ς50 

m (X. Wu et al., 2019). They have the advantages of better applicability to soft ground. 
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CƛƎǳǊŜ нΦмпπ aǳƭǝπǇƛƭŜ ōŜŀǊƛƴƎ ŦƻǳƴŘŀǝƻƴ 

Tripod foundation 

Depending on the number of piles, tripod foundations can be categorized into three-legged and multi-legged 

foundations. The three-legged tripod foundation, characterized by a standard support structure comprising 

a main cylinder, three pile casings, and struts, as shown in Figure 2.15 (Gao et al., 2024). This foundation 

design involves the precise placement of three steel pipe piles, each with a medium diameter, in an 

equilateral triangular configuration on the seabed. The adaptability of tripod foundations to varying water 

depths further enhances their versatility and expands their potential deployment in diverse offshore 

environments. 

 

CƛƎǳǊŜ нΦмрπ ¢ǊƛǇƻŘ ŦƻǳƴŘŀǝƻƴ 
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The utilization of tripod foundations has demonstrated applicability within water depth ranges of 10ς35 m 

(X. Wu et al., 2019). This foundation type offers several advantages that contribute to its suitability for 

offshore installations. Foremost, the inherent stability of the three-legged configuration ensures robust 

resistance against external forces. The triangular arrangement of the steel pipe piles facilitates the uniform 

load distribution and effective mitigation of lateral forces, thereby guaranteeing overall structural stability. 

Jacket foundation 

Jacket foundations are commonly employed in offshore structures and typically consist of three or four pile 

legs that are interconnected by spars, forming a spatial truss structure with sufficient strength and stability. 

The interconnections between the pile legs are typically achieved through welding, as illustrated in Figure 

2.16 (Gao et al., 2024). This welding method effectively addresses the challenge of underwater connections. 

Jacket foundations can be designed with multiple piles or barrels, providing flexibility in adapting to different 

site conditions. They are particularly suitable for water depths ranging from 20 to 50 m. (Jun, 2010) 

One of the key advantages of jacket foundations is their robust load-bearing and overturning resistance. 

However, it is important to consider some challenges associated with jacket foundations. The structure of 

jacket foundations requires a significant amount of steel, resulting in higher material costs. The welded joints, 

particularly in the node areas of the steel pipes, are more susceptible to fatigue and corrosion due to the 

harsh marine environment. 

 

CƛƎǳǊŜ нΦмсπ WŀŎƪŜǘ ŦƻǳƴŘŀǝƻƴ 

Suction cylinder foundation 

Suction cylinder foundations, also known as negative pressure cylinder foundations, are a type of foundation 

that can be classified into single-cylinder or multiple-cylinder structures. They consist of two main 

components: the lower cylinder body, which is open at the bottom and sealed at the top; and the outreach 

section, which can be constructed using reinforced concrete prestressed structures or steel structures, as 

shown in Figure 2.17 (Gao et al., 2024). 
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This foundation type is specifically designed for deployment in marine areas characterized by sandy soil or 

soft clay seabed. The installation process involves creating a negative pressure environment within the 

cylinder, allowing it to sink and stabilize itself through self-weight and resistance on the side of the cylinder. 

The suction effect generated by the negative pressure facilitates the penetration and anchoring of the 

foundation into the seabed. The advantage is that they eliminate the need for traditional piling methods, 

such as driven piles or drilled shafts, which can be challenging and time-consuming in certain seabed 

conditions. This foundation type is particularly suitable for marine areas with water depths ranging from 30 

to 60 m (Bhattacharya, 2019). 

 

CƛƎǳǊŜ нΦмтπ {ǳŎǝƻƴ ŎȅƭƛƴŘŜǊ ŦƻǳƴŘŀǝƻƴ 

 

The approximate distribution of different pile foundation types along the water depth is shown in Figure 2.18 

(Gao et al., 2024). 

 

CƛƎǳǊŜ нΦмуπ 5ƛũŜǊŜƴǘ ǇƛƭŜ ŦƻǳƴŘŀǝƻƴ ǎǘǊǳŎǘǳǊŜ ǘȅǇŜǎ ǎǳƛǘŀōƭŜ ŦƻǊ ŘƛũŜǊŜƴǘ ǿŀǘŜǊ ŘŜǇǘƘ 

In brief, the gravity foundation is the most suitable for a nearshore water depth of 0ς20 m, and the monopile 

foundation can be applied to a water depth of about 30 m. When the water depth increases to 40ς50 m, the 

tripod foundation and multi-pile bearing foundation are more commonly applied. When the water depth 

continues to increase, the main pile foundation structures are the jacket foundation and suction cylinder 

foundation. ы§ќuĲũũǃШѼШ ƖƚőċĬЯШΞΜΝΣь 
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2.3.2-Floating Wind Technologies  

As the depth increases, usually for depths of more than 60 metres, the construction cost of the offshore wind 

farm change from the fixed bottom to floating wind technologies. The floating foundation can be generally 

classified into three mainstream configurations based on floating principles adopted to achieve static 

stability: a semi-submersible type, a spar type and a Tension Leg Platform (TLP) type. Figure 2.2 (IRENA, 2021) 

A series of comparisons among the three above-mentioned types have been shown in Table 2.2 (Liu et al., 

2016). In a spar-type foundation, a large cylindrical buoy is used to stabilize the spar structure. The heavy 

lower part of the buoy, i.e. the ballast, and light upper art are combined to lower the centre of buoyancy, 

which leads to are covering moment when the floating cylinder declines from the preset axis (Athanasiaa & 
Genachtea, 2013). The TLP, on the other hand, is stabilized by the mooring system. In detail, the TLP is 

moored onto the seabed through a set of tension legs. Since the leg is pre-tensed before the foundation is 

fully functional, the preset location and posture of the foundation are recovered by the adjustment of 

tensions among legs. Combining the two designs of the spar and the TLP, a semi-submersible foundation is 

introduced to achieve the static stability. Usually, the semi-submersible foundation is composed of three or 

four slender columns that are connected to each other through braces. The wetting surface area of a single 

column, the height of the buoyance centre and the distance between two columns affect the force acting on 

the floating foundation, which recover the original location and posture of the floating foundation. Moreover, 

the increase of wetting surface provides more hydrodynamic stability and more structural stiffness to sustain 

the wave load. A typical layout of the semi-submersible foundation system is shown in Figure 2.19 (Liu et al., 

2016). 

¢ŀōƭŜ нΦн ς ¢ƘŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ƳŀƛƴǎǘǊŜŀƳ ƅƻŀǝƴƎ ŦƻǳƴŘŀǝƻƴǎ 

+ Relative advantage  

0 Neutral 

- Relative disadvantage 

 

TLP 

 

SPAR 

 

Semi-submersible 

Pitch stability Mooring Ballast Buoyancy 

Natural periods + 0 - 

Coupled motion + 0 - 

Wave sensitivity 0 + - 

Turbine weight 0 - + 

Moorings + - - 

Anchors - + + 

Construction and 

installation 

- - + 

Maintenance + 0 - 
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Comparing to the other two types of foundations, namely the spar and the TLP types, the semi-submersible 

foundation is advantageous because (Roddier & et al, 2010):  

1. The construction, assembly, outfitting and commissioning of the foundation and even the installation 

of wind turbines can be done on the dock. The finished foundation, with the wind turbine installed, 

can then be towed out and deployed by towboat. 

2. The cost associated with the installation of mooring system of a semi-submersible foundation is 

relatively lower than the other types of floating foundations. 

3. The hydrodynamic behaviours of a semi-submersible foundation to the wind load excitations are 

better due to the deep draft when comparing to the other two types of floating foundation. The 

reason is apparent that the natural heave period is longer when the draft becomes larger. In 

particular, the wave exciting force almost disappears at the equilibrium position during the heave 

motion.  

4. The surge response of a semi-submersible foundation, which is similar to the responses of a spar 

type, is better than TLP. The pitch motion of the semi-submersible foundation, on the other hand, is 

smaller than the spar type (B. Li & et al, 2011). 

Although the semi-submersible foundation is advantageous for supporting offshore floating wind turbines, 

the design of a semi-submersible foundation is challenging due to the complex dynamic responses of a semi-

submersible foundation induced by the wind-wave combined loads. 

 

CƛƎǳǊŜ нΦмф ς [ŀȅƻǳǘ ƻŦ ǎŜƳƛπǎǳōƳŜǊǎƛōƭŜ ƅƻŀǝƴƎ ǿƛƴŘ ǘǳǊōƛƴŜΦ ό!ύ CǊƻƴǘ ǾƛŜǿΦ ό.ύ ¢ƻǇ ǾƛŜǿ 

The popular semi-submersible floating foundation design, with some real cases, are listed below: 

Three-legged semi-submersible floating foundation 

As example of the three-legged floating foundation, the WindFloat designed by Roddier et al. (Roddier D. et 

al., 2009) has been tested in the offshore area of Portugal in 2011 (Stevens RF & Rahim A., 2014). The 

WindFloat is also based on a three-column foundation. While the wind turbine is installed at the centre of 

the triangle connecting the three floating columns, one column of the WindFloat is employed to support the 

wind turbine as shown in Figure 2.20 (Liu et al., 2016). A horizontal Water Entrapment Plate (Hussein K. & 
et al, 2013) is added to the base of each column to provide additional hydrodynamic inertia to the 
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foundation. Because the plate displaces large volume of water, as reported by Roddier et al. (Roddier D. et 

al., 2009), the horizontal dynamic response of the structure is improved. A permanent water ballast system 

is installed at the bottom of each column, which lowers the foundation to reach the target draft. In order to 

reduce the rigid-body response induced by the mean wind loads acting on the wind turbine, there is an active 

water ballast system right above the permanent water ballast to move waters from column to column. Six 

catenary lines, comprising common mooring system parts such as chain jack, shackles, drag-embedment 

anchors, fairleads and chains, moored the foundation to the seabed. Among the six mooring lines, four are 

connected to the turbine-supporting tower and the other two lines are moored to the columns without 

turbine. The floating hull, tower and turbine in the WindFloat project area assembled onshore and the entire 

foundation is then towed to the target place and tied to a moored anchor system installed beforehand 

(Stevens RF & Rahim A., 2014).  

 

CƛƎǳǊŜ нΦнл ς 5Ŝǘŀƛƭ ƻŦ ²ƛƴŘCƭƻŀǘ ŘŜǎƛƎƴ 

Despite the unprecedented success, there are still short comings associated with the WindFloat project. The 

most significant shortcomings can be listed as: 

1. The structure of the wind turbines should be modified before installing to sustain some of the floater 

induced motions. In other words, the structure commonly used for offshore wind turbine is not suitable for 

installing on a floating foundation (Roddier & et al, 2010). 

2. The cost of the active water ballast system is still too high to make the floating foundation massively 

producible. 

3. The welding and fabrication costs have been rising along with the rise of the steel cost. Consequently, the 

structure optimization is an urgent task before the floating foundation can be massively manufactured at the 

industry level. 

Ring-shaped floating foundation 

A custom-designed floating square platform was developed by French wind farm develop per Quadrant and 

foundation special list Ideol. The platform provides sufficient space at the base of the wind turbine for the 

operation and maintenance work, which usually requires tugboats anchored alongside with the turbine to 
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provide space (Sunderasan S., 2015). A sketch showing the main features of the foundation is presented in 

Figure 2.21 (Liu et al., 2016). An additional Damping Pool system, which essentially is a moon pool 

constructed inside the ring, was introduced by Ideol (Bossler A., 2012). Such a pool is designed to have specific 

natural frequencies making the water entrapped into the damping tool act as a damper to reduce some of 

the floater's motions. Thanks to the damping pool, the modifications of the turbine structure are no longer 

necessary.  

Besides, this design of foundation allows the structure to move along with its mooring lines. The basic version 

of the design allows for linear movementsτone degree of freedom. The updated version, however, presents 

a more complex design. Given that the floating foundation of the updated version is allowed to move in a 

certain range, the wind farm layout can be optimized in real-time according to the environmental 

parameters, such as the wind and tidal directions. 

 

CƛƎǳǊŜ нΦнм ς 5Ŝǘŀƛƭ ƻŦ ǊƛƴƎπǎƘŀǇŜŘ ŘŜǎƛƎƴ 

Compact and V-shaped floating foundation 

Fukushima project is a two-phase project initialized by the Japanese government in 2011, which deploys 

floating windfarms off the Fukushima shore. One of the turbines is supported by the spar platform, and the 

other one is installed on a semi-submersible foundation. As shown in Figure 2.22 (Liu et al., 2016), the 

Fukushima project proposed that the pontoons can be directly connected to columns without the support of 

braces. Krimirad and Michailides proved that the braceless semi-submersible foundation is less prone to the 

fatigue occurred at the welded joints. A series of studies have been conducted to show the technical 

feasibility of employing the braceless semi-submersible foundation to support offshore wind turbines. 

(Karimirad M. & Michailides C., 2015) 
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CƛƎǳǊŜ нΦнн ς 5Ŝǘŀƛƭ ƻŦ CǳƪǳǎƘƛƳŀ ±πǎƘŀǇŜŘ ǎŜƳƛπǎǳōƳŜǊǎƛōƭŜ ǎǘǊǳŎǘǳǊŜ ŘŜǎƛƎƴ 

 

2.3.3-Comparison and synergies between Fixed -Bottom and Floating Wind Technologies  

Comparison between Fixed and Floating 

After a detailed analysis of the various types of foundations used in fixed-bottom and floating wind 

technologies, other important general parameters to consider for comparison include: 

Tower and Turbine Design Adaptations 

In fixed-bottom offshore wind turbines, the tower design typically employs rigid structures adapted from 

onshore and conventional offshore standards. In contrast, floating wind turbines require towers that are 

integrated with dynamic floating platforms and are often designed to incorporate weathervane capabilities. 

This allows the turbine nacelle to yaw freelyτeither passively or through modified active yaw systemsτto 

reduce gyroscopic coupling effects. Certain floating concepts adopt innovative configurations, such as 

multiple-mast or guyed tower systems. A notable example is the Eolink design, which replaces the traditional 

single tower with four inclined masts to support the nacelle. This approach provides enhanced structural 

redundancy and greater flexibility in accommodating larger rotor diameters (Eolink, 2020) 

Overall, the turbine-nacelle assemblyτincluding the generator and bladesτremains largely similar across 

both fixed and floating wind technologies.(Edwards et al., 2023) 

Installation and maintenance requirements 

The installation process for fixed-bottom offshore wind turbines typically involves intensive offshore 

construction activities. Monopiles and jacket foundations are driven or drilled into the seabed, often using 

jack-up vessels equipped with hydraulic or impact hammers. Jacket structures require accurate placement of 

piles or suction caissons and rely on large installation vessels to achieve the necessary precision and stability. 

Gravity-based foundations, meanwhile, demand extensive seabed preparation, such as levelling or pit 

dredging, which can lead to significant environmental disturbance over a wide area. These operations are 

highly dependent on favourable weather conditions and are associated with substantial logistical and 
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financial costs (Horwath et al., 2020) In contrast, floating wind platforms offer greater flexibility and reduced 

offshore construction requirements. For example, semi-submersible and barge-type floaters can be fully or 

partially assembled at portτincluding the turbine tower and rotorτand then towed to the installation site. 

hƴŎŜ ƛƴ ǇƻǎƛǘƛƻƴΣ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ōŀƭƭŀǎǘŜŘ ŀƴŘ ƳƻƻǊŜŘΦ ¢Ƙƛǎ άǇƻǊǘ-ōŀǎŜŘ ƛƴǘŜƎǊŀǘƛƻƴέ ǎǘǊŀǘŜƎȅ ǎƛƎƴƛŦƛŎŀƴǘƭȅ 

reduces the need for complex offshore operations and shortens installation time (Proskovics, 2018) 

Maintenance strategies differ significantly between fixed-bottom and floating offshore wind turbines. Fixed 

installations typically rely on service operation vessels and, for major repairs, jack-up vessels that provide 

stable platforms and gangway access to the turbine. While foundation maintenance is infrequent, it may 

require the use of remotely operated vehicles or divers to inspect cathodic protection systems and scour 

mitigation measures. Floating wind turbines, on the other hand, introduce new maintenance possibilities. 

Certain floating platform designs allow the entire structure to be disconnected and towed back to port for 

extensive repairs or upgrades. According to the Offshore Renewable Energy Catapult, semi-submersible and 

tension-leg platform systems can be assembled, maintained, or even decommissioned entirely at quayside 

facilities, thereby reducing reliance on offshore interventions. However, floating systems introduce unique 

maintenance challenges, particularly in the inspection and upkeep of mooring lines and anchorsτwhether 

chain, piled, or syntheticτwhich must be monitored for corrosion, fatigue, and tension. Additionally, 

dynamic power cables and mooring systems increase operational complexity. Nonetheless, the modularity 

and potential for onshore servicing of floating turbines may offer long-term logistical and economic 

advantages despite the higher initial complexity of their O&M regimes.(Proskovics, 2018) 

 

Environmental and geotechnical considerations 

Fixed-bottom and floating offshore wind systems differ markedly in their environmental impacts, particularly 

during installation. Fixed foundationsτsuch as monopiles and gravity-based structuresτtypically involve 

pile-driving or dredging operations that generate significant underwater noise and sediment disturbance. 

Pile-driving activities are known to affect marine mammals and fish populations due to intense acoustic 

emissions, while seabed dredging for gravity bases can disrupt extensive areas of benthic habitat. Among 

these, monopile foundations are associated with some of the highest levels of seabed disturbance and 

underwater noise pollution (Horwath et al., 2020) In contrast, floating wind platforms generally require less 

invasive anchoring methods. Suction anchors or deadweight blocks, for example, can be installed without 

pile-driving, significantly reducing noise and sediment disruption. As a result, floating systems are often 

regarded as having a lower ecological footprint during the installation phase, with minimal scouring and 

negligible acoustic impact. However, floating wind farms introduce other environmental considerations. 

Their long mooring lines may pose risks of entanglement for marine fauna and could generate shading or 

sweeping effects on the water column and seabed not typically associated with fixed foundations. 

(PrinciplePower, 2025) 

From a geotechnical perspective, fixed-bottom foundations require detailed site investigations to ensure 

adequate bearing and lateral capacity. For monopiles and jackets, it is essential to identify soil layers with 

sufficient strength to resist cyclic loading. Additionally, scour protection measuresτsuch as rock dumping or 

the installation of protective matsτare commonly implemented to mitigate erosion caused by seabed 

currents. Floating wind systems, although not entirely free from geotechnical constraints, present different 

requirements. The holding capacity of drag-embedded anchors, such as plates or suction buckets, depends 

significantly on the shear strength and density of the surrounding sediments. High-tension mooring systems, 
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like those used in tension-leg platforms, may necessitate piled or grouted foundations in competent 

substrata. One notable advantage of floating platforms is their siting flexibility: they can be installed over 

irregular seabed or very soft soils where fixed foundations would be unfeasible, using deadweight or suction 

caisson anchors that rest on the seabed. Nonetheless, all mooring systems are susceptible to fatigue and 

potential soil weakening under cyclic loads, which demands careful engineering of anchor embedment depth 

and stiffness. (Horwath et al., 2020) 

Synergies between Fixed and Floating 

Even though significant differences exist between the industrialized design of bottom fixed and floating 

offshore wind turbine structures, a majority of these are focused on the design of the primary structure and 

the controller. Key design element synergies can as well be identified and knowledge transfer from the fixed-

bottom design will enable a more rapid development towards a mature floating wind industry by adopting 

and adapting existing methods. By making use of established best practice experience the learning curve 

timescales associated with cost reductions can be reduced. Furthermore, utilizing the expertise, which has 

already been established in designing cyclic loaded large diameter flanges, developing corrosion protection 

strategies as well as designing slim and functional secondary steel structures with inherently as low as 

reasonably practical risk and the closely related value engineering, will further add to cost savings and 

support the maturing of the floating offshore wind turbine industry.  

Beyond numerical design procedures, the floating offshore wind turbine industry can draw on the 

developments and experiences from the fixed bottom industry in other aspects, such as the centralization of 

production. Utilization of expensive equipment and facilities is feasible only with production performed at a 

single location, i.e. a harbour/shipyard for a particular region. Such a hub is ideally comprised of a large 

turbine assembly plant, a host of manufacturers of ancillary equipment including gearboxes, blades, nacelles 

and cables alongside a series of installation, logistics and operations and maintenance companies. The 

process will thus use the economies of scale with respect to capital investment, management and auxiliary 

services. From this central location the product is shipped to the various installation sites. 

Regarding mass production, the investment in equipment and facilities associated with an industrialization 

process can be justified economically only with a large production volume. Such volume allows a distribution 

of the fixed investment charge over a large number of product units without unduly inflating their ultimate 

cost. For fixed structures, particularly monopiles, large volume mass production is already existing instead 

for floating substructures in contrast have been produced only in single units. Once larger volume floating 

offshore wind turbine projects will be developed, synergies with fixed-bottom structure fabricators will be a 

way forward to exploit existing infrastructure. Through standardization, production resources can be used in 

the most efficient manner if the output is standardized. Then the production process, machinery, and 

ǿƻǊƪŜǊǎΩ ǘǊŀƛƴƛƴƎ Ŏŀƴ ōŜǎǘ ōŜ ŀŘŀǇǘŜŘ ǘƻ ǘƘŜ ǇŀǊǘƛŎǳƭŀǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘΦ CƻǊ ŦƭƻŀǘƛƴƎ ƻŦŦǎƘƻǊŜ 

wind turbines, within single design teams the work already has reached some degree of specialization. 

However overall across the different involved partners including yards, banks etc., such standardization is 

still very limited.  

Further areas of synergy include establishing of an organization capable of a high quality of planning, 

coordination, and control functions with respect to design, production and distribution of the products. This 

includes incorporation of well-defined and comprehensive risk and asset management strategies, as well as 

quality assurance procedures and a high degree of coordination between design, production, and marketing 

of the product. (Matha et al., 2016) 
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2.4 Grid Infrastructure, Submarine Cables, and Protections   

2.4.1- Grid and transmission  

Grid 

One of the most striking examples of using sea space to integrate transnational (and sub-national) economies 

is the development of offshore electricity grid systems. Laying high-voltage electricity cables upon or within 

the seabed is a means of expanding and connecting land-based electricity supply systems around the 

peripheries of coastal nations and even across entire sea basins. This has allowed terrestrial electricity 

systems, including those of different nations, to be linked, allowing centres of production and demand to be 

inter-connected across longer distances and with greater opportunities for interchange. Offshore grids are 

now also being used to connect centres of offshore supply, in particular wind arrays, to terrestrial grids. 

(Orths et al., 2013) The potency of this use of the seabed lies not just in the economic possibilities that it 

presents, but also in the makeup and presence of the infrastructure involved, namely networks of linear 

cables and other structures physically linking different jurisdictions, channelling electricity between them and 

embodying increasing energy interdependence. (Watson & Venne, 2012) 

To support the renewable energy plans the Projects of Common Interest is developing in EU as shown in 

Figure 2.23 (Jay & Toonen, 2015), which shows offshore grids already developed or to be developed. 

 

CƛƎǳǊŜ нΦно ς 9ǳǊƻǇŜΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ƴŜǘǿƻǊƪ 
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Comprehensive electricity networks now serve the great majority of populated areas in developed nations. 

However, they are now extending their reach offshore. The manner in which marine regionalization is 

happening in relation to grid systems is shaped by the general features and trends described above. It is 

reflected in five stages which can be identified in the evolution of offshore grid development.  

1- Offshore sections of conventional grid systems. Some grids must traverse sea areas in order to 

connect with islands and peninsulas. These links are developed by grid companies as part of their 

responsibility to supply electricity to their national or sub-national area of operation. 

2- Transnational offshore interconnectors. Some of the bilateral arrangements between neighbouring 

countries referred to above involve sea crossings. These connect national transmission grids in the 

interests of balancing supply and demand, where, for example, peaks of demand are experienced at 

different times of day in different countries.  

3- Individual connections to offshore renewable electricity generators. These connections have been 

developed either by the wind array company or the grid company, according to the regulatory regime 

in place.  

4- Networks serving groups of offshore wind arrays. These generally involve much bigger wind arrays 

than previously, with a combined output of a higher order, so that larger scale offshore transformers 

will be needed as part of the network, delivering electricity at transmission-level voltage. At this 

scale, DC becomes a viable option and is being proposed in some settings. These networks are being 

developed by specialist offshore grid companies. 

5- Transnational offshore networks for renewable electricity supply and grid interconnection. Firstly, 

one country's wind arrays to supply the other country, and secondly, interconnection between the 

two countries' terrestrial grids. This is being developed jointly by the relevant transmission 

companies. (Meeus & Saguan, 2011) 

The extension of grids into the marine environment in the interests of national and transnational 

connections, accelerated by the expansion of wind power into the sea, sets the scene for much more 

ambitious offshore grid intentions in Europe, frequently expressed in terms of supergrids. Its development is 

based upon recurring objectives: Security of supply, by improving connectivity between load centres, 

reducing dependency on gas and oil imports, transmitting offshore renewable electricity to areas of demand, 

and bypassing transmission bottlenecks onshore; Competition and market, by developing interconnection 

between countries and power systems, thus facilitating arbitrage and control of prices, and providing market 

incentives to development; Integration of renewable energy, by enabling large-scale wind and other marine 

renewables, smoothing their output across regions, connecting to Scandinavian hydropower output and 

storage capacity, thus contributing to European 20-20-20 targets. (De Decker & Woyte, 2013) 

However, there is also acknowledgement of the barriers or challenges involved in turning aspirations into 

reality. These are generally understood as follows: 

Technical: the need for further technological advance, such as design of DC breakers; inadequate capacity 

and bottlenecks in terrestrial grids; offshore construction, operation and maintenance difficulties; and 

addressing the difficulties of balancing variable renewable energy output. 

Economic/market: securing investment for high-risk projects; uncertain effect of wind arrays on electricity 

markets; high costs, such as of interconnector development, uneven market structure and prices. 

Regulation: unclear allocation of costs to the industry and allowed profit margins; varying regulatory regimes 

between jurisdictions for consenting and operating; lengthy and complex licensing procedures. 



46 
 

Strategic spatial planning: lack of a coordinated approach, development driven by national interests, and 

uncertainty regarding wind array development and the locations of offshore interconnectors; case-by-case 

approach, questionable level of public acceptance. (Battaglini et al., 2012) 

Transmission 

The controllability, flexibility, and redundancy of offshore transmission systems depend on the topology and 

technology utilized, primarily High Voltage Alternating Current (HVAC) and High Voltage Direct Current 

(HVDC). The HVAC transmission is widely used due to its technological maturity and effectiveness for short 

distances (tens of kilometres). However, depending on the project, HVAC could face limitations in meeting 

substantial power capacity and long-distance transmission requirements mainly due to the high cable 

reactive-capacitive losses. To mitigate these, shunt reactors placed at the HVAC cable ends are generally the 

first adopted solution. However, compensation is associated with higher platform costs, HVAC cable 

interruption, high inrush currents, and potential converter saturation (Varetsky & Gajdzica, 2023).  

In addition, static VAR compensators, synchronous condensers, or Static synchronous compensators 

(STATCOMs) can be installed at the onshore end to control the voltage and manage the reactive power 

generated by HVAC cables. Another proposed method to reduce cable charging currents involves using a 

lower-frequency transmission system known as the Fractional Frequency Transmission System (FFTS). This 

approach employs an AC/AC converter at the onshore station to transform the lower frequency back to grid 

frequency. While promising, FFTS remains at the research stage, facing challenges such as the need to 

redesign components to operate at lower frequencies. 

When these solutions are no longer technically or economically feasible, opting for the point-to-point HVDC 

topology is possible. The HVDC can ameliorate some challenges connected with HVAC topology in evacuating 

large amounts of power from large offshore wind power plants in deep waters. Therefore, depending on the 

project requirements, the technology can be shifted to another if necessary (D. Wu et al., 2024). 

The HVAC and HVDC offshore transmission systems can be realized in different topologies: 

Current topologies 

Each project requires a dedicated offshore platform and transmission infrastructure to an onshore substation 

as illustrated in Figure 2.24 (Mugambi et al., 2025). The need for dedicated infrastructure for each project 

may cause delays due to, e.g., public acceptance, which may lead to increased costs for large OWPP projects. 

Additionally, having several cables laid on the seabed could lead to loss of biodiversity and negative 

environmental impacts (Cutululis et al., 2021). The topology is also limited to flexibility in expansion. 

Integrating additional power plants will require significant modifications or additional infrastructure, leading 

to higher costs and complexity. Therefore, when the project necessities for OWPP with higher wind power 

productions, it needs a consequent reliability requirement from the interconnection safety point of view and 

newer topologies such as the HVDC multi-terminal could provide the required conditions according to the 

literature. 
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CƛƎǳǊŜ нΦнп ς tƻƛƴǘπǘƻπǇƻƛƴǘ ŎƻƴƴŜŎǝƻƴ ƻŦ I5±/πŎƻƴƴŜŎǘŜŘ h²tt 

Potential future topologies 

To ameliorate the challenges of point-to-point topology, future topologies will see the interconnection of 

OWPP clusters. Different topologies can be realized depending on whether the OWPPs are inter-connected 

on the AC or DC sides. The choice of interconnection type relies heavily on various factors, including capital 

investment, potential for future expansion, availability of technology, and other pertinent considerations. 

The core Intellectual property (IP) of power converter manufacturers is the converter control algorithm and 

interconnected OWPP clusters will typically be multi-vendor multi-converter systems. The main challenge 

will then be the interoperability of the converters. This will threaten the dynamic stability of the offshore AC 

grid, which is characterized by weaker sources. 

¢ƘŜ ŎƻƴǾŜǊǘŜǊΩǎ ŘȅƴŀƳƛŎ ōŜƘŀǾƛƻǳǊ ƛǎ ƘƛƎƘƭȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƻǇƻƭƻƎȅ ŀƴŘ ŎƻƴǘǊƻƭ ŘŜǎƛƎƴΦ {ƻ ŦŀǊΣ ǘƘŜǊŜ ŀǊŜ ƴƻ 

multi-vendor OWPP clusters in operation, but new wind farm cluster is being developed with the possibility 

of the three wind farms being from different manufacturers sharing an offshore converter platform (TenneT, 

2023). The basic point-to-point HVDC structure is not typically regarded as multi-vendor. However, at the 

offshore level, the Type-4 wind turbine converters (2-Level) are all connected to an offshore Modular Multi-

level Converter (MMC), which usually comes from a different manufacturer. In the case of HVAC, where 

turbines can interact with the STATCOM, the same concept applies here, with the relevant IP issues linked to 

tuning accuracy. 

The different interconnections of OWPP clusters and HVDC transmission are: 

1-Multi-infeed topology 

This topology interconnects multiple OWPPs on the AC side, allowing for shared utilization of the converter 

platform. The HVDC converters are directly linked to the onshore converters. The control and protection 

(C&P) involved in this configuration could be from the same or different vendors. When OWPP clusters C&P 

are from different vendors, the topology is referred to as multi-infeed multi-vendor topology. The topologies 

are illustrated in Figure 2.25 (Mugambi et al., 2025). 
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CƛƎǳǊŜ нΦнр ς aǳƭǝπƛƴŦŜŜŘ ƻũǎƘƻǊŜ I5±/ ǘƻǇƻƭƻƎȅ 

The C&P from a single vendor ensures uniformity in their control characteristics. Despite the C&P being from 

the same vendor, there could be the challenge of technological interoperability. For example, operational 

compatibility between 2-level Voltage Source Converter and MMCs from the same manufacturer. 

Conversely, the interconnection of clusters with different controller characteristics can lead to manufacturer 

interoperability issues due to possible negative interactions between converters (ENTSO-E, 2021). This 

implies that the technology could be the same, e.g., 2-level or modular multilevel, but from different 

manufacturers. In addition, in Europe, the common practice is to have different manufacturers for the 

offshore-MMC and Wind turbines (WTs) in the same OWPP. When a single HVDC line is used, the topology is 

considered the most economical solution for the standard 2 GW OWPP clusters. 

 

2-Multi terminal topology 

The interconnection of OWPP clusters on the DC side leads to multi-terminal HVDC, as shown in Figure 2.26  

(Mugambi et al., 2025). The control and protection systems for the clusters could be from the same vendor 

or different vendors. If they are the latter, the topology is multi-vendor multi-terminal HVDC. The 

development of multi-terminal HVDC/DC grids is expected to accelerate the growth of offshore wind. They 

are expected to offer more redundancy and increased reliability than their point-to-point counterpart. In 

addition, interconnecting the same OWPP on different synchronous areas with hybrid AC/DC connections 

may be possible. The next connection requirements for HVDC take into account the possibility of having both 

HVAC and HVDC branches departing from the same OWPP, allowing the synchronization of the WTs, with a 

specific synchronous area. Concurrently, it sends the power through the HVDC link towards a different 

synchronous area. This topology may facilitate the black-start of the plant from the HVAC connected area, 

for example, by energizing the offshore components and launching the offshore-MMC converter cooling 

systems.  

While multi-terminal HVDC offers numerous advantages, it is also faced with coordination complexity. In 

multi-vendor multi-terminal systems, the issue of interoperability among Power electronic devices (PED) 

from different manufacturers whose control characteristics are different is a hot topic in industry and 

academia. At least in Europe, offshore wind is seen as one of the cornerstones of achieving net zero 

emissions, meaning that components with PED, such as wind turbine converters, HVDC converters, etc., must 

be interoperable to achieve the much-needed installations. The issues of interactions and stability found in 
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the simple HVAC and HVDC case are exacerbated here due to the large number of multi-vendor converters 

and various components (Infrastructure and Enviroment executive Agency European Climate, 2023). 

 

CƛƎǳǊŜ нΦнс ς aǳƭǝπǘŜǊƳƛƴŀƭ aǳƭǝπǾŜƴŘƻǊ I5±/ ό5/ ƎǊƛŘύ 

 

2.4.2- Submarine cables  

Understanding the unique challenges and design considerations of these dynamic cables is crucial for the 

successful development and operation of floating offshore wind farms. In the context of marine renewable 

energy systems, power cables can be categorised as inter-array, inter-platform, or export cables. The term 

ΨΨŘȅƴŀƳƛŎ ŎŀōƭŜΩΩ Ƙŀǎ ŜƳŜǊƎŜŘ ƛƴ ǊŜŎŜƴǘ ȅŜŀǊǎ ǘƻ ŘŜǎŎǊƛōŜ ŎŀōƭŜǎ ǎǇŜŎƛŦƛŎŀƭƭȅ ŘŜǎƛƎƴŜŘ ǘƻ ǿƛǘƘǎǘŀƴŘ 

continuous motion and cyclical loading, distinguishing them from static or quasi-static cables. Dynamic 

sections can be present in any of these cable categories, depending on the specific application and 

environmental conditions. In floating offshore wind applications, dynamic cables typically experience the 

most challenging conditions, being subjected to continuous motion due to waves, currents, and platform 

movements. 

A critical challenge lies in ensuring the reliability and integrity of power cables that transmit electricity to the 

onshore grid (Thies et al., 2012). In offshore wind farms, subsea cable development focuses on two key 

technological advancements: the implementation of higher voltage levels in both inter-array and export 

cables, and the design refinement of dynamic inter-array and export cables for floating offshore wind 

applications. Unlike static cables, dynamic inter-array and export cables are subjected to increased loadings 

ŘǳŜ ǘƻ ŜȄǇƻǎǳǊŜ ǘƻ ŘȅƴŀƳƛŎ ǘŜƴǎƛƻƴΣ ōŜƴŘƛƴƎΣ ŀƴŘ ǘǿƛǎǘƛƴƎ ŎȅŎƭŜǎ ŎŀǳǎŜŘ ōȅ ǇƭŀǘŦƻǊƳΩǎ ƳƻǘƛƻƴǎΣ ŀǎ ǿŜƭƭ ŀǎ 

environmental loading to waves, wind and currents, which can lead to fatigue failure. Fatigue is a major 

concern for dynamic power cables as it can ultimately lead to failure in long term. Additionally, insulation 

ƭŀȅŜǊ ŦŀƛƭǳǊŜ ǇƻǎŜǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǘƘǊŜŀǘ ŀǎ ƛǘ Ŏŀƴ ŎƻƳǇǊƻƳƛǎŜ ǘƘŜ ŎŀōƭŜΩǎ ŜƭŜŎǘǊƛŎŀƭ ƛƴǘŜƎǊƛǘȅΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ 

ultimate strength of cables under extreme bending conditions, often characterised by the minimum bending 

radius, is crucial for ensuring cable integrity during installation and extreme environmental events (Ehlers et 

al., 2023). 

Power cable failures have substantial financial implications for offshore wind energy projects. Approximately 

80% of offshore wind-related financial losses and insurance claims are attributed to cable failures, including 
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both static and dynamic cables (de Wild, 2018). With repair-related downtimes averaging 60 days, these 

failures can result in significant revenue losses and increased maintenance costs. Moreover, dynamic cables 

for floating offshore wind applications typically incur higher costs compared to traditional static cables due 

to their more complex design and manufacturing requirements. Therefore, improving the mechanical design 

and analysis of dynamic power cables is essential to mitigate failure risks and ensure cost-effective operations 

in the growing floating offshore wind sector. 

Cable internal structure components 

Dynamic power cables are heterogeneous, complex structures specifically designed for floating offshore wind 

farms, while static power cables are sufficient for fixed-bottom wind farms (and some tidal turbine systems). 

The terms static and dynamic here can be interpreted literally: the former is laid on the seabed and remains 

still, while the latter is left hanging and subject to frequent dynamic motions caused by turbine movement, 

wave loading, or sea currents. As shown in Figure 2.27 (Lerch et al., 2021) dynamic power cables are mainly 

utilised as inter-array/inter-platform or export cables. As evident, array cables are used to deliver power from 

the wind turbines to the offshore substation, and export cables to deliver power from the offshore substation 

to the onshore substation.  

 

CƛƎǳǊŜ нΦнт ς ¢ȅǇƛŎŀƭ ŜƭŜŎǘǊƛŎŀƭ ǎȅǎǘŜƳ ƻŦ ŀ ƅƻŀǝƴƎ ƻũǎƘƻǊŜ ǿƛƴŘ ŦŀǊƳ 

Dynamic power cables are composed of conductive metal cores, surrounded by insulation and armouring 

material, all bound by a sheath. Fibre optic cables can also be incorporated into the cable to facilitate 

communications and data transfer between the shore, the wind farm, and for cable condition monitoring. 

Figure 2.28 (Cerik & Huang, 2024) illustrates the design structure and sub-components of a typical three-

ǇƘŀǎŜ ŘȅƴŀƳƛŎ ǇƻǿŜǊ ŎŀōƭŜΦ ¢ƘŜ ǘŜǊƳ ΨǘƘǊŜŜ-ǇƘŀǎŜΩ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƴǳƳōŜǊ ƻŦ ŎƻǊŜǎκŎƻƴŘǳŎǘƻǊǎ ǘƘŜ ŎŀōƭŜ ƘŀǎΤ 

a cable with one core would be referred to as a single-phase power cable. Three-phase cables are normally 

used for floating offshore wind turbines to maintain the high voltage - alternating current being transmitted 

and avoid any transmission losses. 

The conductors, located at the centre of each core, are the principal components of the power cable. They 

conduct and transmit the electricity generated from the floating renewable energy platforms to the 

onshore/offshore substation. Copper and aluminium are commonly used as conductor materials, with 

aluminium cores and cables needing to be larger to transmit the same power. However, in general copper is 

more expensive than aluminium and its price is volatile (Marcollo & Efthimiou, 2024). 
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CƛƎǳǊŜ нΦну ς ¢ȅǇƛŎŀƭ оπǇƘŀǎŜ ŘȅƴŀƳƛŎ ǇƻǿŜǊ ŎŀōƭŜ ŎǊƻǎǎπǎŜŎǝƻƴ 

Each conductor is protected by an insulator, with a screen placed on both the inner and outer sides of each 

insulator. These two screens, combined with the insulator, make up the dielectric system of the cable. The 

dielectric system prevents electrical failures or leakage of currents during transmission and, together with 

the conductor and conductor sheath, forms a single core. However, the insulation material in the dielectric 

system of dynamic power cables for floating offshore wind turbines is susceptible to the formation of 

electrical trees and water trees. Electrical trees are microscopic, tree-like structures that grow within the 

insulation material when subjected to high electrical stress, while water trees are similar structures that form 

due to the presence of moisture and electric fields (Z. Li et al., 2022). They can create an insulation 

breakdown. 

Armour, arguably the most essential part of dynamic cables, provides mechanical protection against external 

loadings and carries the axial and bending forces acting on the cable. The presence of this armour is crucial 

ŀǎ ƛǘ ŘƛǊŜŎǘƭȅ ŀŦŦŜŎǘǎ ǘƘŜ ŎŀōƭŜΩǎ ƳŜŎƘŀƴƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΣ ǿƘƛŎƘ ƛƴ ǘǳǊƴ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŎŀōƭŜΩǎ ŘȅƴŀƳƛŎ 

performance and fatigue life. The armour consists of multiple steel wires (stainless steel or nonmagnetic 

galvanised steel), which are wrapped around the cable at a specific lay angle (determined by the lay length). 

Dynamic power cables have two layers of armour laid in opposite directions, as shown in Figure 2.29 (2H 

Offshore/ORE Catapult, 2022). This enhances the torsional stability of the cable. 

As mentioned earlier, dynamic power cables in floating offshore wind applications are subjected to a variety 

of mechanical loads that can lead to potential failure modes. These cables experience dynamic loading 

conditions such as bending and axial tension, and possibly torsion, due to the motion of the floating platform, 

ǿŀǾŜ ŀƴŘ ŎǳǊǊŜƴǘ ŀŎǘƛƻƴΦ ¢ƘŜ ŎŀōƭŜΩǎ ŀǊƳƻǳǊ ƭŀȅŜǊΣ ǘȅǇƛŎŀƭƭȅ ƳŀŘŜ ƻŦ ǎǘŜŜƭ ǿƛǊŜǎΣ ƛǎ ŘŜǎƛƎƴŜŘ ǘƻ ǿƛǘƘǎǘŀƴŘ 

these mechanical loads and protect the internal components. However, the repeated cyclic loading can lead 

to fatigue damage accumulation mainly in the armour wires over time (particularly in the segments 

experiencing large curvature, such as hog and sag segments in a lazy wave profile), potentially resulting in 

wire breakage or corrosioƴΦ ¢Ƙƛǎ Ŏŀƴ ŎƻƳǇǊƻƳƛǎŜ ǘƘŜ ŎŀōƭŜΩǎ ǎǘǊǳŎǘǳǊŀƭ ƛƴǘŜƎǊƛǘȅ ŀƴŘ ƭŜŀŘ ǘƻ ŦŀƛƭǳǊŜΦ 
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CƛƎǳǊŜ нΦнф ς .ǊŜŀƪŘƻǿƴ ƻŦ ŎƻƳǇƻƴŜƴǘǎ ƛƴǎƛŘŜ ŀ сс ƪ² ŘȅƴŀƳƛŎ ǇƻǿŜǊ ŎŀōƭŜ 

!ƴƻǘƘŜǊ ŀǊŜŀ ƻŦ ŎƻƴŎŜǊƴ ƛǎ ǘƘŜ ŎŀōƭŜΩǎ ǘŜǊƳƛƴŀǘƛƻƴǎ ŀƴŘ ŎƻƴƴŜŎǘƻǊǎΣ ǿƘƛŎƘ ŀǊŜ ǎǳōƧŜŎǘŜŘ ǘƻ ŎƻƴŎŜƴǘǊŀǘŜŘ 

stresses and can be prone to fatigue damage. The insulation material and conductor are also susceptible to 

mechanical damage, such as abrasion, indentatƛƻƴΣ ƻǊ ŎǊǳǎƘƛƴƎΣ ǿƘƛŎƘ Ŏŀƴ ƻŎŎǳǊ ŘǳŜ ǘƻ ǘƘŜ ŎŀōƭŜΩǎ ƳƻǾŜƳŜƴǘ 

ŀƴŘ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǎŜŀōŜŘ ƻǊ ƻǘƘŜǊ ǎǘǊǳŎǘǳǊŜǎΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ ǘƘŜ ŎŀōƭŜΩǎ ƛƴǘŜǊƴŀƭ ŎƻƳǇƻƴŜƴǘǎ όǇŀǊǘƛŎǳƭŀǊƭȅ 

conductor) may experience relative movement and friction, leading to fretting and wear. The mechanical 

design of dynamic power cables for floating offshore wind applications must take into account these complex 

ƭƻŀŘƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ǇƻǘŜƴǘƛŀƭ ŦŀƛƭǳǊŜ ƳƻŘŜǎ ǘƻ ŜƴǎǳǊŜ ǘƘŜ ŎŀōƭŜΩǎ ƭƻƴƎ-term reliability and performance. 

This requires a thorouƎƘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŎŀōƭŜΩǎ ƳŜŎƘŀƴƛŎŀƭ ōŜƘŀǾƛƻǳǊΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǳǎŜ ƻŦ ŀŘǾŀƴŎŜŘ 

ƳƻŘŜƭƭƛƴƎ ŀƴŘ ǎƛƳǳƭŀǘƛƻƴ ǘŜŎƘƴƛǉǳŜǎ ǘƻ ǇǊŜŘƛŎǘ ǘƘŜ ŎŀōƭŜΩǎ ǊŜǎǇƻƴǎŜ ǳƴŘŜǊ ǾŀǊƛƻǳǎ ƭƻŀŘƛƴƎ ǎŎŜƴŀǊƛƻǎΦ 

Furthermore, careful selection of materials, design optimisation, and robust manufacturing processes are 

essential to minimise the risk of mechanical failure in dynamic power cables. 

Cable global configuration 

²ƘŜƴ ƛǘ ŎƻƳŜǎ ǘƻ ŦƭƻŀǘƛƴƎ ƻŦŦǎƘƻǊŜ ǿƛƴŘ ŦŀǊƳǎΣ ǘƘŜ ŀǊǊŀȅ ŎŀōƭŜǎΩ ŘȅƴŀƳƛŎ ǎŜŎǘƛƻƴǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻƴƎŜǊ 

compared to their counterparts in fixed-bottom installations. This is because these cables are suspended in 

the water column, extending from the floater or the floating substation, often assuming a lazy-wave 

configuration Figure 2.30 (a) (Srinil, 2016). The primary purpose of this shape is to accommodate the floating 

ǎǳōǎǘǊǳŎǘǳǊŜΩǎ ŘȅƴŀƳƛŎ ƳƻǘƛƻƴΣ ƛƴŎƭǳŘƛƴƎ ƛǘǎ ƘƻǊƛȊƻƴǘŀƭ ƳƻǾŜƳŜƴǘΣ ƪƴƻǿƴ ŀǎ ƭŀǘŜǊŀƭ ŜȄŎǳǊǎƛƻƴΦ IƻǿŜǾŜǊΣ ǘƘƛǎ 

configuration also exposes the dynamic section to the challenges of withstanding the loads imposed by the 

entire water column and the abrasion caused by the seabed. To ensure the cable maintains its shape, the 

connection points are protected, and the installation process is carried out smoothly, a variety of ancillary 

components are employed. These include bend stiffeners, buoyancy and ballast modules, tether and anchor 

systems, touch down and abrasion protection, and bend restrictors. Once the cable reaches the seabed, it is 

either buried or anchored using rocks or protective matting. However, in most existing installations, the cable 

is left unburied. 
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CƛƎǳǊŜ нΦол ς /ŀōƭŜ Ǝƭƻōŀƭ ŎƻƴŬƎǳǊŀǝƻƴǎΥ όŀύ ƭŀȊȅ ǿŀǾŜ ŀƴŘ όōύ ²πǎƘŀǇŜ 

There are three primary ways to incorporate the dynamic section of array cables in floating offshore wind 

farms. The first approach involves using a single length of dynamic cable to connect the turbines directly. The 

second method utilises dynamic cable lengths at each turbine, which are then connected to a static length in 

between using either field joints or connectors. The third option is to create a single cable assembly that 

features dynamic cable at each end, with a length of static cable in between, all joined together using factory 

joints. The decision to choose one configuration over another is influenced by several factors, such as the 

relative costs of static and dynamic cables, the additional expenses associated with using field joints or 

connectors, and the potential risks of introducing additional points of failure at these joints or connectors. 

For installations in very deep waters, engineers are exploring the use of W-shaped configurations to minimise 

the cost of running the cable all the way to the seabed and back up again Figure 2.30 (b) (Srinil, 2016). In this 

setup, the cable is suspended between the floating offshore wind turbines (FOWTs) at a higher position in 

the water column, which is made possible by using clamped buoyancy and ballast modules. Another 

approach that is being considered for deep water applications is to suspend the array cables across their 

entire length. While this method could potentially reduce the overall cable length required, it would also 

subject the cables to increased loading due to the movement induced by water currents. Although this 

approach has not been implemented in any floating projects thus far, it is believed to become an attractive 

option for water depths of around 500 m or more. 

 

2.4.3 - Protection  

Structural Protection 

Offshore Wind Structure (OWS) are subjected to several structural damage mechanisms such as corrosion, 

fatigue, thermal stress, wave and wind loading, fire and lightning strikes. Corrosion and fatigue are the main 
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mechanisms of deterioration of OWS. Adedipe et al. published a review focused on corrosion fatigue in OWS 

where the mean stress effects on fatigue crack growth as well as the influence of materials and test 

environments were discussed (O. Adedipe et al., 2016). In sea water, an increase in stress ratio can influence 

crack growth rates regarding the interaction of the environment and loading frequency. The fatigue crack 

growth behaviour in weldments was found to be material dependent and influenced by the environment, 

loading conditions, microstructure, welding procedure and residual stresses. 

The use of corrosion protection systems is essential to reach the expected service life for which a structure 

was designed. Different protection systems can be used to delay and mitigate corrosion initiation and its 

related consequences such as safety, structural integrity and service life. A passive approach to corrosion 

protection involves depositing a barrier layer that prevents contact of a material with the corrosive 

environment. Active approaches reduce the corrosion rate when the protective barrier is already damaged 

and corrosive agents come into contact with the metal substrate. Only the combination of both approaches 

can provide reliable protection against corrosion of metallic structures in harsh environments for the entire 

design life. 

The application of coating systems is the most common method used to control corrosion. Coatings also offer 

a more pleasant visual appearance when compared to bare steel surfaces. Coating offshore is more expensive 

than onshore due to several factors including the logistics of transporting manpower and materials to the job 

site and limited access to the offshore structures due to weather conditions (Mühlberg, 2010). The corrosion 

rate of the steel tower of a wind platform is variable, based on access of both oxygen and humidity, 

influenced by the level of the water on the structure. Elevated salt concentration, mechanical load (e.g., ice 

drifts or floating objects), current speeds, biological stress, temperature variation, irregular inspection 

intervals, maintenance and repair costs, and design life should all be considered when planning the 

specification of a corrosion protection system. 

Corrosion 

The most probable failure and degradation mechanisms for steel structures are corrosion and fatigue. The 

tower and foundation of the OWS can experience a combination of these two mechanisms due to the coupled 

action of wind and wave loading in harsh environments. Stress corrosion cracking is a major operational issue 

for OWSs and is highly dependent on which zone the stress resides in Figure 2.31 (Momber, 2011).  Four 

zones are usually considered in an OWS: Submerged zone - the zone where the structure is permanently 

submerged. Cathodic protection (CP) is generally used in this zone, often in conjunction with coating; Tidal 

zone -the zone between the minimum and the maximum level of tides and governed by their variations. This 

region is subjected to wetting and drying cycles. Degradation occurs due to chemical attack, abrasive action 

of waves and other substances in suspension (ice drift or floating objects) as well as the attack of 

microorganisms. This zone is often coated. Splash zone - the zone immediately above the maximum level of 

intertidal variation. In this zone the substrate is directly affected by water splash. This zone is often coated 

using a multi-layer scheme involving a glass flake polymer to help protect against mechanical damage. 

Atmospheric zone - the zone above the splash zone where the steel tower and topside structure suffers 

actions from marine aerosol, however, unlike the splash zone the structure is not directly attacked by water 

splashes. The winds carry the salts in the form of solid particles or as droplets of saline solution. The quantity 

of salt present decreases as a function of height distance from the mean water line. The wind speed and 

direction will influence the quantity of salt. This zone is typically coated. 
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CƛƎǳǊŜ нΦом ς {ǘǊǳŎǘǳǊŜ ŀƴŘ ŎƻǊǊƻǎƛƻƴ ȊƻƴŜǎ ƻŦ hũǎƘƻǊŜ ²ƛƴŘCƭƻŀǘ ǇƭŀǜƻǊƳ 

Fundamental corrosion protection measures for OWS include protective coatings and/or CP, corrosion 

allowance, inspection/monitoring systems, material and weld design decisions, and control of environment 

for internal zones. Corrosion protection of an OWS, typically consists of two or three epoxy based coatings 

with a polyurethane top coat, however, this can vary according to exposure and location. CP is commonly 

used in submerged and tidal areas; nevertheless, coating systems are also typically applied in these zones. 

CP by sacrificial galvanic anodes for OWS is generally the preferential CP system used in industry nowadays. 

Impressed current cathodic protection is an alternative CP system option; however, it is uncommon today 

because it is more susceptible to environmental damage and third-party mechanical damage than galvanic 

anodes systems. Impressed current cathodic protection typically requires more maintenance and inspection 

which is costly to provide for un-manned OWSs. Also, there are currently no industry designs standards 

detailing requirements for impressed current systems as there currently are for the galvanic anode systems. 

Table 2.3 (DNV-OS-J101, 2014) shows the corrosion zones of an OWS, applicable methods for corrosion 

control and the most likely forms of corrosion for each zone. 

¢ŀōƭŜ нΦо ς /ƻǊǊƻǎƛƻƴ ȊƻƴŜǎΣ ƳŜǘƘƻŘǎ ŦƻǊ ŎƻǊǊƻǎƛƻƴ ŎƻƴǘǊƻƭ ŀƴŘ ŦƻǊƳǎ ƻŦ ŎƻǊǊƻǎƛƻƴ ƛƴ h²{ǎ 

Corrosion Zones Corrosion control Form of corrosion 

Atmospheric Zone 

External and internal areas of steel 

structures 

Coating systems Uniform and erosion-corrosion, Stress 

corrosion cracking (SCC) 

Internal surfaces without control of 

humidity 

Corrosion allowance Uniform and pitting corrosion, SCC 

Internal surfaces of structural parts such 

as Uniform and pitting corrosion, SCC 

design of girders and columns 

Corrosion allowance should be based on 

a corrosion rate higher than 0.10 

mm/year 

Uniform and pitting corrosion, SCC 

Critical components (e.g., bolting and 

other fastening devices) 

Corrosion resistant materials are 

applicable such as stainless steel 

Crevice, pitting and galvanic corrosion, 

SCC 

Splash and Tidal Zones 
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External and internal surfaces of steel 

structures 

Coating systems Uniform, crevice and pitting corrosion, 

Microbially Influenced Corrosion (MIC) 

Critical structures and components Coatings systems combined with 

corrosion allowance. 

Uniform, crevice and pitting corrosion, 

MIC 

Internal surfaces of critical structures Corrosion allowance and the use of 

coating systems is optional 

Uniform, crevice and pitting corrosion 

Structures and components below mean 

water level (MWL) 

CP Uniform, crevice and pitting corrosion 

Structures and components below 1.0 m 

of the MWL 

Coating systems Uniform corrosion, MIC 

External surfaces in the splash zone 

below MWL 

CP Uniform corrosion, MIC 

Submerged Zone 

External surfaces of steel structures CP, the use of coating systems is 

optional and these should be compatible 

with the CP 

Uniform corrosion and erosion-

corrosion, MIC 

Internal surfaces of steel structures CP or corrosion allowance (with or 

without coating systems in combination) 

Uniform, crevice and pitting corrosion, 

MIC 

Critical structures and components Corrosion allowance should be based on 

a corrosion rate higher than 0.10 

mm/year. Marine growth (bacteria) may 

cause a mean corrosion rate  higher 

than 0.10 mm/year, and the application 

of a coating system should be 

considered 

Uniform and/or pitting corrosion, MIC, 

SCC 

 

Fatigue  

Fatigue consists of a process of localized, cumulative and permanent damage resulting from the action of 

cyclic loading. Repeated loading and unloading of a member, primarily in tension, may eventually result in 

failure. This failure can occur even if the yield stress is never exceeded. The permanent action of cyclic loading 

can lead to failures such as crack initiation. Fatigue is a progressive failure in that further cyclic loading will 

lead to subsequent propagation. The crack propagation can ultimately lead to partial or complete failure of 

structural elements. Fatigue strength is primarily governed by the number of cycles of loading, the range of 

the service load stresses, and initial size of a flaw if it exists. Fatigue cracking often initiates in regions with 

high stress concentrations where the localized stress exceeds the yield strength of the material used or in 

areas where a discontinuity is more like to be found such as a weld or bolt hole. 

Fatigue failure in OWSs often occurs due to the cyclic loading on the structure from harsh offshore 

environments. The constant action of wave and wind forces on the foundation coupled with the turbine loads 

often produce fatigue load cases which govern the design of the structure. Recently, Adedipe et al. (O. 

Adedipe et al., 2016) published a review of corrosion fatigue in offshore structures concerning the effects of 

ƳŜŎƘŀƴƛŎŀƭ ƭƻŀŘƛƴƎΣ ǎŜŀǿŀǘŜǊ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘΦ CŀǘƛƎǳŜ ŎǊŀŎƪǎ Ŏŀƴ ǇǊƻƎǊŜǎǎ ŦǊƻƳ ǇǊŜπŜȄƛǎǘƛƴƎ ŘŜŦŜŎǘǎ ǘƘŀǘ 
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may be introduced into structures during manufacturing, fabrication, transportation and installation. Welded 

structures are very susceptible to fatigue cracking. The most common defects in welded joints Figure 2.32 

(Yusof & Jamaluddin, 2014) are cracks, undercut, and lack of fusion, lack of penetration, porosity and slag 

inclusions. These common defects are descripted below: 

- Cracks are ruptures that generally occur in the weld or in the metallic base with slight apparent 

deformation. Three classes are generally recognized, namely: macro-fissure, cold and hot cracks. 

- Undercut is a groove formed at the weld toe or weld root, or at the edge of a layer or a bead and it 

represents a stress concentration region. This problem is generally linked to the parameters of 

welding process and to poor execution. 

- Lack of fusion is a discontinuity formed due to failure of fusion between the weld and the metallic 

base. This may occur due to the contamination of the surface or due to insufficient heating. 

- Lack of penetration occurs when the weld metal fails to penetrate into the joint root due to 

inadequate joint design, improper electrode or low welding current. 

- Porosity consists of the formation of cavities (discontinuities) due to gas entrapment during 

solidification of weld metal. Possible causes include lack of deoxidisers, high sulphur content of the 

metallic base, contamination of the surface and welding process parameters. 

- Slag inclusions are non-metallic solid inclusions that are entrapped in the weld metal during welding. 

These, generally, arise from the composition of the materials used in the process of from the 

contamination of the weld metal. It may be minimized by suitable surface and groove preparation 

between successive steps. 

Welded joints are generally critical due to their susceptibility to stress concentration and residual stresses. 

Discontinuities linked to the execution of welding, particularly induced defects and heterogeneities in the 

microstructure. Therefore, welded joints are preferential areas for the development of fatigue cracking which 

is expressed in several types of cracking. The typical causes for fatigue failure in welded structures are: poor 

welded or welded defect, deficiency of fusion, cold cracks, vibration, restraint, and geometrical changes. 

 

CƛƎǳǊŜ нΦон ς {ŎƘŜƳŀǝŎ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ƻŦ ǘȅǇƛŎŀƭ ǿŜƭŘ ŘŜŦŜŎǘǎ 

After fatigue crack initiation, cyclic loading may further crack propagation into primary or secondary 

structural elements. Crack propagation is determined by the actual service load state of stress in the localized 

area. If not controlled, propagation can result into failure of the structural element with severe consequences 

to the safety of the structure. Collapse of the structure is a possibility when an unstable stage of the crack 

growth is reached in a critical area. For that reason, cracks or defects in OWS need to be reliably inspected 

and monitored to ensure that the structures meet the service design life. Cracks may derive restraint relief 

by propagating into low stress areas or, when possible, artificially creating a penetration to terminate the 

crack. 
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Environmental Protection 

The development of Offshore Wind Energy (OWE) is not only challenging from the perspective of the ongoing 

European Marine Spatial Planning processes, but it is also not entirely clear what impacts the construction, 

operation, and decommissioning of Offshore Wind Farms (OWF) and their related infrastructure might have 

ƻƴ ǘƘŜ ƳŀǊƛƴŜ ŜŎƻǎȅǎǘŜƳǎ ŀƴŘ ǘƘŜƛǊ ŦǳƴŎǘƛƻƴƛƴƎΦ hŦǘŜƴ ǇŜǊŎŜƛǾŜŘ ŀǎ ŜƴǾƛǊƻƴƳŜƴǘŀƭƭȅ ōŜƴƛƎƴΣ ΨƎǊŜŜƴΩ 

renewable energy technologies (including OWE) have ecological costs that are often overlooked (Uihlein & 
Magagna, 2016). Thus, the increasing development of large-scale projects raises environmental concerns 

about their cumulative effect, along with other anthropogenic maritime activities.  

In this sense, OWE projects need to comply with the EU Environmental Impact Assessment (EIA) Directive, 

which is the most widely used EIA tool in Europe όWƻǎƛƳƻǾƛŏ Ŝǘ ŀƭΦΣ нлнмύ. This regulation aims to establish the 

minimum requirements to be considered in an EIA, while guiding the process of arbitration between the 

projects' promoters and the administrations to ensure the common interest of society, by preserving 

biodiversity and fighting climate change. After several studies, the main parameters with relative protections 

in the environmental contest are: 

Biodiversity 

Marine species: Various species of birds and marine animals may be particularly vulnerable to environmental 

pressure related to the OWF. The type and degree of impact are dependent on a range of factors, such as 

the location and type of OWF and the species present in that area. Wind farms, especially large 

establishments with tens of wind turbines, may force birds, mammals, and sea turtles to change direction, 

both during migrations and more locally during regular foraging activities. This barrier effect interfering with 

the distribution range and pattern of birds has been particularly explored. On the one hand, such 

disturbances can lead to displacement and exclusion, and thus, loss of habitat use. On the other, marine 

species can be attracted to the OWF area due to the reef effect. Besides, OWF may increase the mortality of 

seabirds through collisions with turbines A proper location of OWF based on the study of the species present 

in the project area can avoid most impacts. It is recommended to avoid important areas for breeding and 

foraging activities and areas with high densities of wintering or migratory species (Dierschke et al., 2016). 

Thus, for OWE projects, mitigation measures comprise the proper location of the turbines, away from the 

species' key habitats. Moreover, mitigation measures can also involve design modifications to the size of 

blades, the height of turbines, and configuration of the WF and associated infrastructure during the 

construction phase, as well as the temporal stoppage of turbines during operation. 

Benthic and Pelagic habitats: The foundations of OWE facilities act as a new type of habitat, presenting higher 

biodiversity of benthic organisms, which may in turn increase the use of the area by pelagic species such as 

fish, marine mammals, and even some seabird species. Turbine-submerged constructions can be colonized 

by several marine species, resulting in an additional source of food for higher trophic level. Generally known 

ŀǎ ǘƘŜ άǊŜŜŦ ŜŦŦŜŎǘέΣ ŜȄǇŜŎǘŜŘ Ƙŀōƛǘŀǘ Ǝŀƛƴ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ƛƳǇortant effects on the marine 

environment generated by the construction of OWF (De Mesel et al., 2015). The reef effect commences with 

the colonization and aggregation of species close to the foundations, increasing the specie abundances closer 

to OWF foundations. For soft substrate habitats, we consider OWE facilities as having a positive impact due 

to the expected artificial reef effect, while for hard ones, we envisage a significant negative impact, especially 

in the construction phase. Further, the type of benthic habitats listed in the Habitat Directive 92/43/EEC are 

considered sensitive and vulnerable (e. g., seagrass beds) and should be restricted for OWF constructions, to 
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avoid habitat loss, degradation, and smothering of the local ecosystems with direct impact during the 

construction phase. 

Commercial fish species 

OWE may have both negative and positive impacts on fish and shellfish. Positively, OWF foundations may 

increase habitat complexity, enhancing certain fish species and communities. They may be compatible with 

the creation of fishery exclusion zones or to limit the usage of harmful fishing gear such as trawling and 

gillnetting. These lead to higher sizes and fish stocks of commercially exploited species, as well as overall fish 

species within the ecosystem. Negatively, OWF foundationsςfixed to the sea floor or floatingςact as fish 

aggregating devices that concentrate fish species facilitating their capture. Thus, in the absence of specific 

management responses, combining cumulatively OWF with fisheries can be expected to increase local 

mortality rates of fish populations (Reubens et al., 2013). Further, as stress due to noise and electromagnetic 

field emissions is believed to potentially have an impact on the growth, migration, survival, and/or 

reproductive capacity of commercially exploited fish species. Further scientific evidence is needed to assess 

the magnitude of these cumulative impacts. 

Eutrophication 

OWF foundation and structures generate a turbulent wake that contributes to a localized vertical mixing and 

induces nutrient concentration. However, there is evidence for both an increase and decrease in the primary 

production due to micro upwelling/down-welling processes. According to Janßen et al. (Janßen et al., 2015), 

the development of large OWF in areas already sensitive to eutrophication (i.e., with poor oxygen conditions 

and significant stratification of different salinity layers) can lead to anoxia, due to changes in the currents 

regime (mixing dilutions and current velocities) and accumulation of biomass (in particular, biofouling 

organisms such as blue mussels with high oxygen consumption rates). The risk of suffering eutrophication is 

particularly relevant in semi-enclosed water bodies, to solve this problem we have to adjusting site location 

to ensure enough renewal of the water bodies. 

Seafloor integrity 

The construction of OWF modifies the seafloor integrity in diverse ways, depending on the configuration, 

dimension, and design of the wind turbine fixation structures. Thus, the anchoring methods would determine 

the extent of the permanent physical loss of the seabed, but also the increase of habitat complexity that 

would affect communities positively. During the construction phase, impacts from the foundations can be 

minimized by the adequate selection of the marine substrate (e.g., sand, gravel, mud, etc.). OWF constructed 

near-shore up to 20 m in depth have shown to enhance suspended sediments, interfering with the 

sedimentation rates and the longshore sediment transportation in shallow waters. Thus, the spatial extent 

of changes in the sedimentation rates needs to be considered, especially regarding geomorphological 

changes in soft substrates. Further, processes such as cutting, water jetting, and/ or explosives can be used 

during the construction and decommissioning of the turbine's foundations (particularly for the monopile 

type), which will lead to wider and more significant impacts on the seabed (Topham & McMillan, 2017a). 

Concentrations of contaminants in the environment, fish, and other seafood 

Although OWF structures are not per se considered sources of contaminants, during the construction phase, 

the contaminants contained in the remobilized sediments can be re-introduced in the water column 

(Zaborska, 2017). This impact is directly linked to the influence of riverine inputs and land sources, with higher 
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influences in semi-enclosed marine areas. Additionally, during the construction phase and maintenance 

activities, an increase in oil spill risk resulting from the collision of vessels with wind farms was observed. 

However, this risk can be reduced by applying the commonly required safety and security measures. It is 

recommended to determine baseline levels of contaminants in marine species for future studies near OWF. 

Marine litter 

Marine litter is a global concern affecting all the oceans of the world. Every year, millions of tons of litter end 

up in the ocean worldwide, posing all environmental, economic, health, and aesthetic problems. Regarding 

the life cycle of the OWF, only decommissioning processes have been identified as possible direct sources of 

marine litter, though it will depend on the type of foundation and whether appropriate preventive measures 

are taken. Further, (Wang et al., 2018) showed that hydrodynamic changes due to OWF structures reduced 

microplastic abundance in the water and sediment in shallow sea areas (maximum 8 m in depth). 

Underwater noise 

Construction often includes an array of activities, including profiling, shipping, pile-driving, trenching, and 

dredging. Noise and vibration from pile-driving and other works may affect species over large areas, 

displacing them or interfering with their normal behaviour. Extreme noise from OWF monopiles or jacket 

foundations pile-driving can cause significant behaviour disruption and hearing loss under extreme 

circumstances in marine mammals and lead to larval mortality of fish. OWF using gravity foundations would 

have a lower acoustic impact than monopiles, and if the generated noise is temporary and not loud enough 

to cause hearing impairment, the alterations of species' behaviour can be minor. Additionally, during the 

planning and construction period, avoidance of biologically sensitive seasons can significantly reduce animal 

disturbance. Nevertheless, mitigation measures can be deployed using acoustic (bubble) curtains to 

attenuate noise from OWF construction and reduce temporary habitat loss. During operation, underwater 

sound levels are unlikely to reach dangerously detrimental levels for species or mask the acoustic 

communication of marine mammals. Marine renewable energy devices showed the potential to impact 

marine sessile organisms through long-term exposure to constant low noise. Thus, despite being very limited 

to a few meters around the cables, electromagnetic fields affected the prey detection ability of 

elasmobranchs and disturb the migration patterns of the European eel. Impacts from the electromagnetic 

field, though, can be mitigated by an appropriate design and deployment of cables (Bergström et al., 2014) 

to avoid sensitive species. 

 

 



61 
 

2.5 Key Cost Drivers in Offshore Wind Projects   

2.5.1 т Introduction to Key Cost Drivers  

 

CƛƎǳǊŜ нΦоо ς {ǳƳƳŀǊȅ ƻŦ ŜȄǇŜǊǘ ǎǳǊǾŜȅ ŬƴŘƛƴƎǎ 

The modern wind industry has matured substantially since its beginnings in the 1970s. Expert survey results 

show an expectation of continued reductions in the levelized cost of wind energy (LCOE). Figure 2.33 (Wiser 
& Jenni, 2016) summarizes LCOE-ǊŜŘǳŎǘƛƻƴ ŜȄǇŜŎǘŀǘƛƻƴǎ ŦƻǊ ǘƘŜ ƳŜŘƛŀƴ όрлǘƘ ǇŜǊŎŜƴǘƛƭŜΣ ƻǊ άōŜǎǘ ƎǳŜǎǎέύ 

scenario, focusing on the median value of expert responses. Across all three wind applications, the LCOE is 

anticipated to decline by 24%ς30% in 2030 and by 35%ς41% in 2050, relative to 2014 baseline values. Though 

percentage changes from the baseline are the most broadly applicable approach to presenting survey 

findings because each region and expert might have different baseline values, depicting the relative absolute 

value for expert-specified LCOE is also relevant Figure 2.34 (Wiser & Jenni, 2016). In these terms, onshore 

wind is expected to remain less expensive than offshoreτand fixed-bottom offshore less expensive than 

floating. However, there are greater absolute reductions (and more uncertainty) in the LCOE of offshore wind 

compared with onshore wind, and a narrowing gap between fixed-bottom and floating offshore, with 

especially sizable, anticipated reductions in the LCOE of floating offshore wind between 2020 and 2030. 

 

CƛƎǳǊŜ нΦоп ς 9ȄǇŜǊǘ ŜǎǝƳŀǘŜǎ ƻŦ ƳŜŘƛŀƴπǎŎŜƴŀǊƛƻ [/h9 ŦƻǊ ŀƭƭ ǘƘǊŜŜ ǿƛƴŘ ŀǇǇƭƛŎŀǝƻƴǎ 
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Figure 2.33 (Wiser & Jenni, 2016) summarizes expert views on how the median scenario LCOE reductions 

between 2014 and 2030 might be achieved, in terms of upfront capital costs (CapEx), operating costs (OpEx), 

capacity factors, project design life, and cost of finance (weighted average cost of capital, WACC). Figure 2.35 

(Wiser & Jenni, 2016), meanwhile, highlights the relative impact of the changes in each driver in achieving 

the median scenario LCOE in 2030, while Figure 2.36 (Wiser & Jenni, 2016) summarizes expected turbine 

characteristics in 2030 for typical projects, relative to selected 2014 baseline values. For onshore wind, CapEx 

and capacity factor improvements constitute the largest drivers of LCOE reduction in the median scenario. 

The importance of higher capacity factors is consistent with expert views on turbine characteristics, with 

scaling expected not only in turbine capacity ratings but also rotor diameters and hub heights. Higher hub 

heights result in higher wind speeds, and therefore capacity factors. Experts also predict greater scaling in 

rotor swept area than in turbine capacity (leading to a reduction in specific power, defined as turbine capacity 

divided by rotor swept area), at least globally, also yielding higher capacity factors. For fixed-bottom offshore 

wind, CapEx and financing cost improvements are the largest contributors to LCOE reduction. The relatively 

higher importance of CapEx and lower importance of capacity factor is consistent with expert opinions on 

future offshore turbine size: expected turbine capacity ratings (and hub heights) grow significantly in order 

to minimize CapEx, but specific power is expected to remain roughly at recent levels. Capacity factor 

improvements play a larger role for floating offshore wind (relative to the 2014 baseline for fixed-bottom), 

perhaps reflecting a belief that floating technology will tend to be deployed in windier sites as enabled by 

the ability to access deeper water locations. Financing cost reductions are more important for offshore than 

for onshore wind, presumably due to its lower level of market maturity. 

 

CƛƎǳǊŜ нΦор ς wŜƭŀǝǾŜ ƛƳǇŀŎǘ ƻŦ ŘǊƛǾŜǊǎ ŦƻǊ ƳŜŘƛŀƴπǎŎŜƴŀǊƛƻ [/h9 ǊŜŘǳŎǝƻƴ ƛƴ нлол 

 

CƛƎǳǊŜ нΦос ς ²ƛƴŘ ǘǳǊōƛƴŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƛƴ нлол ŦƻǊ ŀƭƭ ǘƘǊŜŜ ǿƛƴŘ ŀǇǇƭƛŎŀǝƻƴǎ 
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2.5.2 - Fixed bottom cost drivers  

The main cost drivers that ensure to define a correct Levelized Cost of Energy for Fixed Bottom Offshore Wind 

Farms (OWFs) are represented below. We have to take in account that the price is related to the monetary 

value of 2016, and the values given are related to several projects developed and cited. 

Design and project management 

This activity consists of a variety of items: geophysical and bathymetric surveys, meteorological mast and 

wind monitoring, insurance, cost of finance, licences, public relations and marketing, environmental-impact 

assessment, design engineering, and construction management. Detailed costs for them can be found in 

(ODE, 2007), where the general cost is 88 kΌ ȾὓὡȢ 

Turbine and foundations 

Turbine cost 

As represented in (Douglas, 2010), the overall turbine cost consists of: acquisition cost (AC = 85%); shipping 

and assembling (SA = 5%); and electrical installation (EI = 10%). Shipping depends on the distance to the wind 

farm, although it constitutes the least significant item. About only the acquisition cost, a trended cost (in 

GBP) for turbines as a function of their capacity is given in (ODE, 2007) which for 3.6 MW, results in 2.7 M£, 

so 1437 kΌ /MW. 

Foundation cost 

This cost includes transport, installation, and scour protection to prevent the erosion of sediment around the 

foundation. The cost is strongly dependent on the type of foundation (gravity, monopile, jacket, or tripod), 

and in the case of steel solutions, on the price of this commodity. The type of foundation depends, in turn, 

on the water depth and the seabed characteristics, and to a minor extent, on the turbine capacity and the 

wave conditions. (ODE, 2007) highlights that the increase per m of additional water depth is roughly 2%. A 

general cost is 447 kΌ /MW. 

Electrical infrastructure 

Cables 

Inner array cables: A general indicator is defined in (Douglas, 2010) with a cost of 189 Ό /m for copper 

sections of 250 άά , or a cost of 513 Ό /m for copper sections of 380 άά . 

Installation cost of inner array cables: Cable lay activity is one of the most challenging aspects of construction. 

Except in bedrock seafloors, this cost can be lower than in the case of export cables, because, thanks to a 

lower shipping transit cost, the burial depth is lower. However, insurers statistics show that cables are 

responsible for over fifty percent of damages paid (Slengesol & Birch, 2010)  General price is around 331 

Ό /m. 

Other cost drivers: In (Gonzalez-Rodriguez, 2017) we can find other relevant cost drivers related to the cables 

as Export cable (600 Ό /m), Installation cost of export cables (σσρ Ό Ⱦά), Acquisition cost of onshore 

I± ŎŀōƭŜ όоллϵκƳύΣ 9ȄŎŀǾŀǘƛƻƴ ŀƴŘ Lƴǎǘŀƭƭŀǘƛƻƴ ƻŦ ƻƴǎƘƻǊŜ I± ŎŀōƭŜ όнмн Ό Ⱦά ). 

Substation 
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Offshore substation: a cost-effective grid connection at medium voltage to existing onshore substations is 

possible if the OWF is small, or it is close to the shore. Otherwise, an offshore substation must be included 

with the electrical equipment to transform the medium inter-array voltage (typically 30ς34 kV) to the 

transmission network high voltage. This equipment will be supported on a jacket or monopile (for smaller 

platforms) foundation. The substation capacity determines the cost and weight of the electrical equipment 

(mainly transformer and gas insulated switchgears), and in turn the weight and cost of the substructure, 

which also depends on the water depth. The cost for both components, electrical equipment and platform, 

are approximately equal for HVAC substations. In the case of HVDC, (Douglas, 2010) increases the former 

cost in 50%, obtaining 95 ὯΌ Ⱦὓὡ. 

Power factor compensating devices: It may be necessary to include HVAC shunt reactors in three core cables 

to compensate for the reactive power of AC transmission networks. Its price is not significant: 2556 Ό  

(ODIS, 2009). 

HV connection: Regulations in some countries like Denmark and Germany dictate that the acquisition and 

installation of export cable supply, as well as the onshore grid connection is covered by the grid operator. 

Consequently, these costs are frequently gathered in a single item. 

Shoreline transitions: A barge of around 1.3M£ (1661kΌ ) is given in (ODIS, 2009), mainly for the 

horizontal directional drilling, from land to sea. 

Onshore substation: From (ODE 2007) we obtain 47 ὯΌ Ⱦὓὡ. 

Connection to the grid: Grid connection can be highly variable, depending on whether the grid is sufficiently 

strong or if it needs reinforcement. It can be covered by subsidies or by the grid operator. The expression 

relating the cost of the connection to the grid and the park capacity is around 314 ὯΌ Ⱦὓὡ (ODE, 2007) 

Yearly cash flow 

Operation and maintenance costs 

A general value is 21 Ό ȾὓὡὬ (ODE, 2007), and include insurance, regular maintenance, repair, spare 

parts and administration. This value is usually given as per MWh, and they increase as the equipment is aging. 

In the case that it is given in currency per MW, it can be translated to currency per MWh by multiplying by 

8766 h/year, and by a load factor (typically 0.35). Depending on the source, they can include land rent and 

internal electricity consumption. Although its increase throughout the lifespan is not linear, an annual slope 

of 5% can be assumed. 

Price of MWh and expected increase 

The selling price of energy greatly depends on the environmental policy of the country and the energy price 

in the general market. The type of support mechanisms established in Europe (mainly feed in tariff and quota 

obligations based on green certificates), and the current subsidies to be applied are listed in (Douglas, 2010)  

tǊƛŎŜ Ŏŀƴ ŜǾƻƭǾŜ ƻǾŜǊ ǘƘŜ ƭƛŦŜǘƛƳŜ ƻŦ ǘƘŜ ǿƛƴŘ ǇŀǊƪΦ !ǎ ǎƘƻǿƴ ŦƻǊ aƛŘŘŜƭƎǊǳƴŘŜƴ ǿƛƴŘ ŦŀǊƳΣ ǘƘƛǎ ƛǎ улϵκa²Ƙ 

ƛƴ ǘƘŜ ŦƛǊǎǘ с ȅŜŀǊǎΣ ртϵκa²Ƙ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ р ȅŜŀǊǎΣ ŀƴŘ Ŧƛƴŀƭƭȅ ƛǎ ǎǳōƧŜŎǘ ǘƻ ǘƘŜ ƳŀǊƪŜǘ ǇǊƛŎŜ Ǉƭǳǎ моϵκa²ƘΦ 

Subsides, depreciation and annual taxes 

Other data such as investment subsidies, depreciation allowances and taxes on the cash flows, must also be 

computed in an accounting analysis, although this inclusion has not been carried out due to either 
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unavailability or because certain data remains unspecified for every country: fiscal policy, preferential 

courses of action, and capital amortization tables. Particularly, with regard to the grants, the revenues for 

different wind farms are listed in (Slengesol & Birch, 2010): ŀ ƎŜƴŜǊŀƭ ǾŀƭǳŜ ƛǎ нт aϵΦ 

Decommissioning costs and residual price 

Offshore decommissioning relates to removal of the superstructure (i.e. blades, nacelle, towers and 

transition piece), foundation, scour protection and offshore cables. Residual price depends on whether the 

foundations are made of concrete or steel, although, in general, this is a minor value in comparison to the 

decommissioning cost (around 10%). A general cost is 162 ὯΌ Ⱦὓὡ (ODE, 2007), which includes the 

distance to the nearest port and the type of foundation. 

Factor affecting the economic data 

Evolution of commodities 

The rolled steel is the main raw material used in the manufacture of towers, but also monopile and tripod 

foundations, and transition pieces. Copper is used in cabling, and to a lesser extent in generators and 

transformers. These metals make up approximately 6% and 5% of total LCOE respectively (CrownState, 2012), 

and their price have significantly fluctuated in the past years due to the infrastructure growth in China, and, 

on the other hand, by the recent economic downturn. 

High demand and lack of competitiveness 

Vessels: The oil price is also an important factor, not only as a commodity influencing the travelling costs of 

vessels, but mainly because a high oil price increases the demand of vessels used in the gas and oil sector. 

The rental price of vessels had doubled in the past years resulting from a lack of competition among vessel 

owners/ operators as well as a lack of fit for purpose vessels. The recent collapse in crude oil prices has 

triggered a decline in offshore oil and gas exploration and construction activities, which has led to reduced 

vessel day rates, albeit a significant vessel demand is maintained for retrofit work and maintenance activities. 

Meteorological conditions and weather downtime: Metocean conditions play an important role in the 

schedule of the installation works and scour protection. In general, locations with good wind conditions are 

more likely to be unavailable for assembling, laying, or installation. As noted by some project owners 

(Slengesol & Birch, 2010) some tasks like cable installation or pile driving should be avoided in winter due 

to high waves. Maintenance plans must also design accordingly to the location accessibility. In the North Sea, 

the high waves complicate the access by boat, and some tasks (cable laying, pile driving) should be avoided 

in the weather window in which these conditions are expected. A more approximated estimation of the 

necessary foundation weight and the scour protection should then include the soil type, turbine capacity, 

depth, wave height, maximum wind speed, or the tidal current (ODE, 2007). 

Distance: When analysing the investment cost, four distances must be considered: distance from the OWF 

to the shore; distance to the grid; distance to the holding port; and distance travelled by the vessels for their 

mobilization and demobilization. The first one determines the visual impact, influences the water depth, and 

serves as a proxy for the length of export cable required. The second one refers to the distance to a nearby 

harbour with enough manufacturing facilities, and staging area for the turbine assembly or the gravity-based 

foundation construction. This distance determines the time for marine vessels to pick-up material and 

equipment at port and return to the work site. Therefore, it affects the installation time/cost and is an 
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important factor for the estimation of the vessel rental cost.  General cost is defined as σφω Ͻ

ὨὭίὸὥὲὧὩ (kΌ /km) (Kaiser MJ & Snyder, 2010) 

 

2.5.3 - Floating cost drivers  

To better understand the main cost drivers for the Floating Offshore Wind Farm we subdivide the analysis in 

five main categories Figure 2.37 (Sykes et al., 2023): 

 

CƛƎǳǊŜ нΦот ς /ƻǎǘ ŎŀǘŜƎƻǊȅ ōǊŜŀƪŘƻǿƴ 

Preliminary works 

In the preliminary cost such as market study, legislative factors, farm design, management and engineering 

were included. These costs are the same for all three platform typologies and are calculated based on the 

wind farm power capacity. The reason fixed wind farm site data is used is because there is no real data for 

floating platforms yet, due to the lack of operational sites. The cost models presented in (Myhr et al., 2014a) 

have similar categories to those listed above but also include GBP/MW values for human impact studies and 

insurance and contingency. An improvement on a GBP/MW estimate would be to include cost information 

on the surveys carried out. It would be relatively simple to implement, considering installation cost models 

already including a variety of vessels and their related costs. It is estimated that survey costs account for 

around 34% of the developmental cost phase. 

Manufacturing 

Wind turbine cost 

Wind turbine costs have previously been estimated using a linear regression approach, fitting a line to 2ς10 

MW wind turbine cost information from a data set (Maienza et al., 2020). The most common approach to 

find the wind turbine cost was to use a GBP/MW value. In (Myhr et al., 2014a) the AC turbine cost was 

calculated using a formula related to wind turbine power, while the DC turbine cost was calculated as a 

percentage of the AC turbine because it does not require a back-to-back power converter. 

Platform cost 

Few basic cost models available used a generic GBP/MW value to cover all floating platform types. Such 

models can create a good benchmark value, however, it is important to consider platform variation and more 

detailed cost estimates, particularly as wind farm owners proceed further into the project design. Platform 

cost was expressed simply as material cost in terms of steel, concrete, and ballast used for the different 
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platforms. (Maienza et al., 2020) produced a fair estimate of the floating platform cost, detailing its 

dependency on platform type. They calculated the platform cost including material cost based on the 

platform mass, painting, corrosion protection, salaries, and engineering equipment. The latter is taken as 5% 

of the sum of the other manufacturing costs. 

Transmission system cost 

The transmission system in (Maienza et al., 2020) defines export and array cable costs for the given distance 

and water depth, considering the voltage rating and whether high voltage AC (HVAC) or DC (HVDC) is used. 

There is a general rule that around 50 km offshore, HVAC becomes more expensive, so switching to HVDC is 

more cost-effective due to lower losses. The most detailed transmission cost for HVDC is presented in (De 

Prada Gil et al., 2015). This work presented four different collection grids, highlighting the parallel HVDC 

configuration to be the most comparable to the traditional radial layout used for HVAC. Rather than using 

the GBP/m value to find the cost of cables, authors implemented two different formulae for both AC and DC 

cables which consider: length, current, and coefficients related to voltage rating. Other components 

considered in are AC/DC & DC/DC power converters and switchgear. Platform (substation) costs vary rapidly 

depending on whether AC or DC is used. To represent this cost they used a simplistic formula for the AC 

platform, and a more complex formula for the DC case, including feeder and collector platforms. 

Mooring and anchors cost 

The station keeping costs were expressed considering the different platform types and the requirement of 

different material types for each mooring line configuration. (Maienza et al., 2020) used a GBP/kg estimate 

for the anchors. It is straightforward to find the cost of different anchor types for each configuration, 

however, two set values were used here for catenary and taut mooring. His work considered wind, wave, 

and current forces in order to determine the required mass of the mooring line and anchor, where the cost 

was calculated in terms of GBP/kg. (Heidari, 2017) used a similar approach considering the minimum breaking 

load of the mooring line within empirical formulae to find the cost for both mooring and anchors. The cost is 

represented as the price per anchor and price per meter of mooring line. Mooring line types considered are 

chain, wire, fibre rope, and pipe. The stiffness of the mooring line and the appropriate diameter is also 

selected for the upper and lower section of the line to ensure it does not exceed the minimum breaking load.  

Installation 

(Maienza et al., 2020) developed an installation model discussing a range of different vessels within the text, 

it has however been noted that for the calculation of time to transport from port to farm, only two vessel 

speeds are available: tug and crane speed. It is important to account for fuel costs due to its volatility and 

since there are limitations on which fuels can be used due to the sulphur cap in place, pushing consumers to 

use more expensive marine diesel oil compared to traditional heavy fuel oil. The installation cost was broken 

Řƻǿƴ ƛƴǘƻ ǘǳǊōƛƴŜΣ ǇƭŀǘŦƻǊƳΣ ƳƻƻǊƛƴƎΣ ŀƴŎƘƻǊǎΣ ŀƴŘ ǘǊŀƴǎƳƛǎǎƛƻƴ ǎȅǎǘŜƳǎΦ ¢Ƙƛǎ ŎŀǇǘǳǊŜǎ ŀƭƭ ƻŦ ǘƘŜ ǘǳǊōƛƴŜǎΩ 

major systems. A range of different installation methods has been well explained within (Maienza et al., 

2020), highlighting that a single lift is generally the best for a floating platform. (Castro-Santos et al., 2018) 

considered different methods for installation of each system, i.e mooring and anchors installed via a tug and 

barge or specialised anchor handling vessel, and a similar procedure is carried out for the other systems. This 

research is probably the most detailed account of installation costs, with the inclusion of a very high level of 

detail including vessel type, speed, range of installation methods for each system, range of lifting methods, 

time to carry out all tasks and comprehensive equations and tables of data used within the calculation. 
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Operations and maintenance 

O&M captured within (Maienza et al., 2020) included insurance and seabed rental, along with preventative 

and corrective maintenance. Both maintenance types include the probability failure rates of each component 

and the related downtime to carry out the repair. Indirect costs such as port storage, vessel hire, and 

maintenance planning were also included. One parameter which is not included is availability, which is a 

considerable factor which can affect the length of downtime and therefore revenue. This is however not a 

simple task to include and would require a model in itself. (Myhr et al., 2014a) utilised a preexisting cost 

model for O&M called OMCECalculator. This is generic and does not use wind farm data, it is based on past 

experience and engineering judgement. Unplanned, condition and calendar-based maintenance is 

considered for floating and fixed, detailing the number of maintenance events for each. Downtime, time to 

repair, number of crew, vessel hire, port fees, inspections each year, and spare parts are all considered in 

this work. Alongside the maintenance insurance costs were also considered GBP/MW. 

 

Decommissioning 

The decommissioning costs were expressed as a percentage of the installation cost, which leads the author 

to determine that any uncertainty is carried over from the installation cost to the decommissioning cost. 

(Maienza et al., 2020) also included the cost related to site clearance represented as a cost per area. (T. 
Adedipe & Shafiee, 2021) broke the Decommissioning Expenditure (DECEX) into four main categories: 

planning and regulatory approval, execution, logistics and waste management, and post-decommissioning. 

This is the only work to have considered regulatory approval, currently, it is not necessary for wind farms, 

however, it could be in the future, hence the cost was based on approval needed for oil and gas projects. 

Engineering and management costs, contingency, and insurance were considered within this subcategory as 

a percentage of total decommissioning. The execution phases included: disconnection of wind turbines from 

the grid, cost of wind turbine preparation for removal, cost of lifting and removal of wind turbines, tower, 

foundations and scour protection, cost of decommissioning of offshore substations, and cost of 

decommissioning of all cables. The cost related to logistics which considers how the decommissioning will 

take place, and the organisation of transport and recycling/scrapping is calculated and includes the same 

parameters as the execution phase which was previously described. The post-decommissioning cost in 

includes: site survey, site clearance, site monitoring, site remediation, and miscellaneous costs, but the 

details on the calculation are not given. 

 

2.5.4 - Future cost drivers  

A variety of wind development, technology, design, manufacturing, construction, operational, and market 

changes might contribute to reducing the LCOE for wind projects. To gauge the relative importance of the 

many possible drivers, we asked respondents to different changes on a four-point scale based on their 

expected impact on reducing LCOE by 2030, for offshore wind applications. Specifically, the Table 2.4 (Wiser 
& Jenni, 2016) for fixed-bottom wind turbine and Table 2.5 (Wiser & Jenni, 2016) for floating wind turbine 

ǎǳƳƳŀǊƛȊŜǎ ǘƘŜ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ŜȄǇŜǊǘǎ ǿƘƻ ǎŀƛŘ ŜŀŎƘ ƛǘŜƳ ǿƻǳƭŘ ƘŀǾŜ ŀ άƭŀǊƎŜ ŜȄǇŜŎǘŜŘ ƛƳǇŀŎǘέ ƻƴ [/h9 ƛƴ 

нлолΣ ŀƴ άŀǾŜǊŀƎŜέ ǊŀǘƛƴƎ ŦƻǊ ŜŀŎƘ ƛǘŜƳ ōŀǎŜŘ ƻƴ ŎƻƴǾŜǊǘƛƴƎ ǘƘŜ ƻǾŜǊŀƭƭ ŦƻǳǊ-point scale to numerical scores. 

Figure 2.38 (Wiser & Jenni, 2016) summarizes the findings at a superficial level, including also the results of 

the onshore wind energy. 
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CƛƎǳǊŜ нΦоу ς ¢ƻǇ ŀŘǾŀƴŎŜƳŜƴǘ ƻǇǇƻǊǘǳƴƛǝŜǎ 

¢ŀōƭŜ нΦп ς 9ȄǇŜŎǘŜŘ ƛƳǇŀŎǘ ƻŦ ǿƛƴŘ ǘŜŎƘƴƻƭƻƎȅΣ ƳŀǊƪŜǘΣ ŀƴŘ ƻǘƘŜǊ ŎƘŀƴƎŜǎ ƻƴ ǊŜŘǳŎƛƴƎ [/h9 ƻŦ ŬȄŜŘπōƻǧƻƳ ƻũǎƘƻǊŜ ǿƛƴŘ ǇǊƻƧŜŎǘǎ 
ōȅ нлол 

Wind technology, market, or other change Percentage of experts rating 

ƛǘŜƳ ά[ŀǊƎŜ ŜȄǇŜŎǘŜŘ 

ƛƳǇŀŎǘέ 

Main rating: 

3 ς large impact 

2 ς median impact 

1 ς small impact 

0 ς no impact 

Increased turbine capacity and rotor diameter 

(thereby maintaining specific power) 
55% 2.4 

Foundation and support structure design 

advancements 
53% 2.4 

Reduced financing costs and project contingencies 

due to lower risk profile, greater accuracy in energy 

production estimates, improved risk management, 

and increased industry experience and 

standardization 

49% 2.4 

Economies of scale through increased project size 48% 2.3 

Improved component durability and reliability 48% 2.3 

Installation process efficiencies 46% 2.4 

Installation and transportation equipment 

advancements 
44% 2.3 

Foundation and support structure manufacturing 

standardization, efficiencies, and volume 
43% 2.2 
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Extended turbine design lifetime 36% 2.2 

Turbine and component manufacturing 

standardization, efficiencies, and volume 
36% 2.1 

 

¢ŀōƭŜ нΦр π 9ȄǇŜŎǘŜŘ ƛƳǇŀŎǘ ƻŦ ǿƛƴŘ ǘŜŎƘƴƻƭƻƎȅΣ ƳŀǊƪŜǘΣ ŀƴŘ ƻǘƘŜǊ ŎƘŀƴƎŜǎ ƻƴ ǊŜŘǳŎƛƴƎ [/h9 ƻŦ ƅƻŀǝƴƎ ƻũǎƘƻǊŜ ǿƛƴŘ ǇǊƻƧŜŎǘǎ ōȅ 
нлол 

Wind technology, market, or other change Percentage of experts rating 

ƛǘŜƳ ά[ŀǊƎŜ ŜȄǇŜŎǘŜŘ 

ƛƳǇŀŎǘέ 

Main rating: 

3 ς large impact 

2 ς median impact 

1 ς small impact 

0 ς no impact 

Foundation and support structure design 

advancements  
80% 2.8 

Installation process efficiencies 78% 2.7 

Foundation and support structure manufacturing 

standardization, efficiencies, and volume 
68% 2.6 

Economies of scale through increased project size 65% 2.6 

Installation and transportation equipment 

advancements 
63% 2.5 

Increased turbine capacity and rotor diameter 

(thereby maintaining specific power) 
59% 2.4 

Improved component durability and reliability 58% 2.5 

Reduced financing costs and project contingencies 

due to lower risk profile, greater accuracy in energy 

production estimates, improved risk management, 

and increased industry experience and 

standardization 

46% 2.3 

Increased competition among suppliers of 

components, turbines, balance of plan services, 

installation, and operations and maintenance 

46% 2.2 

Rotor design advancements 45% 2.1 

 

The relative ranking of the various drivers differs for offshore wind, and many more items were given higher 

ratings for offshore than for onshore. Starting with fixed-bottom offshore wind, the most highly rated 

advancements include increased turbine capacity ratings, design advancements for foundations and support 

structures, and reduced financing costs and project contingencies. Each of these is fully consistent with the 



71 
 

findings noted earlier in terms of industry expectations for growth in turbine nameplate capacity ratings, and 

the relatively high importance of CapEx improvements and reducing financing costs, along with the relatively 

lower stated importance of capacity factor and OpEx improvements. Other highly rated items are also 

consistent with these themes, including larger project size and installation equipment and process 

advancements. Finally, turning to floating offshore wind, many of the themes here are similar to those for 

fixed-bottom technology, except with an even greater emphasis on foundations and support structures as 

well as turbine installation (Wiser & Jenni, 2016). 
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3. Offshore Wind LCOE Calculation Model 

3.1 Levelized Cost of Energy (LCOE): Concept and Calculation Methods 

3.1.1 т Initial concept to define LCOE  

Introduction 

Offshore wind development is hampered by the complexity and expense of setting up a new site. Water 

depth, which determines the type of foundations required, and the distance from the shore, which adds to 

commissioning complexity are two of the substantial number of elements that contribute to the difficulties 

for development of an offshore wind array. Individually, each of these variables can have a significant impact 

on installation and/or the running costs of an offshore wind array and thereby, on the economic feasibility. 

These variables therefore need to be fully understood and accurately costed to determine site viability. 

Beyond the costs for installing and running an offshore wind array, contract structures, differing government 

incentives and long-term wholesale electricity price need to be considered in economic analyses. Offshore 

wind allocation auctions are analysed by (Welisch & Poudineh, 2020) where concerns are raised about the 

possibility of Contract for Differences (CfDs) leading to speculative bidding in capacity auctions. Considering 

the complexity and the rapid development of the offshore wind energy industry, a flexible and complete 

costing metric with sufficient fluidity to cope with these variables, is required. Despite some annual 

fluctuation, investment in renewable energy over the past decade has increased significantly. However, 

investment in wind has dropped from a high in 2015, this slowdown likely results from the saturation of 

onshore wind, while scaling has not fully started with offshore wind.  

Installation costs for offshore wind have been non-linear, with reductions seen as technologies develop in 

components such as monopile foundations. Reductions are also seen in the cost of turbines. However, the 

rapid introduction of new technologies such as floating foundations means these reductions can get lost in 

the overall cost. Increased installation costs can be offset by greater wind speeds, larger turbines and the 

potential to locate near demand centres. Indeed, recent work has shown that the market value of offshore 

wind typically exceeds that of onshore wind. Decommissioning and recycling strategies for offshore wind 

turbines are variable. Options for end of life include repowering, where existing foundations and towers are 

used with the installation of a new nacelle and rotor, replacement of complete turbine and all support 

structures on an existing site, or removal and shut down of site. Each of these options incur differing costs 

and the cost of removing turbines is subject to geographic and weather conditions and fluctuations in the 

value of recovered materials (Topham et al., 2019). 

The spread of auction prices demonstrates the differing views on both the long-term production costs from 

offshore wind and wholesale costs of electricity. Offshore wind farm developers require an accurate way of 

determining returns on investment to attract more investors to the sector. The approach used by most is the 

levelized cost of energy (or levelized cost of electricity when relating to the electricity market specifically) 

(LCOE), which is a function of the total lifecycle costs relative to the amount of energy produced. Lifecycle 

costs are normally split into different components comprising the initial non-recurring costs and recurring 

operational costs. Non-recurring costs include setup, planning and development, build, commission, 

decommission costs etc. In the case of offshore wind farms, also called arrays development costs are 

significant and include feasibility studies, permits, legal and all other costs associated with establishing an 

offshore wind farm. Recurring costs include fuel and maintenance. Levelized cost of electricity constitutes 

the average cost per unit that the generator needs to receive to break even over the lifetime of the site 
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(Ueckerdt et al., 2013). These life cycle costs estimate become more stable and accurate as an industry 

matures and gathers real world data for modelling. 

 

Levelized cost of electricity 

In the energy sector, LCOE is the most common way of calculating and discussing the cost of electricity. At 

the most basic level this can be expressed by Equation(1): 

ὒὅὕὉ
 ὅ

 Ὁ
   ρ 

where C is the total lifetime costs expressed in selected currency (usually either £, $ or ϵ) and E is the total 

electrical energy produced in kWh or MWh from initiation (year 0) to end of life (year n). LCOE is expressed 

as currency/kWh or MWh.  

Levelized cost of electricity is applied when comparing costs across differing technologies, determining price 

trends in single technologies, feed-in tariff requirements and calculating the viability of an energy producing 

technology. Therefore, Equation(1) is overly simplified. A non-exhaustive, qualitative overview of LCOE inputs 

and market interactions is shown in Figure 3.1 (Johnston et al., 2020a). Given the complexity of LCOE inputs, 

the large investment sums, and relatively long lifecycle of offshore wind arrays, an important consideration 

for LCOE is the influence of monetary inflation over time. Therefore, a more detailed and complete 

Equation(2) for renewable LCOE is as follows (taken from (IRENA, 2015)): 

ὒὅὕὉ
 

Ὅ ὓ Ὂ
ρ ὶ

 
Ὁ
ρ ὶ

    ς 

where LCOE is the average lifetime levelized cost of electricity generation, Ὅ is the investment in year t, ὓ  

is the operations and maintenance expenditures in the year t, Ὂ is the fuel expenditures in the year t, Ὁ 

electricity generation in the year t in kWh or MWh, r is the discount rate as %, and n is the life of the system 

in years. The result is expressed as a currency/kWh or MWh, for example in £/kWh. 

 

[ŔŊƨƖĲЮΦдΤЮшЮÄƨċũŔƣċƣŔƻĲЮŸƻĲƖƻŔĲƽЮŸŉЮůċƖťĲƣЮŔŰƣĲƖċĦƣŔŸŰ 
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Non-recurring costs 

Non-recurring costs influencing LCOE encompass all costs related to the development of an offshore wind 

site. This includes feasibility and planning, physical infrastructure and installation costs. Additionally, contract 

structures, subsidies with consideration to duration and operational costs such as capacity factors need to 

be considered and costed. Importantly however, inputs differ for non-recurring costs from one country to 

another. The International Renewable Energy Association (IRENA) has identified five primary drivers in 

installation costs for developing a wind array: turbine costs, structural costs, foundation costs, grid 

connection costs, and planning and project costs. The approaches to managing these costs vary across 

different countries and is often informed by regional differences in geographical features, regulatory 

frameworks and ownership of seabed (Ernest Orlando Lawrence Berkeley National Laboratory, 2012). 

Recurring costs 

Operations and maintenance (O&M) costs are recognised as a substantial component of LCOE for offshore 

wind turbines. However, data is not readily available, costs associated with O&M are therefore not well 

defined with significant variance in the values quoted. Approximately 20-25% of the total lifecycle costs are 

attributed to O&M costs. Using this value, it is possible to estimate lower and upper values for the lifetime 

O&M costs. Potential sites for offshore wind arrays are identified in part by wind energy potential models. 

Therefore, wind variability is a major component of any economic case for an offshore wind array and is 

subject to significant debate. Estimations of wind energy production are heavily reliant on wind energy 

potential models with variation in the results of these models cited as a potential risk for inaccurate 

estimates. Variation in wind supply has been cited as a reason that LCOE is not a good metric when comparing 

wind and variable renewable energies in general, against traditional dispatchable energy generation. Many 

calculations of LCOE do not factor in operational efficiencies and ones that do have different assumptions 

about the amount of time across a year in which the turbines will be in operation and generating electricity. 

This concept is developed further by Milligan et al. (National Renewable Energy Laboratory, 2004) who 

discuss the interaction between dispatchable and intermittent energy sources.  

Impact of LCOE in uncertainty 

Some studies detail limitations with LCOE for renewable energy sources, including lack of sensitivity to 

fluctuations in power supply. The expert underlines the need to include electricity pricing variation in the 

calculation. Traditionally LCOE ignores variability and integration costs. Other users of LCOE note the regional 

variances between the calculation inputs, for example connections charges are paid by wind farm developers, 

but in other part of Europe they are covered as national infrastructure projects, so the costs lie elsewhere. 

These variances in calculation inputs combined with different regional auction and contract structures 

partially explain variance in auction prices across different countries. While the LCOE calculation is an 

important consideration for determining the strike price, it is important to note that LCOE and strike price 

are not the same, and that strike price is a composite number comprising LCOE, market forces and a number 

of other factors (Department of buisness, 2016). 

Since LCOE is expressed in varying currencies and as a cost per kWh or MWh, it can be difficult to accurately 

compare LCOE from one region to another. While conversion from kWh to MWh is straightforward, 

fluctuations in exchange rates mean that converting currencies can have a significant impact on the final 

value for LCOE. 

 



75 
 

Excell implementation 

In this chapter, an LCOE model for offshore wind farms will be presented, highlighting the substantial 

differences between fixed-bottom and floating wind turbines. In the following chapter, this model will be 

implemented in an Excel spreadsheet, making it applicable to real case studies of offshore wind farms, both 

fixed-bottom and floating. 

 

3.1.2 т Calculation method for fixed -bottom offshore wind farm  

Targeted subsidies, progress in marine spatial planning, incentives in the form of grid connections & site 

development have increased the deployments of fixed-bottom offshore wind (FBOW) in the EU and unlocked 

cost reductions. This momentum is expected to increase technology's market growth and facilitate further 

cost reduction opportunities Figure 3.2 (4cOffshore, 2020). Offshore wind technology costs, Capital 

Expenditure (CAPEX) and Levelized Cost of Energy (LCOE), had steadily increased in the EU until early 2010. 

After that, a sharp decline was observed. Subsidies awarded and strike prices/tariffs achieved in offshore 

wind auctions showed a similar development trend, with recent auction outcomes indicating offshore wind 

technology as soon-to-be fully subsidy-free. (Santhakumar et al., 2021) provided a detailed review of offshore 

wind cost developments from literature and concluded that studies have commonly followed aggregated 

applications of experience curve approach by assuming LRs from analogous technologies. Such applications 

have failed to consider the risks and factors that were specific to offshore wind technology, resulting in over-

optimistic cost outlooks.  

 

[ŔŊƨƖĲЮΦдΥЮцЮ]ũŸĤċũЮĦƨůƨũċƣŔƻĲЮŔŰƚƣċũũĲĬЮĦċƓċĦŔƣǃЮŸŉЮǯǂĲĬцĤŸƣƣŸůЮŸǭƚőŸƖĲЮƽŔŰĬдЮ 

¢ƘŜ ŘƻǳƎƘƴǳǘ ŎƘŀǊǘ ǎƘƻǿǎ ǘƘŜ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘƘŜ ǘƻǘŀƭ ƳŀǊƪŜǘ ǎƘŀǊŜ ōȅ нлнл ¢ƻ ǊŜŀǎƻƴ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ 
ǘŜŎƘƴƻƭƻƎȅ Ŏƻǎǘǎ ǳƴǝƭ ŜŀǊƭȅ нлмлΣ ǎǘǳŘƛŜǎ ƘŀŘ ŎƻƳƳƻƴƭȅ ŀǧǊƛōǳǘŜŘ ŦŀŎǘƻǊǎ ƛƴŎƭǳŘƛƴƎ ŎƘŀƴƎŜǎ ƛƴ Ǌŀǿ ƳŀǘŜǊƛŀƭ 
ŎƻǎǘǎΣ ǎǳǇǇƭȅπŎƘŀƛƴ ŎƻƴǎǘǊŀƛƴǘǎΣ ǇǊƻƧŜŎǘǎ ōŜƛƴƎ ƛƴǎǘŀƭƭŜŘ ƛƴ ŘŜŜǇŜǊ ǿŀǘŜǊǎ ŀƴŘ ŦŀǊǘƘŜǊ ŦǊƻƳ ǘƘŜ ǎƘƻǊŜ ƻǾŜǊ 
ǝƳŜΣ ƛƴǎǘŀƭƭŀǝƻƴ ŘŜƭŀȅǎΣ ŀƴŘ ƘƛƎƘ Ŏƻǎǘ ƻŦ ŎŀǇƛǘŀƭΦ {ƛƳƛƭŀǊƭȅΣ ǘƘŜ ǊŀǇƛŘ Ŏƻǎǘ ŘŜŎƭƛƴŜ ŀƊŜǊ ŜŀǊƭȅ нлмл ƘŀŘ ōŜŜƴ 
ŀǧǊƛōǳǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜŘ ŜŎƻƴƻƳƛŜǎπƻŦπǎŎŀƭŜ ŜũŜŎǘΣ ƛƳǇǊƻǾŜƳŜƴǘǎ ƛƴ ŎŀǇŀŎƛǘȅ ŦŀŎǘƻǊΣ ŀƴŘ ƭƻǿ Ŏƻǎǘ ƻŦ ŎŀǇƛǘŀƭΦ 
IƻǿŜǾŜǊΣ ǘƘŜǎŜ ŦŀŎǘƻǊǎϥ ƛƳǇŀŎǘǎ ƘŀǾŜ ƴƻǘ ōŜŜƴ ǉǳŀƴǝŬŜŘ ǎŜǇŀǊŀǘŜƭȅ ŦǊƻƳ ǘƘŜ ƻǾŜǊŀƭƭ Ŏƻǎǘ ŘŜǾŜƭƻǇƳŜƴǘǎΦ 
aƻǊŜƻǾŜǊΣ ǘƘŜ ǘŜŎƘƴƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ƻŦ ŜƴŜǊƎȅ ǘŜŎƘƴƻƭƻƎƛŜǎ ƛǎ ŀ ŎƻƳǇƭŜȄ ŜǾƻƭǳǝƻƴŀǊȅ ǇǊƻŎŜǎǎΣ ǿƘƛŎƘ ƛƴǾƻƭǾŜǎ 
ƳǳƭǝǇƭŜ ǎǘŀƎŜǎ ŀƴŘ ŘƛǾŜǊǎŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŎƻƴǘǊƛōǳǝƴƎ ǘƻ ǘƘŜ Ŏƻǎǘ ŘŜǾŜƭƻǇƳŜƴǘǎΦ 



76 
 

Research, Development, Demonstration, and Deployment paradigm is commonly used to explain the energy 

technology development process (Kerr et al., 2021). In literature, few studies have applied such models to 

describe the development and diffusion of offshore wind. To detail the development process and understand 

the learning mechanisms involved, we followed a five-stage energy technology development process 

described by (Santhakumar et al., 2021); see Figure 3.3 (Santhakumar et al., 2021). The five phases are 

prototype & demonstration, initial build-up, upscaling, growth, and maturity. 

 

[ŔŊƨƖĲЮΦдΦЮцЮfũũƨƚƣƖċƣŔŸŰЮŸŉЮĲŰĲƖŊǃЮƣĲĦőŰŸũŸŊǃЮĬĲƻĲũŸƓůĲŰƣЮƓƖŸĦĲƚƚЮŔŰƻŸũƻŔŰŊЮǯƻĲЮƚƣċŊĲƚЮċŰĬЮĬŔƻĲƖƚĲЮĦőċƖċĦƣĲƖŔƚƣŔĦƚ 

 

To define our study, we define the experience curve approach, one of the widely adopted methodologies to 

anticipate technology cost developments, was applied to quantify the learning effects observed for offshore 

wind CAPEX and LCOE. Compared to CAPEX, LCOE provides a holistic picture of technology developments in 

the market by considering the CAPEX, Operational Expenditures (OPEX), cost of capital, project lifetime, 

Decommissioning Expenditures (DECOM), Annual Energy Production (AEP), Ὥ discount rate, and all other 

expenditures essential for generating energy. It is also a critical metric that significantly impacts investment, 

and policy actions and compares different technologies' competitiveness in the market; however, it neglects 

system-level values (IEA, 2020). The LCOE of offshore fixed-bottom wind projects was estimated as shown in 

Equation(3): 

ὒὅὕὉ
ὅὃὖὉὢ 

ὕὖὉὢ
ρ Ὥ

ὈὉὅὕὓ
ρ Ὥ

 
ὃὉὖ
ρ Ὥ

   σ 

All the element used in the LCOE calculation are describe better in the next chapters. 

The cost model is described in Figure 3.4 (Santhakumar et al., 2022), which comprehensively illustrates the 

cost components of the technology investment cost and the factors impacting the LCOE. Moreover, the cost 
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modelling approach in this study did not consider market effects in its component-level cost assumptions, 

i.e., excludes profit assumptions resulting from market concentration and demand-supply constraints. The 

benefit is that the model outcomes helped identify the cost impact of technological developments and site 

characteristics alone, which was the objective. 

 

[ŔŊƨƖĲЮΦдΧЮцЮ7ŸƣƣŸůцƨƓЮĦŸƚƣЮůŸĬĲũũŔŰŊЮŉƖċůĲƽŸƖťЮƣŸЮĲƚƣŔůċƣĲЮ9 ÂEñЮċŰĬЮx9§EЮŸŉЮŸǭƚőŸƖĲЮƽŔŰĬЮƣĲĦőŰŸũŸŊǃ 

 

3.1.3 т Calculation method for floating offshore wind farm  

In order to reach commercial application, floating offshore wind turbines (FOWTs) need to solve not only the 

technological challenges faced by its bottom-fixed counterparts but also provide an economic alternative. 

FOWTs possess the potential to provide competitive LCOE values by having the ability to harness the best 

possible wind resources without depth constraints and applying larger wind turbines to increase power 

generation. Furthermore, the ability to mount the turbine on the floating substructure dockside and to tow 

the fully assembled structure by tugboats to the offshore site provides a significant potential for cost 

reduction along the life cycle, because expensive heavy lift jack-up vessels are avoided. However, since only 

a few prototypes have been constructed so far, there is a lack of information on the LCOE of large scale 

floating offshore wind farms (FOWFs). (Myhr et al., 2014b) have estimated in 2013 the LCOE for a number of 

different FOWT concepts made of steel and supporting a 5MW wind turbine. The findings have shown LCOE 

ǾŀƭǳŜǎ ǊŀƴƎƛƴƎ ōŜǘǿŜŜƴ млсΦо ϵκ a²Ƙ ŀƴŘ нутΦу ϵκa²ƘΣ ǿƘƛŎƘ ŀǇǇŜŀǊ ǳƴŦŀǾƻǳǊŀōƭŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ the 

cost of current bottom-fixed offshore wind farms. Further research has been proposed to investigate possible 
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cost reductions and to study the impact of different site conditions. The high LCOE value may has been due 

to the lack of information on the cost structure of FOWFs and several assumptions that have been made in 

the LCOE estimation. For instance, the operation and maintenance costs have been based on estimations for 

bottom fixed offshore wind farms and the decommissioning cost has been considered as a percentage of the 

capital expenses. Hence, the advantages that FOWTs provide to reduce costs in these life cycle phases have 

not been taken into account. Besides that, the energy generation and losses in the system have been based 

on gross load factors and efficiency rates from literature and have not been optimized for the specific 

location. 

The LCOE calculation is a method used to obtain the cost of one unit energy produced and is typically applied 

to compare the cost competitiveness of power generation technologies. The LCOE model sets in relation the 

life cycle costs (LCCs) to the electrical energy provided (Eel) in the Equation(4) (IRENA, 2018): 

ὒὅὕὉ
ὒὅὅ

Ὁ

 
ὅὃὖὉὢ ὕὖὉὢ ὈὉὅὉὢ
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Ὁ ὒ
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   τ 

The LCCs include all costs occurring in the lifetime of the FOWF such as the capital expense (CAPEX), the cost 

during the operation and the maintenance phase (OPEX) as well as the decommissioning expense (DECEX) at 

the end of lifetime. CAPEX includes the costs related to development, manufacturing, transportation and 

installation of the wind farm. These costs are also defined as investment costs since they occur at the 

beginning of the project before the wind farm starts to generate energy. OPEX contains the costs related to 

operation and maintenance (O&M) activities during the lifetime of the project and DECEX represents the 

costs occurring at the end of the lifetime for the decommissioning of the wind farm.  

The total LCCs are obtained as the sum of all phases and as shown in Equation(5) (Benveniste & Lerch, 2016). 

ὒὅὅὅ ὅ ὅ ὅ ὅǪ ὅ    υ 

The development phase (ὅ ) includes all activities related to the initial development and design of the 

FOWF up to the point at which the official orders for production and purchasing are made. This first phase is 

highly important for the projects outcomes since a well-planned design and schedule will enable a 

construction on time and with low added costs (Bjerkseter & Agotnes, 2013a). The development costs are 

considered in the LCC calculation as a percentage of the CAPEX. 

The manufacturing cost (ὅ ) includes the expenses for either the acquisition or production of each of 

the components of the FOWF such as the turbines, floating substructures, anchor and moorings, substations 

and power cables.  

Transportation is considered between the fabrication site, the assembly port and the offshore site. The total 

transportation cost (ὅ ) is dependent on vessel specific parameters such as the day rate and fuel 

consumption, the rental time and usage of the vessel as well as mobilization and demobilization cost (Kaiser 
& Snyder, 2012). No transportation is considered for delivering the components from the supplier to the 

port, because this cost is included in the purchasing price. However, costs accounting for port activities such 

as the utilization of cranes and auxiliary means as well as the lease of area for storage and loading purposes 

are considered.  
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The total installation cost (ὅ ) consists of the individual cost for the installation of the offshore turbine 

and the floating substructure, the pre-installation of the anchor and mooring system as well as the inter-

array and export cable laying. Besides that, the offshore and onshore substation cost are also considered in 

the installation phase as well as the commissioning of the complete wind farm (Benveniste & Lerch, 2016). 
The installation costs of each component are based on the vessel used for the installation as well auxiliary 

means and divers (Kaiser & Snyder, 2012).  

The O&M begins after the commissioning of the FOWF and the associated costs occur annually. The operation 

expenses include, for example, insurances, transmission charges and leases (Bjerkseter & Agotnes, 2013a). 
The maintenance is used to ensure a high availability of the FOWF and to reduce the downtime. It includes 

preventive and corrective maintenance. Preventive maintenance cost covers all activities that aim to avoid a 

failure of a machine such as inspections and replacements of wear parts or lubricants. An accurate planning 

of the maintenance activities is crucial to limit maintenance costs and prevent breakdowns of the machines. 

Corrective maintenance, on the other hand, responds to the failure of a component of the wind farm. In 

contrast to preventive maintenance, corrective maintenance is carried out after a failure has happened and 

includes the repair or replacement of a component. The total O&M costs (ὅǪ ) consist of the sum of 

operation cost, preventive and corrective maintenance cost (Benveniste & Lerch, 2016).  

The decommissioning of the FOWF is performed after the lifetime end. In general, the offshore wind farm 

owner is obligated to remove all structures that were built and to clear the site. However, it also depends on 

national regulations and in some cases a decommissioning of all components might not be required when 

associated risks are too high or the impact of remaining structures is not significant (Kaiser & Snyder, 2012). 
Decommissioning can be considered as a reversed installation process and includes the disassembly of the 

wind farm as well as the transportation back to the port. Besides that, the final treatment of the different 

components of the FOWF is considered as well as the clearance of the site with its associated costs of 

treatment and Clear respectively. 

Since the LCCs occur in different years (t), they have to be discounted to their present value by applying a 

discount rate (r). The discount rate has a large influence on the LCOE and represents the market value of 

equity and debt. Furthermore, the project risk and return yield are considered. The rate is, therefore, also 

known as weighted average cost of capital (WACC) and has typically a value between 8% and 12% for offshore 

wind farm investments (Myhr et al., 2014b).  

ὡὃὅὅ
Ὁ

Ὁ Ὀ
ϽὯ

Ὀ

Ὁ Ὀ
ϽὯ   φ 

Equation(6) displays the WACC calculation, where E is the equity of the company, D is the debt, Ὧ  represents 

the cost of equity and Ὧ  the cost of debt. The energy provided is the denominator of the LCOE equation. It 

refers to total energy generated (Ὁ) during the lifetime minus the energy losses (ὒ) that occur in generation, 

collection and transmission of the energy. Figure 3.5 (Lerch et al., 2018) displays the losses in the system 

that are considered in the model. 



80 
 

 

[ŔŊƨƖĲЮΦдΨЮшЮEŰĲƖŊǃЮũŸƚƚĲƚЮĦŸŰƚŔĬĲƖĲĬЮŔŰЮƣőĲЮx9§EЮĦċũĦƨũċƣŔŸŰ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 
 

3.2 CAPEX Breakdown: Turbines, Foundations, Substations, and Installation 

3.2.1 т CAPEX Fixed-Bottom Wind Turbine  

To define CAPEX in our study we decide to use the engineering cost models. The mean value of CAPEX is 

evaluated by the conventional engineering cost models, while the model parameters are updated to reflect 

the recent technological advances. In addition, the number of input variables is reduced for validation and 

scenario study. The cost breakdown structure for the offshore wind farms was defined by (Shafiee et al., 

2016). The cost structure used in this study is described in Figure 3.6 (Santhakumar et al., 2022). CAPEX 

consists of three main items: the development and consenting cost ὅǪ , the production and acquisition cost 

ὅǪ , and the installation and commissioning cost ὅǪ  as shown in Equation(7): 

ὅὃὖὉὢὅǪ ὅǪ ὅǪ   χ 

The development and consenting cost consist of project management cost ὅ , legal authorization cost 

ὅ , the engineering cost ὅ , the contingencies ὅ  and the surveys ὅ . The production 

and acquisition cost consists of the wind turbine cost ὅ , the support structure cost ὅ  and the power 

transmission system cost ὅ . The installation and commissioning cost consists of the vessel cost ὅǪ ȟ  

the port cost ὅǪ ȟ  and other cost ὅǪ ȟ  including insurance. 

 

[ŔŊƨƖĲЮΦдΩЮшЮ9ŸƚƣЮĤƖĲċťĬŸƽŰЮƚƣƖƨĦƣƨƖĲЮŉŸƖЮŸǭƚőŸƖĲЮƽŔŰĬЮŉċƖůƚ 

Development and consenting cost 

The development and consenting cost ὅǪ  is evaluated using Equation(8) as defined by (Shafiee et al., 2016). 

It is related to the project management ὅ , the legal authorization ὅ , the engineering activities ὅ ,  

the contingencies ὅ  and the conducted surveys ὅ . 

ὅǪ ὅ ὅ ὅ ὅ ὅ    ψ 

In this study, the summation of ὅ ȟὅ ȟὅ ȟὅ  is estimated as a constant value ὅǪ ȟ  

in Equation(8.1) even though these items for each project are slightly difficult. ὅ  is proportional to the 

wind farm capacity as shown in Equation(8.2). 

ὅǪ ὅ ὅ ὅ ὅ    ψȢρ 

ὅ ὧ ὖ ὔ    ψȢς 
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where ὖ  is the wind turbine rated power, ὔ  is the number of turbines, ὧ  is the survey cost per 

MW. 

Production and acquisition cost 

The production and acquisition cost includes all costs associated with the procurement of wind turbines ὅ , 

the support structure or foundation ὅ , and the power transmission system ὅ , as you can see in 

Equation(9): 

ὅǪ ὅ ὅ ὅ    ω 

The total cost of wind turbine ὅ  is expressed as a function of the number of wind turbines and the wind 

turbine rated power.  (Shafiee et al., 2016) modelled the wind turbine cost for 2 MW to 5 MW wind turbines, 

which does not cover the recent turbines larger than 6 MW. Physically, the mass of wind turbine is the cube 

of the length, and the power is the square of the length, so that the ratio of mass to power is proportional to 

the length. However, the technological improvement suppresses the mass and leads the mass to be 

proportional to the rated power as mentioned by (Sieros et al., 2012). Up to 6 MW, the cost per MW increases 

in proportion to rated power. On the other hand, for recent turbines larger than 7 MW, the industry practice 

shows that the wind turbine cost per kW becomes constant. This is because the further technological 

innovation occurs in the lighter blade material, the advanced generator and gearbox. It also relates with the 

business model shift in the turbine manufactures. Currently the manufactures contract not only turbine 

supplies but also operation of turbines for steady and predictable cash flow, which leads the turbine cost 

reduction, as shown in Equation(9.1). 

ὅ

ὧ ȟὖ ὧ ȟ ὖ ὔ ȟ   ὖ φὓὡ

ὧ ȟὖ ὧ ȟ ὖ ὔ ȟ   φὓὡ ὖ χὓὡ

ὧ ȟὖ ὔ ȟ   χὓὡ ὖ

   ωȢρ 

All the coefficients are presented in (Santhakumar et al., 2022). 

For the substructure cost it is investigated the sensitivity of substructure cost to the water depth. WINDSPEED 

project (Jacquemin & Butterworth, 2011) evaluated the substructure cost using the engineering model as 

shown in Equation(9.2). 

ὅ “Ὠ ὸὰ” ὔ ὧȟ ὧȟ    ωȢς 

All the elements could be shown in Figure 3.7 (Santhakumar et al., 2022). ¢Ƙƛǎ ǎǘǳŘȅ Ŧƻƭƭƻǿǎ ¢ŜƳǇŜƭΩǎ ƳŜǘƘƻŘ 

(van der Tempel, 2023). The diameter Ὠ  is calculated as the function of water depth. The minimum 

diameter is set as 4 m due to the restriction of the size of commercial offshore wind turbines. The thickness 

ὸ  is thought to be proportional to the water depth due to the static pressure. The length of monopile ὰ  

consists of the water depth Ὤ , the embedded length and the upper part from the water level, and it is also 

modeled as a function of the water depth. 

For the power transmission system cost ὅ , it is composed of the export cable cost ὅ , the offshore 

substation cost ὅ , the array cable cost ὅ , the onshore cable cost ὅ  and the onshore substation 

cost ὅ  as shown in Equation(9.3). 

ὅ ὅ ὅ ὅ ὅ ὅ    ωȢσ 
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[ŔŊƨƖĲЮΦдΪЮшЮÉĦőĲůċƣŔĦЮŸŉЮƚƨƓƓŸƖƣЮƚƣƖƨĦƣƨƖĲ 

Figure 3.8 (Santhakumar et al., 2022) illustrates the structure of power transmission system cost models 

used in this study. In this study, the input variables are limited to distance from shore, capacity, number of 

turbines, water depth, rated power and used to calculate the export cable cost. The export cable length is 

modelled depending on whether the landing point is near or far. The offshore substation cost model is 

proposed to consider the cable length gap defined as the difference in the length of export cable with and 

without offshore substation in this study. When the cable length gap is larger than 30 km per one turbine 

and wind farm capacity is larger than 500 MW, the offshore substation will be built. In this study, the distance 

from shore and the wind farm capacity are used as the input variables to calculate the array cable cost. 

 

[ŔŊƨƖĲЮΦдΫЮшЮÑőĲЮƚƣƖƨĦƣƨƖĲЮŸŉЮƓŸƽĲƖЮƣƖċŰƚůŔƚƚŔŸŰЮƚǃƚƣĲůЮĦŸƚƣЮůŸĬĲũ 
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The export cable cost ὅ  is evaluated as the product of the length of export cable ὰ , the unit export cable 

cost ὧ  and the number of export cables ὔ  as shown in Equation(9.3.1): 

ὅ ὰ ὧ ὔ    ωȢσȢρ 

The export cable length ὰ  depends on whether the land fall point is near or far from the shore point as 

shown in Figure 3.9 (Santhakumar et al., 2022). The export cable requires the extra length to allow the cable 

displacement due to the wave and earthquake and to maintain ease of installation. The extra length is 

generally about 10 % of the total cable length. The other extra length is also needed at the starting and the 

ending part of the cable. The number of export cables ὔ  is calculated by dividing the wind farm capacity 

by the distribution-ends voltage of export cable. Note that the number of export cables should be the number 

of offshore substations in the case of wind farms with substations and the export cable cost should be the 

array cable cost in the case of wind farms without substations. 

 

[ŔŊƨƖĲЮΦдάЮшЮÉĦőĲůċƣŔĦЮŸŉЮĲǂƓŸƖƣЮĦċĤũĲЮċŰĬЮũċŰĬЮŉċũũЮƓŸŔŰƣ 

The offshore substation cost ὅ   is evaluated by Equation(9.3.2). The number of array cable is 

calculated by dividing the wind farm capacity by the distribution-ends voltage of array cable. The 

transmission capacity of the array cable is generally proportional to the distribution-ends voltage of array 

cable. The distribution ends voltage is modelled as 33 kV for the 2/9 MW wind turbines and 66 kV for the 

wind turbine larger than 9 MW. 

ὅ ὔ ὧ    ωȢσȢς 

where ὔ  is the number of substations, ὧ  is the cost of offshore substation. The number of 

offshore substations ὔ  is evaluated from the breakeven point where the offshore substation cost 

equals to the reduced export cable cost. The schematic of the export cables with and without the offshore 

substation are depicted in Figure 3.10 (a) and (b) (Santhakumar et al., 2022), respectively. 
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[ŔŊƨƖĲЮΦдΤΣЮшЮÉĦőĲůċƣŔĦЮŸŉЮĲǂƓŸƖƣЮĦċĤũĲЮċŰĬЮŸǭƚőŸƖĲЮƚƨĤƚƣċƣŔŸŰ 

The array cable cost ὅ  is evaluated by multiplying the cable length ὰ  by the cable cost per unit ὧ  as 

shown in Equation(9.3.3). The schematics of array cable for the radial and ring topologies are shown in Figure 
3.1 (a) and (b) (Santhakumar et al., 2022). 

ὅ ὰὧ    ωȢσȢσ 

where ὰ  is the length of array cable and the unit is meter, ὧ  is the cost of array cable per meter.  

 

[ŔŊƨƖĲЮΦдΤΤЮшЮÉĦőĲůċƣŔĦЮŸŉЮċƖƖċǃЮĦċĤũĲ 

The onshore cable cost ὅ  is evaluated as shown in Equation(9.3.4). In this study, the length of onshore 

cable length ὰ  is considered as a constant value and the coefficient is identified from the database. 

ὅ ὰ ὧ    ωȢσȢτ 

 

The onshore substation cost ὅ  is expressed as proportional to the wind farm capacity and evaluated 

as shown in Equation(9.3.5). 

ὅ ὅ ὖ ὔ    ωȢσȢυ 

 

Installation and commissioning cost 

As mentioned in the previous studies (Jacquemin & Butterworth, 2011) the installation cost ὅǪ  is 

composed of the vessel cost ὅǪ ȟ , the port cost ὅǪ ȟ , and other cost ὅǪ ȟ  as shown in 

Equation(10). 
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ὅǪ ὅǪ ȟ ὅǪ ȟ ὅǪ ȟ    ρπ 

The vessel cost ὅǪ ȟ  is composed of mobilization cost, fuel cost, installation cost for each installation 

phase i as shown in Equation(10.1). 

ὅǪ ȟ   ὅ ȟ ȟ ὅ ȟ ȟ ὅ ȟ ȟ ὅ ȟ ȟ ὅ ȟ ȟ

ὅ ȟ ὔ ὅ ȟ ὖ ὔ    ρπȢρ 

The port cost ὅǪ ȟ  is assumed to be proportional to the turbine numbers as shown in Equation(10.2). 

The other cost ὅǪ ȟ  is also estimated as a function of the turbine numbers as shown in Equation(10.3). 

Since this cost component involves insurance and construction project management, it is assumed to be 

proportional to the project scale, reflected with the number of turbines.  

ὅǪ ȟ ὧǪ ȟ ὔ    ρπȢς 

ὅǪ ȟ ὧǪ ȟ ὔ    ρπȢσ 

 

3.2.2 т CAPEX Floating Wind Turbine 

Capital expenditures encompass the costs related to the development phase, materials and installation 

process, which depend on site variables such as distance to the coast or water depth Figure 3.12 (Martinez 
& Iglesias, 2022). The distance from the wind farm to the coast also affects the operational and maintenance 

costs, mainly due to travelling times. The annual energy production, conversely, depends mostly on the 

available wind speed, which varies spatially.  

Certain assumptions are made. First of all, the technology considered in this work is not without limitations 

regarding water depth. A semi-submersible platform can be deployed in water depths in the range 20ς1000 

m. As for the distance to shore, a minimum distance is assumed to reduce visual impacts and noise nuisance. 

Theoretically, the curvature of the Earth precludes the visibility of the wind turbines from distances greater 

than 45 km. Nonetheless, different criteria and preferences are proposed or prescribed for certain countries. 

In this work, a minimum distance of 15 km to the shore is applied. Another aspect where jurisdictional 

differences arise is tax regimes, regional subsidies and local policies. Typically, these inconsistencies in 

regional policies are excluded from the computation of the LCOE, following the International Renewable 

Energy Agency (IRENA I., 2018). Another factor depending on the specific country is labour costs, which are 

outside of the scope of this work. In particular, it is worth mentioning that labour costs may be lower in 

certain countries. Finally, due to the scale of this work, exclusion sites such as fishing areas, ship routes or 

natural reserves are not considered. Incidentally, these areas may not preclude the development of offshore 

wind, and there are precedents of offshore wind farms in protected areas. Furthermore, the current maritime 

law landscape may be subject to change in the short-term future due to the development of this technology. 
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[ŔŊƨƖĲЮΦдΤΥЮцЮ7ƖĲċťĬŸƽŰЮŸŉЮƣőĲЮ9 ÂEñеЮĬŔƚƣŔŰŊƨŔƚőŔŰŊЮĤĲƣƽĲĲŰЮŰŸŰцƚŔƣĲцƚƓĲĦŔǯĦЮёŊƖĲǃђЮċŰĬЮƚŔƣĲцƚƓĲĦŔǯĦЮƻċƖŔċĤũĲƚЮĬĲƓĲŰĬŔŰŊЮ
ŸŰжЮĬŔƚƣċŰĦĲЮƣŸЮƚőŸƖĲЮёƖĲĬђеЮƽċƣĲƖЮĬĲƓƣőЮёĬċƖťЮĤũƨĲђЮċŰĬЮƽŔŰĬЮĦũŔůċƣĲЮёĬċƖťЮŊƖĲĲŰђд 

Capital expenditures are the costs incurred prior to the operation of an energy farm. It involves the costs 

related to environmental surveys, seabed and climate analysis on site, development and consent services, 

the turbine and substructure, mooring and all the electrical components needed to transport the electricity 

to shore (submarine cabling, onshore platforms and required substations). In this work, capital costs are 

calculated without considering the financing of the costs. 

Development and consenting 

This phase of the project includes the environmental, seabed and met station surveys, project management 

and development services. Data for the development and consenting phase (D&C) are typically derived from 

data on bottom-fixed wind turbines. Some authors estimate this value to be around 4% of the total CAPEX. 

A breakdown of the costs for offshore projects has been made available by the UK government, where an 

allocation of the different activities of this phase is presented. The total costs for D&C are set at 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ нмл ƪϵκa²Σ ŘƛǎǘǊƛōǳǘŜŘ ŀǎ ǎƘƻǿƴ ƛƴ Figure 3.13 (Johnston et al., 2020b). 

 

[ŔŊƨƖĲЮΦдΤΦЮцЮ9ŸƚƣƚЮĬŔƚƣƖŔĤƨƣŔŸŰЮŸŉЮƣőĲЮĬĲƻĲũŸƓůĲŰƣЮċŰĬЮĦŸŰƚĲŰƣŔŰŊЮƓőċƚĲЮё?҂9ђ 
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Turbine and substructure 

In bottom-fixed offshore wind, the combination of the turbine and substructure accounts for 55% of the total 

CAPEX (Johnston et al., 2020b). The substructure cost may also include the foundation, thus being greatly 

dependent on water depth. By contrast, in floating offshore wind the cost of the substructure does not 

depend on water depth, given that mooring costs are normally considered separately. Based on data from 

ŘƛŦŦŜǊŜƴǘ ǎƻǳǊŎŜǎΣ ǘƘŜ ŀǾŜǊŀƎŜ Ŏƻǎǘ ƻŦ ŀ ƎŜƴŜǊƛŎ ǿƛƴŘ ǘǳǊōƛƴŜ ƛǎ ǎŜǘ ŀǘ мΦс aϵ ǇŜǊ a² (Bjerkseter & Agotnes, 
2013b). The lack of data on floating structures hinders the accurate estimation of costs for the substructure. 

Even though pilots such as WindFloat or Hywind have been deployed, large-scale production is still needed 

in order to reach cost competitiveness. A first approximation may be obtained following ratios of the 

manufacturing costs to the material costs in a large-scale, automated production scenario from bottom-fixed. 

Based on the material consumption and an estimation of the manufacturing process, a total Ŏƻǎǘ ƻŦ у aϵ ǇŜǊ 

turbine for the WindFloat substructure has been reported (Bjerkseter & Agotnes, 2013b). It is worth 

mentioning that labour costs, which vary across countries, also play a role in the cost of the turbine and 

substructure. 

Transmission 

High-voltage, alternating current (HVAC) is a widely adopted solution for the transmission of the electricity 

produced in offshore wind projects. This is a cost-effective solution for current offshore wind farms situated 

in shallow waters relatively close to the shore (20ς60 km). However, the HVAC technology experiences 

several power losses, such as corona losses, skin effects or radiation losses. Current trends in research are 

pointing towards the use of high-voltage, direct current (HVDC) for wind farms located further offshore (>80 

km). The uniformity of both the current distribution and the magnetic field makes losses much less of an 

issue in HVDC. Skin losses and radiation and induction losses do not occur with this technology; there is still 

a corona effect, though less significant. Furthermore, in AC transmissions, the peak voltage and current is 1.4 

times larger than its average, i.e. the equivalent transmission in DC; hence, a conductor of the same size can 

carry more HVDC power than HVAC. The cost per unit length of the transmission cables is smaller with HVDC. 

On the minus side, the AC current generated by the turbines must be converted to DC and back to AC 

onshore, resulting in greater costs for the terminal stations. To sum up, even though HVAC is a cost-

competitive solution for energy projects relatively close to the shore, there is a break-even distance beyond 

which HVDC technology becomes more appropriate. This break-even distance has been reported to be 55 

km and 80 km. The energy transmission process is as follows. The wind turbine typically generates power at 

a voltage of up to 1 kV of AC, which is increased to 11 kV or 33 kV in a transformer that may be located in the 

nacelle. After that, the power is transmitted to an offshore substation, which steps the voltage up for the 

final transmission to shore. In the case of the HVDC, the voltage can be converted in an HVDC converter 

situated in the offshore platform, and later converted back to AC onshore. In this work, the costs of both 

HVDC and HVAC are considered. An estimation of the costs is presented considering the substations needed 

and the length of the export cables. The cabling cost for the transmission of the power to the shore (ὅ) may 

be expressed as in Equation(11): 

ὅ Ὠὲ ȟ ὅ ȟ ὲ ȟ ὅ ȟ ὲ ȟ ὅ ȟ    ρρ 

where d is the distance to the coast. The variables n and C are the number and costs per unit of distance of 

the export cable, offshore substation and onshore substation (with subindices ex,cab, off,sub and on,sub, 

respectively). Their values for the exemplar wind farm are based on a study considering UK labour costs 

(Martinez & Iglesias, 2022). The costs of the power transmission to shore for HVDC and HVAC technologies 
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are represented as functions to the distance to shore in Figure 3.14 (Martinez & Iglesias, 2022), where the 

break-even distance is estimated at 56 km. To obtain the total transmission costs, the cost of the inter-array 

cables must be added to the elements in Equation(11). The optimisation of the layout of the turbines involves 

a complex procedure that is specific for each site. However, to be able to consider all the sites in the study 

area, the inter-array cable is assumed to be divided into 20 strands, each accommodating 5 turbines, 

following other dispositions seen in literature (Myhr et al., 2014c).  

 

[ŔŊƨƖĲЮΦдΤΧЮцЮ9ċĤũŔŰŊЮĦŸƚƣƚЮё~ҡђЮŉŸƖЮƣőĲЮƣƖċŰƚůŔƚƚŔŸŰЮŸŉЮƣőĲЮĲũĲĦƣƖŔĦŔƣǃЮƣŸЮƣőĲЮĦŸċƚƣЮŉŸƖЮőŔŊőцƻŸũƣċŊĲЮĬŔƖĲĦƣЮĦƨƖƖĲŰƣЮёcé?9ђЮċŰĬЮ
őŔŊőцƻŸũƣċŊĲЮċũƣĲƖŰċƣŔŰŊЮĦƨƖƖĲŰƣЮёcé 9ђдЮÑőĲЮĤƖĲċťцĲƻĲŰЮƓŸŔŰƣЮŸŉЮƣőĲЮƣƽŸЮƣĲĦőŰŸũŸŊŔĲƚЮŔƚЮĲƚƣŔůċƣĲĬЮċƣЮċЮĬŔƚƣċŰĦĲЮƣŸЮƚőŸƖĲЮŸŉЮ

ӎΨΩЮťůд 

Mooring 

The mooring of a semi-submersible platform like that considered in this work consists of several catenary 

mooring lines (four in the case of WindFloat) connected horizontally to an anchor. The anchoring options for 

the floating structure depend on the soil conditions; generally speaking, Drag Embedment Anchors (DEA) are 

the preferred choice in catenary mooring systems. Designed to penetrate the seabed, this type of anchoring 

system is capable of withstanding large horizontal loads transmitted by the mooring line lying on the seabed. 

Lƴ ǘƘƛǎ ǿƻǊƪΣ ǘƘŜ Ŏƻǎǘ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭ ŀƴŎƘƻǊ ƛǎ ŜǎǘƛƳŀǘŜŘ ŀǘ мноƪϵΣ ǿƛǘƘ ǊŜŦŜǊŜƴŎŜ ǘƻ ǘƘŜ {ǘŜǾǎƘŀǊƪ aƪр 

(Bjerkseter & Agotnes, 2013b). However, other technologies such as dead-weight anchors could also be 

considered, which may potentially reduce the costs of the anchoring systems to a tenth of the costs relative 

to DEA. As for the mooring lines, WindFloat utilises a combination of steel wire and chains. Values for the 

mooring line consumption are the result of extensive simulations and depend largely on water depth. In the 

case of a spar-buoy catenary system, a line length of approximately 500 m for a 100 m depth and additional 

150 m every 100 m of depth is assumed in Ref. (Bjerkseter & Agotnes, 2013b). To account for draught 

differences, an additional 60 m length is assumed. Furthermore, some chain is required to create sufficient 

friction and withstand long-term contact with the seabed. For this reason, 50 m of chain is estimated for each 

mooring line (Myhr et al., 2014c). With the above assumptions, a general expression for the mooring costs 
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(ὅ ) of a semi-submersible platform with a catenary mooring system as a function of the water depth is in 

Equation(12): 

ὅ ὲ ὲ ὅ ρȢυὬ τρπὅ υπὅ    ρς 

where ὲ  is the total number of turbines and ὲ  is the number of lines per turbine (four in the case of 

WindFloat). The variable h represents the water depth and, the costs of the individual anchor. Finally, ὅ  

and ὅ  are the costs of the mooring line and chain per unit length, respectively, which are estimated at 

пу ϵ/Ƴ ŀƴŘ нтл ϵ/m (Myhr et al., 2014c). To assess the mooring cost off the Atlantic European coast using 

Equation(12), the bathymetry was obtained from the ETOPO Global Relief Model of the NOAA database at 

one arc-minute resolution Figure 3.15 (Benabadji et al., 2025). The mooring costs thus obtained are mapped 

in Figure 3.16 (Benabadji et al., 2025). 

 

[ŔŊƨƖĲЮΦдΤΨЮшЮìċƣĲƖЮĬĲƓƣőЮёůђЮŔŰЮƣőĲЮĲũŔŊŔĤũĲЮċƖĲċд 

 

[ŔŊƨƖĲЮΦдΤΩЮшЮ~ŸŸƖŔŰŊЮĦŸƚƣЮёťҡф~ìђЮŔŰЮƣőĲЮĲũŔŊŔĤũĲЮċƖĲċ 

Installation 

The installation of a floating offshore wind farm is a challenging process. The costs related to this process are 

at present somewhat uncertain because the technologies and equipment for the installation are still at an 

early stage of development, which leaves room for improvement and cost reductions. In this work, a 

simplified algorithm is used to evaluate the costs of the installation of a wind turbine, assuming the use of a 

ǘǳƎōƻŀǘ ŦƻǊ ǘƘŜ ǇǊƻŎŜǎǎ ŀǘ ŀ Ŏƻǎǘ ƻŦ мфΦр ƪϵ ǇŜǊ Řŀȅ (Myhr et al., 2014c). The costs of installation of the 

turbines (ὅȟ ) can be expressed (Cavazzi & Dutton, 2016) as Equation(13): 

ὅȟ ὲ Ὕ
ςὨ

ὠ

ὅ

ὲ ȟ
   ρσ  

where ὲ  is the total number of turbines. Ὕ  and d account for the time of installation of the turbines 

and distance to coast, respectively. ὅ  represents the charter costs of the vessel and ὠ , its 
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average speed. Finally, ὲ ȟ  is the number of turbines carried per trip. Costs for the installation of the 

electrical infrastructure are subdivided into export cables, inter-array cables and substations. The cost for the 

installation of the export cable varies to a great extent. An estimation of these costs for an individual trenched 

ŎŀōƭŜ ƛǎ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ оун ƪϵκƪƳ ǘƻ уфн ƪϵκƪƳ ƛƴ wŜŦΦ (Myhr et al., 2014c). Given the great 

ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ōƻǘƘ ŎƻǎǘǎΣ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ ǾŀƭǳŜ ƻŦ сот ƪϵκƪƳ ƛǎ ŀǎǎǳƳŜŘΦ Lƴ ǘƘŜ ŦǳǘǳǊŜΣ ōŜǘǘŜǊ 

estimations of this parameter can be considered and incorporated in the method used. As for the inter-array 

cable, an estimate of one-third of the export cable installation costs is made. The installation cost of an 

offshore substation for a semi-ǎǳōƳŜǊǎƛōƭŜ ǎǘǊǳŎǘǳǊŜ ƛǎ ǎŜǘ ǘƻ нл aϵ ŦƻǊ ǘƘŜ ǿƛƴŘ ŦŀǊƳΦ hƴ ǘƘŜǎŜ ƎǊƻǳƴŘǎΣ 

the total installation costs, including the installation of the turbine, mooring and electrical infrastructure, for 

the wind farm studied were computed and mapped off the Mediterranean Map Figure 3.17 (Benabadji et 

al., 2025). 
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3.3 OPEX Breakdown: Maintenance and Operations 

3.3.1 т OPEX initial concepts  

After a set number of years, O&M companies are becoming in practice in charge of running the offshore 

windfarm. They are supposed to do that for as long as the windfarm will be operational and as the lifetime 

of a windfarm is usually between 20 and 25 years, the Operation & Maintenance (O&M) phase is very 

important for the windfarm. Operational efficiency will increase the maximum output of the offshore 

windfarm, this because he has a contribution of a 19% of total cost of a wind farms, that could be varying 

depending on the type of the project (IRENA, 2019b).  

Lƴ ƻǳǊ ƳƻŘŜƭΣ ǿŜ ŎƻƴǎƛŘŜǊ ŀƴ ŀƴƴǳŀƭ ƻǇŜǊŀǘƛƻƴŀƭ ŜȄǇŜƴŘƛǘǳǊŜ όht9·ύ ƻŦ ϵслΣллл ǇŜǊ ƳŜƎŀǿŀǘǘ όa²ύΦ 

Additionally, we include a transmission-related cost, which is assumed to be equivalent to 1% of the capital 

expenditure (CAPEX) associated with the transmission infrastructure, as previously evaluated in the 

preceding chapter. 

The main aspects of the OPEX is the maintenance, that is characterize in different types, with different 

economic impact: 

Reactive (or breakdown) maintenance is the simplest O&M ǎǘǊŀǘŜƎȅ ŀƴŘ Ŏŀƴ ŀƭǎƻ ōŜ ŎŀƭƭŜŘ ΨŦƛȄ ƛǘ ǿƘŜƴ ƛǘ 

ōǊŜŀƪǎΩΦ Lǘ ƛǎ ŎƭŜŀǊƭȅ ǘƘŜ ǎƛƳǇƭŜǎǘ ŦƻǊƳ ƻŦ ƛƴǘŜǊŦŜǊƛƴƎ with a broken or damaged machine and in offshore wind 

industry is the least wanted. Site visits are not as easy as in the onshore windfarms and are much more 

weather-dependent. These delays can have a serious impact on the profitability of the projects in the long 

run. 

Predictive maintenance is based heavily on machine learning aiming to predict when the equipment is more 

likely to fail. This gives the opportunity to the service ǘŜŀƳ ǘƻ ƻǊŘŜǊ ǘƘŜ ǎǇŀǊŜ ǇŀǊǘǎ ƛƴ ŀŘǾŀƴŎŜ ǿƘŜƴ ƴŜŜŘŜŘΩΣ 

the crew to plan the site visit depending on the weather and other constraints and therefore save time and 

resources. 

Corrective maintenance is the kind of maintenance when a problem is corrected before it leads to failure or 

when certain parts are repaired the moment they break down. A clear advantage is that all components are 

used as long as their lifetime is. Also, there are no ineffective unnecessary replacements. A downside is that 

you should always have all spare parts available at any moment. Also, a team needs to be on standby every 

moment to replace parts when necessary. These standby teams need to have all different kinds of skillsets 

since no one is able to perform all repairs. Besides these teams, transportation vessels and their crew should 

also be available when needed. Since this is a very costly process, corrective maintenance is usually only used 

for parts that are not crucial for the functioning of the wind turbine. 

Preventive maintenance has two kinds of strategies. These are predetermined maintenance, where the 

components are replaced at moments when they are still functioning, and condition-based (predictive) 

maintenance, where components are replaced when their condition changes. 

The optimal O&M strategy is defined per component by analysing the advantages and disadvantages from 

the viewpoint of investors, wind turbine manufacturers and windfarm operators. Some research shows that 

фф҈ ƻŦ ŜǉǳƛǇƳŜƴǘ ŦŀƛƭǳǊŜ ŎŀǎŜǎ ŀǊŜ ΨǇǊŜŎŜŘŜŘ ōȅ ŎŜǊǘŀƛƴ ǎƛƎƴǎΣ ŎƻƴŘƛǘƛƻƴǎΣ or indications that a failure is going 

ǘƻ ƻŎŎǳǊΩ (Cornado & Fisher, 2015). Condition-based maintenance should therefore have a strong focus, 

since as the sizes and stakes of modern windfarms are increasing significantly, more effort is put into this 

most cost-efficient form of maintenance. It should be pointed out here that wind turbines do not suffer the 
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same strain year after year, and season after season. The loading changes and the fatigue cycles are not a 

matter of mathematical predictions or probabilistic predictions. Innovations are key and therefore many 

companies are focusing on changing this field of maintenance. 

 

3.3.2 т OPEX Fixed-Bottom Wind Turbine  

O&M on an offshore windfarm are specifically crucial for two main reasons: 

The first and most obvious one is corrosion. Corrosion occurs on a metal surface when atoms are oxidising. 

An example is internal corrosion, where seawater gets trapped inside the foundation. External corrosion 

happens on the outside of the foundation where more salt water is exposed. Corrosion on the leading edge 

of the blade occurs often. Even a little bit of leading edge corrosion can lead to a 5% decrease in annual 

energy production. Luckily research has shown that adjustments can lead to less leading-edge corrosion. A 

good example is that reducing the tip speed during heavy rainfall reduces blade corrosion. Besides corrosion, 

fatigue is crucial. Fatigue occurs in every component of the turbine and the structure as a whole. How the 

power from the blades impacts the structure as a whole, depends besides the size of the blades, also on the 

composition of the seabed. Normally fatigue occurs when a material is subjected to repeated loading and 

unloading of a certain power. For offshore wind, the causes of fatigue are the continuous loading and 

unloading of cyclic winds and waves. 

Where corrosion and fatigue on components are measurable and therefore suitable for predetermined and 

condition-based maintenance, certain events can occur that are unpredictable and cannot be calculated and 

that therefore need direct corrective maintenance. Besides corrosion and fatigue, wind turbines encounter 

a number of different issues that are connected to their structural strength. Several of these include: 

- Dynamic loads: Wind turbines are vulnerable to dynamic loads (which cause vibrations) because of the 

ǿƛƴŘΩǎ Ŏƻƴǎǘŀƴǘ ŎƘŀƴƎŜǎ in speed and direction. These loads have the potential to wear out and strain the 

ǘǳǊōƛƴŜΩǎ ǇŀǊǘǎ ƻǾŜǊ ǘƛƳŜΦ 

- Extreme weather conditions, such as hurricanes, typhoons, icing and harsh winter conditions can affect 

wind turbines since they are frequently placed in isolated and exposed locations. These occurrences could 

cause structural damage to the turbine tower and blades by applying strong forces or even unbalanced loads 

(in the icing case) and reduced aerodynamic performance. 

- Tall wind turbine towers may suffer resonance, in which the inherent frequency of the tower and the 

frequency of gusts coincide. 

- Lightning Strikes: Because they are frequently the tallest structures around, wind turbines are more 

vulnerable to lightning strikes. Critical parts may be damaged by lightning, which might compromise the 

ǘǳǊōƛƴŜΩǎ ǎǘǊǳŎǘǳǊŀƭ ǎǘŀōƛƭƛǘȅΦ 

- Wind Shear and Turbulence: Wind shear, or the change in wind direction and speed with height, can put 

undue strain on the ǘƻǿŜǊΩǎ ōƭŀŘŜǎΦ ²ƛƴŘ ǘǳǊōǳƭŜƴŎŜ Ŏŀƴ ŀƭǎƻ ǎǳōƧŜŎǘ ǘƘŜ ǘǳǊōƛƴŜ ǘƻ unstable forces, which 

can affect how durable its structural integrity is. 

- Geotechnical and tower foundation challenges: The total structural integrity of the wind turbine depends 

on the stability and strength of the tower base. It is crucial to make sure the foundation can handle the loads. 
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We have to define the various technologies of condition monitoring to detect potential equipment failures. 

The condition monitoring approach involves the use of sensors and other instruments to collect data on the 

overall condition of the system. Examples of these monitoring techniques are according to (Rinaldi et al., 

2021a) listed below: 

- Vibration analysis: used for the gearbox and to test the bearings. 

- Oil quality analysis: to test the lubrication status in the mechanics. 

- Acoustics: mechanical flaws or possible cracks can be found by listening. 

- Ultrasonic testing: check for cracks and look at the inside of the blades. 

- Temperature testing: check mechanical and electrical components for excessive heat. 

- Humidity analysis: corrosion hazards can be found by evaluating the moisture in the air. 

- Strain measurements: test the blades on bending variations. 

- Electric signals measurements: to test whether the energy transmission is stable. 

For these condition-monitoring processes to be successful, a holistic maintenance strategy is crucial. Luckily 

the quality of the measurement techniques is improving rapidly. Due to the criticality of a good O&M strategy 

and optimal monitoring, many different parties are entering the field of O&M to come up with interruptive 

ideas that might shape the future of O&M in the offshore wind market, reducing the total LCOE. 

Although monitoring all components can be challenging, it is a crucial aspect of the condition-based 

maintenance strategy, which is the second type of preventive maintenance. If executed correctly, this 

approach has the potential to be the most effective. Despite the fact that monitoring everything can be 

resource-intense and Ŏŀƴ ŘŜƳŀƴŘ ƘƛƎƘ ƛƴǾŜǎǘƳŜƴǘǎ Ǿƛŀ ƛƴƴƻǾŀǘƛǾŜ ǎƻƭǳǘƛƻƴǎ ƻŦǘŜƴΣ ǘƘƛǎ ŀǇǇǊƻŀŎƘΩǎ ǇƻǘŜƴǘƛŀƭ 

can save in the long term, since it prioritises the continuous operation of the wind turbine (Toftaker et al., 

2022). 

Condition-based maintenance strategy 

Looking at corrective maintenance, predetermined maintenance, and condition-based maintenance, 

monitoring innovations will mainly change the strategy of condition-based maintenance. Condition-based 

maintenance consists of data collection, reliability monitoring, and a decision-making moment. For data 

collection, information is used from the behaviour of certain components at different turbines or even from 

knowledge acquired from other windfarms. All this information is collected and compared to the information 

the sensors are offering. The second step is to use these data to predict the malfunctioning of a component. 

This step improves as more and more data are collected (it is an iterative process with machine learning 

algorithms involved and even with the use, in cases, of digital twins). The last step is to decide to replace a 

certain component before it breaks down. Costs and other constraints for replacing this model need to be 

assessed in advance. If the process of replacing the component is much more expensive than the loss of 

energy output caused by the malfunctioning component over a certain period, it can be decided not to 

replace the component and let it break down.  Condition-based monitoring is focused on components. The 

dependence on components is different and can be placed in four categories according to (Rinaldi et al., 

2021a): 

- Structural dependence: the wind turbine will stop functioning after the failure of a structurally 

dependent component. 

- Stochastic dependence: The failure of one component has an impact on the next component. If one 

component breaks down, it is more than likely that other components will suffer from it. 

- Economic dependence: Maintaining more components at the same time is cheaper than maintaining 

them one by one. 
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- Resource dependence: Maintenance is difficult due to the limited availability of the specific 

component. This can also be limited availability of the technician that needs to do the maintenance 

or replacement, or it can simply be logistics dependent. 

All four categories are handled differently. Sensors are placed to monitor these specific components. 

Ψ/ƻƴŎŜǊƴƛƴƎ ǘƘŜ ƴŀǘǳǊŜ ŀƴŘ ǘƘŜ number of sensors, there is clearly a trade-off between the accuracy of 

damage detection and the drawbacks of additional sensors in terms of cost, reliability and computational 

ōǳǊŘŜƴΩΦ LƴƴƻǾŀǘƛƻƴǎ ƛƴ hϧa Ŏŀƴ Ǉƻǎǎƛōƭȅ ŎƘŀƴƎŜ ǘƘŀǘ thought. Finding the right O&M strategy for these 

different types of components is the core of condition-based maintenance. 

 

Innovations 

Looking at data collection, reliability monitoring, and decision-making during condition-based monitoring, 

robotics is impacting this a lot. It is impacting the data collection phase and reliability monitoring phase. 

Extensive data mining is used to discover patterns in the created large datasets. These patterns will increase 

the effectiveness of the decision-making process a lot. Machine learning ς as already mentioned ς links 

certain characteristics of measured components to each other to predict a certain outcome. Artificial 

Intelligence ό!Lύ ǿƛƭƭ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ƻǇǘƛƳƛǎŜ ǘƘŜ ƻǳǘŎƻƳŜǎΦ !L ǿƛƭƭ ŀŘŘ ΨŀŎŎǳǊŀŎȅ ŀƴŘ ǊƻōǳǎǘƴŜǎǎΩ ǘƻ Ŧŀǳƭǘ 

detection systems, in a way that false alarms and alarms are recognised. There have been significant 

technological innovations in wind turbine monitoring in recent years. Some of the technologies include 

condition monitoring systems which involve using sensors to monitor components inside a wind turbine in 

order to detect potential faults. Vibration monitoring is another key technology used and together with 

acoustic monitoring ς which is a non-invasive technology ς the focus on vibrations and noise emissions from 

the turbine, both extremely useful for gearboxes and rotor blades. Over the last few years, AI technologies 

are used to analyse large volumes of data from sensors and other monitoring systems identifying trends and 

trends in the data. As there are many types of innovations in this field. The first one mentioned is the Blade 

Bug, that is able to crawl up and down a blade for inspections and repair purposes Figure 3.18 (BladeBug, 

2021), instead the Arthbot does internal crawler inspections to collect data from the inside of the blades 

Figure 3.19  (BladeInsight, 2021). 

Drones are another example of innovation. Rope access for blade repairs is very expensive and therefore not 

the best way for inspections. There are already parties that offer fully automated drone inspections. These 

automated drones collect data from blades. They use lasers and AI to find potential damage and reduce the 

possibility of accidents during inspections performed by teams with rope access. Last, another innovative 

technology is the introduction of the Internet of Things in wind turbine monitoring via attentive listening. 

Through a collaboration between Ping Monitor, Lattech Systems, and u-blox, acoustic sensor data is 

transmitted to the cloud for ongoing monitoring of wind turbine blade health. This breakthrough is a 

significant contribution to the promotion of clean energy. 

Furthermore, the development of self-healing or self-repairing materials for wind turbine parts has been 

studied by researchers. These materials can automatically fix minor flaws like cracks or chips, which 

eliminates the need for regular manual repairs. Also, by utilising big data and machine learning algorithms, 

wind farm managers may enhance overall efficiency by optimising maintenance plans, reviewing 

performance information, and spotting patterns and abnormalities. 
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[ŔŊƨƖĲЮΦдΤΫЮшЮ7ũċĬĲЮ7ƨŊ 

 

[ŔŊƨƖĲЮΦдΤάЮцЮƖƣőĤŸƣ 

 

3.3.3 т OPEX Floating Wind Turbine 

FOW has the advantage of being able to learn from the growth of BFW technology. With technology and 

supply chain development there is a clear and credible trajectory to delivering commercial FOW sites. 

However, the introduction of floating systems introduces new challenges and constraints. Logistical 

problems, such as the increase in the distance to the shore and the harsher environment, are key areas of 

concern from an O&M perspective. The key challenges faced are wave sensitivity, maintainability, anchor 

cost/complexity, mooring cost/complexity, and turbine motion as identified by NREL (Butterfield & Musial, 
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2005), all of which have a direct impact on O&M. Other operational challenges include a lack of available 

data due to the infancy of the industry. 

Environmental conditions: Like BFW, FOW concepts will still be affected by access restrictions caused by poor 

weather. Weather conditions such as wind speed, wind turbulence, wave height and sea condition, 

temperature and humidity can all have significant impact on the reliability and maintainability of constant 

wind to be used to its benefit, due to the anticipated increase in distance to shore. However, an increased 

distance from shore results in harsher weather conditions leading to a decrease in accessibility to site. This, 

combined with the increase in travel time, makes the use of access and weather windows vital to efficient 

and profitable operation. One of the main costs associated with operational expenditure (OpEx) is the 

opportunity cost from downtime. An opportunity cost is defined as the revenue which could have been 

generated, had the turbine been operational. Exposure to harsher and more challenging environmental 

conditions also has the potential to result in a rapid progression of the degradation of the asset, increasing 

the requirement for maintenance visits to site. 

Major component replacement: Due to the expected depths of FOW sites, the use of conventional major 

component replacement vessels will not be viable. This creates an interesting challenge of how major 

component replacements will be conducted. New solutions have been considered including on-site solutions 

such as floating-to-floating transfer, floating cranes, and self-hoisting equipment, and off-site methods such 

as T2S. Some FOW configurations offer the opportunity to be towed to shore for extensive maintenance 

activities. This maintenance activity is only applicable to shallow draft structure types and those FOW 

structures able to satisfy the intact stability requirements even when not moored, such as a tension leg 

platform (TLP). The viability of this strategy also depends on the port facilities. The port must have sufficient 

water depth, equipment (such as an onsite crane), and general scale to meet the maintenance needs of 

ŦƭƻŀǘƛƴƎ ǘǳǊōƛƴŜǎΦ ¢ƘŜǊŜ ƛǎ ŀƭǎƻ ŀƴ ŀŘŀǇǘŜŘ ǾŜǊǎƛƻƴ ƻŦ ǘƘƛǎ ǎǘǊŀǘŜƎȅ ƪƴƻǿƴ ŀǎ άǘƻǿ ǘƻ ǎƘŀƭƭƻǿέ ǿƘŜǊŜ ǘƘŜ 

turbine is towed to shallow water for maintenance at depths suitable for Heavy Lift Vessel and Jack Up Vessel 

assistance. The overall uptake of FOW is limited by the availability of suitable port and grids infrastructure. 

Most European ports and harbours are not equipped to deal with the scale of operations required for 

installation and maintenance of such assets; this becomes an increasing issue due to the pace of installation 

of new BFW and FOW sites. 

Turbine motion: The motion of the turbine will have a significant impact on O&M, making access and egress 

by personnel more challenging, as the process moves from a floating-fixed transition to a floating-floating 

system. This could increase the difficulty of performing on-site inspections and repairs, due to the inherent 

dynamics of floating wind turbines, and raises concern about the safety of technicians performing 

maintenance on the floating structure. It is vital that future works regarding O&M modelling have an 

appreciation of this additional factor when considering the health and safety parameters and limitations 

required for safe working conditions for technicians. It is expected that additional weather and 

environmental factors such as peak wave period and wave direction will be required to assess the workability 

of the asset. The motion of the asset is also expected to have an impact on the rate of degradation of the 

components, particularly within the drivetrain. 

Despite the lack of commercial sites operating, several literature reviews on the technology have been 

carried out. At present, efforts have been focused on optimisation of the sub-structure and the advantages 

and disadvantages of existing technologies. Based on the literature, spar, TLP, and semisubmersible (semi-

sub) support structures are the most advanced technologies. Most of the FOW reviews conducted thus far 

provide recommendations/details of O&M requirements for the technology. It is agreed in the review 
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literature that TLP will be the most effective for O&M, both in terms of cost and ease of maintenance, despite 

the fact that no TLPs have been installed at the commercial level. (Rinaldi et al., 2021b) showed that condition 

monitoring is not currently widely used for FOW. This is due to several factors, the main being the infancy of 

the technology/industry. However, the floating nature of the platform will bring about a series of new 

requirements, such as additional environmental parameters to monitor, e.g., hydrodynamic loadings and 

platform motions. Although corrosion is expected to cause problems, fatigue due to wave and wind, loadings 

must be assessed due to platform motion. Increased use of control systems to monitor platform motions can 

lead to a higher number of electrical-related failures. These additional challenges reinforce the need for 

accurate O&M modelling of the technology and highlights the need for dedicated modelling of failure rates 

of such systems. The deployment of FOW is in line with the uptake of new technologies discussed in Ref. 

(Rinaldi et al., 2021b), therefore, it is likely that the overall maintenance strategy of the site will change due 

to these technological advancements. The expected challenging environmental conditions of FOW sites are 

likely to benefit from unmanned inspections through the use of drones due to issues with accessibility. 

FOW O&M model 

Adaptations of existing model 

Example of applications could be (Rinaldi & Thies, 2020) adapts the model used in (Rinaldi & Johanning, 
2016) for offshore wind, wave and tidal energy applications. This model is based on the Markov Chain Monte 

Carlo approach, which combines random processes representing a sequence of events with repeated 

sampling of the same scenario subject to random variations. Key changes were required to make it suitable 

for FOW applications, including the addition of a T2S option for maintenance. Two T2S options are 

implemented, the first requiring a continuous weather window from failure to repair and the second being 

split into sections where the onshore repair does not require a weather window. While details are not 

provided, it is likely the continuous weather window for T2S is modelled as a major component failure with 

a large associated time to repair. 

New models for FOWT 

Example of applications could be (Martini et al., 2018) have one of the most complex models. They used 

three separate models to map out the O&M logistics of a site and the impact of downtime. The first is a 

discrete event model, the second a floating turbine model, and finally a wind farm model which are then 

integrated into a single simulator. Failure and reparation times are simulated stochastically and referred to 

ŀǎ άŜǾŜƴǘǎέΦ ¢ƘŜ ƻǇŜǊŀǘƛƻƴŀƭ ŜƴǾŜƭƻǇŜ ŦƻǊ .C² ƛǎ ǘȅǇƛŎŀƭƭȅ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ƳŜŀƴ ǿƛƴŘ ǎǇŜŜŘΦ IƻǿŜǾŜǊΣ ŦƻǊ 

FOW, this is much more complex. This work uses a simplified FOW model from (Karimirad & Moan, 2012) 
considering both the environment loads (wind, currents, waves) and the reaction of the system 

(displacements, accelerations). Structural, mechanical, and electrical components are designed to withstand 

specific loads, which are often related to the platform motions. Rigid body dynamics is solved considering 

first-order wave loads, quasistatic mooring loads, and quasi-static aerodynamic loads providing statistical 

information, such as mean and standard deviation, of displacement, velocity or acceleration of any point in 

the structure. When any of these parameters is above a specific operational threshold, it is assumed that the 

wind turbine must be shut down.  

Maintenance strategies 

Maintenance activity across a site is typically split for modelling. This can be preventive and corrective, 

planned and unplanned, major or minor, repair or replacement. (Rinaldi & Thies, 2020) compare two T2S 



99 
 

approaches with a traditional fixed turbine maintenance strategy. The T2S strategies are split into continuous 

and discontinuous. Continuous T2S requires a single continuous weather window for the duration of the 

maintenance activity (towing the structure, repair and return to sea). Discontinuous allows the weather 

windows to be split. Smaller weather windows are required to transport the turbine to and from shore, 

without weather limits restricting repair on shore. The structure is towed to shore for maintenance on 8 of 

the 16 components. This is one of the most in depth analysis on T2S operations with details given about 

towing time, towing limits and time allocated for disconnection and re-connection of the structure. However, 

this methodology is applied ǘƻ ŀ ƎŜƴŜǊƛŎ ǎǘǊǳŎǘǳǊŜΦ LǘΩǎ ǎǘŀǘŜŘ ǘƘŀǘ ǘƘŜ ǘƻǿƛƴƎ ǘǊŀƴǎƛǘ ǘƛƳŜ ŦƻǊ ŀ ƳŀƛƴǘŜƴŀƴŎŜ 

vessel towing the device is 30% higher than transit without the device. (Rinaldi & Thies, 2020) also state that 

the metocean limits that constrain the vessels for tow-to-port operations (i.e., to bring the device to the 

onshore port for maintenance) are 70% lower than the ordinary significant wave height (Hs), wind speed, 

and current speed limits for the same vessels. However, these values are not provided. 

FOW modelling influential factors 

Based on the existing FOW O&M literature, the following key inputs have been identified: 

- Metocean conditions: all weather data needed for analysis, typically inputted to the model as a time 

series. Typically includes wave height and mean wind speed.  

- Taxonomy and Reliability: details of the turbine structures and substructures, including associated 

failure rate and repair times. This section is particularly important within FOW modelling due to the 

increase in components, e.g. support structure, mooring system.  

- Maintenance: the type of maintenance (corrective/preventive, onsite/offshore) and the general 

maintenance schedule.  

- Transport: details relating to all vessels/transport needed to perform O&M activities, including cost, 

speed, capacity, and operational limits.  

- Site logistics: turbine and site modelling with details such as power curves, distance to shore, number 

of turbines, depth of site, etc.  

- Cost data: cost of repair, electricity price and other direct O&M costs such as spare parts, tax, rent & 

rates and balance of plant  

- Crew: crew availability and capacity. Some models state this as an independent input and others 

included within their cost data as a direct cost. 

The key factors identified are in line with those identified by (Seyr & Muskulus, 2019) for BFW O&M 

modelling. Areas such as vessel routing and availability of spare parts are not included in the majority existing 

FOW studies. This is likely due to the infancy of the technology and lack of operational experience. It is 

expected that more specific issues such as routing and transportation fleet optimisation will become areas 

of research specific to FOW in the future. Other potential inputs are specific to the modelling technique such 

as GIS parameters, acceptance parameters, hoisting, and lifting limits. 
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3.4 Decommissioning & Annual Energy Production 

3.4.1 т Decommissioning  

Along with increasing wind power generation globally, there will be a substantial number of wind turbines 

reaching their end-of-life (EOL). In principle, there are three strategies adopted for EOL management of wind 

farms, which are shown in Figure 3.20 (Shafiee & Animah, 2017). These include the following: life extension, 

repowering and decommissioning. Life extension involves prolonging the asset lifespan, whereas the 

repowering involves replacement of the original wind turbines with new and improved wind turbine 

components. Decommissioning is the last phase of a wind farm project lifecycle which is applied when other 

EOL strategies are not feasible. Decommissioning includes all the activities performed before, during and 

after dismantling of wind turbines and their supporting assets and equipment. The wind farm assets are 

disconnected from the grid, dismantled, the items left-in-place are buried or marked, and the site will be 

returned to its original state.  

The decommissioning process of wind farm assets often depends on several factors such as time to end of 

leasing permit, age of the fleet, operation and maintenance (O&M) cost of assets and availability of 

specialised tools. Offshore wind turbine decommissioning is still in its infancy in the world and there are only 

limited data available in wind energy databases. The amount of decommissioning activities in Europe is 

anticipated to increase significantly within the next few years, and the wind energy industry will be better off 

preparing for the financial liability, production deficit in the grid, removal options and strategies and 

environmental remediation. In order to ensure that decommissioning activities are well managed, the high-

cost areas need to be effectively identified and the opportunities and priorities for cost savings to be 

established in a safe manner. Therefore, the financial implications are the main focus of this study; including 

the cost and implications of different tasks and activities and the cost of production deficit in the overall 

energy supply. Although decommissioning in the wind energy industry is different than that in the oil and gas 

and nuclear sectors, some lessons can be learned and transferred to the wind energy sector. Accurate 

estimation of the potential costs to operators and regulators is crucial, so as to make provisions early on in 

the life of the wind farms and make adequate resource planning. To this aim, the wind energy operators and 

regulators must design safe and cost-effective decommissioning plans and procedures for assets before they 

reach the end of their useful life. Attention has to be paid at the early stages of wind farm decommissioning 

to close the knowledge gap and foster improved procedures and processes in the wind energy industry. 

 

[ŔŊƨƖĲЮΦдΥΣЮцЮEŰĬцŸŉцũŔŉĲЮёE§xђЮƚƣƖċƣĲŊŔĲƚЮŉŸƖЮŸǭƚőŸƖĲЮƽŔŰĬЮŉċƖůƚ 

The cost estimation of the entire decommissioning process in offshore wind farms is subject to numerous 

uncertainties. The estimated cost of decommissioning is usually accounted for at the early developmental 

stages of an offshore wind farm project, so as to calculate the levelized cost of electricity (LCOE) more 

accurately. These cost estimates are laden with many assumptions and approximations as there are several 
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factors involved in calculations, such as the project size, project location (water depth and distance from 

port), decommissioning duration, cost and supply of vessels at the time of decommissioning, type of wind 

turbines foundation, the cutting and removal equipment, tools and techniques and accumulated skills and 

experience. Although these estimates make provisions for the initial investment required for 

decommissioning projects, they often provide a gross underestimate of the actual costs at the time of 

execution. For a 240MW wind farm, the decommissioning cost was estimated to account for about 3% of the 

overall project cost; however, it was concluded that these cost estimates were not true representation of the 

actual costs (Topham & McMillan, 2017b). 

Offshore wind farm decommissioning projects are composed of a range of activities from the planning and 

documentation phase to the site clean-up, surveying and monitoring phase. These activities are all shown in  

Figure 3.21 (Gjødvad & Ibsen, 2016). The decommissioning activities must be planned for, as much as 

reasonably practicable, well in advance before the offshore wind farm is commissioned at the initial phase 

of the project lifecycle. The transportation methods for the removed components during decommissioning 

should be factored into the engineering design, layout and installation of offshore wind turbines. Due to the 

relatively long time between commissioning and decommissioning of an offshore wind farm, many factors 

relating to the design and engineering, regulatory compliance, costs, time to decommission and disposal 

options may change over time, and the models used for the initial estimations must be flexible enough to 

accommodate such changes.  

The decommissioning strategy for offshore wind farms is chosen based on a number of financial, safety, 

socio-economic, environmental and technological factors. The current decommissioning strategies include 

removal (complete or partial) for reuse, recycling and repurposing (e.g. reef) of the entire wind turbines or 

the components. Partial removal involves removing some components and leaving some others in place like 

the foundation piles and power cables. However, only certain components can be left in place because of 

reasons such as excessive cost to decommission and potential environmental impacts. Different removal 

options, including single lift, piece small or piece large, require different types of vessels and cranes like 

lifeboats, jack up barges and self-propelled installation vessels. 

 

[ŔŊƨƖĲЮΦдΥΤЮцЮ§ǭƚőŸƖĲЮƽŔŰĬЮŉċƖůЮĬĲĦŸůůŔƚƚŔŸŰŔŰŊЮƽŸƖťǰŸƽ 

Proposal framework 

In our model, the decommissioning cost is assumed to be equal to 65% of the installation cost previously 

presented in the CAPEX evaluation. This assumption provides a reasonable approximation for the purposes 
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of our analysis. Nevertheless, a more in-depth discussion on decommissioning is provided below, although a 

precise modelling approach cannot be implemented due to the significant lack of reliable and applicable data. 

A cost-breakdown structure (CBS) is developed for decommissioning of offshore wind farms. To this aim, a 

work breakdown structure (WBS) is presented to identify the major cost drivers during decommissioning 

execution in a systematic manner. The main difference between cost estimation of a decommissioning 

project and that of other engineering construction projects is that decommissioning is not primarily intended 

for profitability. Thus, much attention must be paid to ensure safety while minimising the decommissioning 

cost. Therefore, our analysis will be useful not only to identify and analyse the cost elements involved in 

decommissioning process of offshore wind farms but also to provide solutions on how to reduce cost of 

decommissioning activities. The proposed framework covers all phases within the decommissioning process 

that contribute to the total decommissioning cost estimate. The costs can be either direct or indirect, fixed 

or variable. Direct costs are those accrued as a direct result of the activities or tasks performed, whereas 

indirect costs arise from other overhead expenditures necessary to support decommissioning activities. Fixed 

costs are those that remain unchanged regardless of amendments during the project execution, whereas 

variable costs are flexible and change with the level of activity. The major cost drivers can also be updated in 

our framework so as to consider the changes in decommissioning cost factors at the time of project 

execution. The CBS developed for the decommissioning of offshore wind farms is represented in Figure 3.22 
(T. Adedipe & Shafiee, 2021). As can be seen, the wind farm decommissioning process is divided into four 

primary phases, namely planning and regulatory approval, execution, logistics and waste management and 

post-decommissioning. These phases are broken down further into several subtasks, and then, the cost 

information of phases and subtasks are used to estimate the total decommissioning cost (ὅ ). 

Therefore, Equation(14): 

ὅ  ὅǪ  ὅ  ὅ Ǫ  ὅ    ρτ 

where ὅǪ , ὅ , ὅ Ǫ  and ὅ  represent the planning and regulatory approval cost, execution 

cost, logistics and waste management cost and post-decommissioning cost.  

 

[ŔŊƨƖĲЮΦдΥΥЮцЮ9ŸƚƣЮĤƖĲċťĬŸƽŰЮƚƣƖƨĦƣƨƖĲЮё97ÉђЮŉŸƖЮĬĲĦŸůůŔƚƚŔŸŰŔŰŊЮċĦƣŔƻŔƣŔĲƚЮŔŰЮŸǭƚőŸƖĲЮƽŔŰĬЮŉċƖůƚ 
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Planning and regulatory approval phase 

The planning and regulatory approval phase consists of three subtasks, namely, engineering planning and 

project management, regulatory approval and contingency planning. 

Engineering planning for offshore wind farm decommissioning includes organising technical, contractual, and 

procurement aspects, alongside comprehensive project management to ensure timely execution and risk 

mitigation. It involves environmental risk assessments, task scheduling, cost allocation, and coordination 

among contractors and suppliers. Project management integrates scope, resources, costs, and quality 

planning into updated project documentation. 

Regulatory approval for offshore wind farm decommissioning involves compliance with national and 

international guidelines, though specific regulations for marine installations are limited. In the UK, a 

structured seven-stage approval process requires early planning, stakeholder consultation, and submission 

of documents including environmental impact assessments and decommissioning schedules. Approvals must 

detail removal methods, resources, safety, and cost estimates, with revisions required if initial applications 

are rejected. 

Contingency planning in offshore wind farm decommissioning accounts for unforeseen schedule changes or 

additional work, with costs typically ranging from 10ς30% of the total budget. It includes work contingencies 

(around 10%) and wait-on-weather allowances (about 20%), which cover risks like vessel cost changes and 

adverse weather. As experience increases, the need for large contingencies may decrease. 

The total cost of engineering planning and project management phase is given by Equation(15): 

 ὅǪ ὅ ὅ ὅ ὅ ὅ ὅ ὅ ὅ

ὅ    ρυ 

where ὅ , ὅ ȟὅ ȟὅ ὅ , ὅ ȟὅ ȟὅ ȟὅ  represent the costs 

associated with engineering planning, contingency, consultation, facility audit, environmental impact 

assessment survey, amendment expenses, regulatory approval, permit and insurance, respectively. (T. 
Adedipe & Shafiee, 2021) 

Execution phase 

When the decommissioning plan is approved and all contractual and legal documentations are signed, the 

decommissioning execution will start. Project management will be ongoing throughout this stage to ensure 

that tasks are completed to budget, schedule and quality. The contingency plan and budget will also be 

continuously revisited at different milestones during the execution phase. Some activities are spaced out 

months apart, depending on the schedule and availability of removal facilities. The cost of decommissioning 

execution is equal to summation of the cost of activities involved. Therefore, Equation(16), 

ὅ ὅ ὅ ὅǪ ὅ ὅ ȟ    ρφ 

where ὅ ȟὅ ȟὅǪ ȟὅ ȟὅ ȟ  represent the cost of disconnection of wind turbines 

from the grid, cost of wind turbine preparation for removal, cost of lifting and removal of wind turbines, 

tower, foundations and scour protection, cost of decommissioning of offshore substations and cost of 

decommissioning of cables (inter-array and export), respectively (T. Adedipe & Shafiee, 2021). These costs 

are better explained: 
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Disconnection of wind turbines from the grid is the first activity in the decommissioning execution phase. It 

ensures that transmission of power from the wind turbines to the substation is stopped, the turbines are de-

energised and electrically isolated and the inter-array cables are disconnected. This task involves costs of 

personnel and workboat. 

Wind turbine decommissioning preparation involves removing hazardous materials, such as lubricants, from 

the nacelle for proper onshore disposal, ensuring safety and compliance. Additional steps include rotor 

reorientation, ventilation, removal of equipment and marine growth, draining offshore substation platforms, 

and installing lift points and navigational markers to minimise risks and ensure visibility during and after 

operations. 

Wind turbine removal involves cutting and lifting components like blades, hub, nacelle, tower, foundation, 

and cables using various vessels. Techniques include abrasive water jetting, flame cutting, diamond wire, 

explosives, and laser cutting, with some methods allowing disassembly without specialised vessels. Lifting 

strategies may replicate installation methods, such as removing the tower and hub in single or combined lifts. 

Offshore substation decommissioning involves removing the topsides and foundation and transporting them 

to port. Key cost factors include vessel needs, water depth, distance to shore, pile dimensions, removal 

duration, and navigational marking requirements. Foundations are cut below the seabed to avoid hazards, 

and all activities must be clearly communicated to sea users to ensure safety. 

Power cables in offshore wind farms are either fully removed or buried in place, depending on regulatory 

requirements and project specifics. Decommissioning methods and costs depend on vessel type, equipment, 

weather, water depth, and removal strategy. Most cables are buried rather than removed, though recycled 

copper makes full removal economically viable. Accurate cost estimates are challenging due to limited data, 

but past installation data can help reduce uncertainty in removal planning. 

Logistic and waste management phase 

Depending on the removal option adopted for offshore wind farm installations, the removed components 

will be transported to a port where some preparations are carried out for component reuse, recycling, 

incineration or scrapping (e.g. disposal in a landfill). The components may be sorted into different categories, 

for example, metals (aluminium, steel, copper from cables, etc.), electrical components, mechanical 

components, hydraulic waste and concrete waste. This systematic approach makes it possible to manage all 

components economically, safely and environmentally. The main inventories during offshore wind farm 

decommissioning projects include steel, concrete, plastic, non-ferrous (e.g. carbon fibre, concrete), drill 

cuttings and hazardous substances. Each inventory must have a pre-approved mode of transportation and 

disposal. The costs incurred in this phase include logistics cost (ὅ ) and waste management cost (ὅ ). 

Therefore, Equation(17),  

ὅ Ǫ ὅ ὅ    ρχ 

Since logistics costs are market-sensitive, their estimation will be subject to uncertainty until it is closer to 

the time when the decommissioning project starts (T. Adedipe & Shafiee, 2021). These costs are better 

explained: 

Logistics planning is essential for offshore wind farm decommissioning, encompassing the transport, storage, 

and processing of materials. It involves complex coordination with the maritime supply chain and selection 

of cost-effective transportation strategies based on factors like vessel type, project scale, and component 
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size. Various vessel types may be used, and costs are influenced by port access, vessel contracts, weather 

conditions, and operational durations. Simulation tools and logistical models help optimise time and cost 

efficiency in planning. 

Waste management: As offshore wind installations increase, so does the volume of decommissioning waste, 

which must be managed through sustainable onshore practices due to regulatory restrictions. Waste 

handling methods include reuse, recycling, repurposing, incineration, and landfill disposal. Components are 

sorted and processed at port, though certain materials like turbine blades remain difficult to recycle and are 

often incinerated for energy recovery. Further research is needed to improve recyclability, particularly for 

complex or hazardous materials. 

Post decommissioning phase  

Post-decommissioning is the last phase of offshore wind farm decommissioning projects. This phase consists 

of all activities carried out to ensure that the site condition is returned, as much as is possible, to its original 

state. This involves perpetual monitoring and management of the offshore wind site. During the post-

decommissioning phase, the seabed soil will be allowed to settle naturally. Also, any items left-in-place (e.g. 

buried cable ends and pile ends) will be monitored in perpetuity. There are several factors affecting the cost 

of post decommissioning. For example, the distance from shore is a critical factor for the logistics related 

activities/tasks. Other factors like length of mooring lines, size of anchors and length of cables also need to 

be considered. In general, the post decommissioning costs are divided into cost of surveying, cost of cleaning 

up the site and cost of hiring vessels, personnel/crew and equipment. It is difficult to quantify the cost of 

post decommissioning monitoring as it is dependent on the types and number of items left in place. This 

becomes a liability of the government if the former operator goes out of business, or the liability is not 

transferred to the new business owner if sold. Other activities that are categorised under miscellaneous 

include notifying the appropriate bodies for map updates within the regulatory requested period. The cost 

of post-decommissioning (ὅ ) is calculated by the following Equation(18): 

ὅ ὅ ὅ ὅ ὅ ὅ    ρψ 

where ὅ ȟὅ ȟὅ ȟὅ  ὥὲὨ ὅ  represent the costs of site survey, site clearance, site monitoring, site 

remediation (if required) and miscellaneous, respectively (T. Adedipe & Shafiee, 2021). 

 

3.4.2 т Annual Energy Production 

Annual Energy Production (AEP) is the total electrical energy a wind turbine (or farm) generates over one 

ȅŜŀǊΣ ǘȅǇƛŎŀƭƭȅ ŜȄǇǊŜǎǎŜŘ ƛƴ a²Ƙ ƻǊ D²ƘΦ Lƴ ǇǊŀŎǘƛŎŜΣ !9t ƛǎ ŎƻƳǇǳǘŜŘ ōȅ ƛƴǘŜƎǊŀǘƛƴƎ ǘƘŜ ǘǳǊōƛƴŜΩǎ ǇƻǿŜǊ 

output over the wind climate at the site. For a single turbine, the gross AEP assumes continuous operation 

(100% availability) with no losses and is given by the sum (or integral) of instantaneous power over a full year. 

Equivalently, AEP can be written in Equation(19): 

ὃὉὖὌ ὖὺὪὺ Ὠὺ   ρω 

where ὺ  ὥὲὨ ὺ  are the cut-in and cut-out velocity respectively, H=8760h, P(v) is the turbine power curve 

(power vs wind speed v), and f(v) is the probability density of wind speed at hub height (Rdocumentation, 

2025).  



106 
 

This formulation is explicitly stated in IEC 61400-12-мΥ ǘƘŜ !9t ƛǎ ƻōǘŀƛƴŜŘ ōȅ άŀǇǇƭȅƛƴƎ ǘƘŜ ƳŜŀǎǳǊŜŘ ǇƻǿŜǊ 

ŎǳǊǾŜ ǘƻ ǊŜŦŜǊŜƴŎŜ ǿƛƴŘ ǎǇŜŜŘ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǘƛƻƴǎέ όŀǎǎǳƳƛƴƎ Ŧǳƭƭ ŀǾŀƛƭŀōƛƭƛǘȅύ (Standard sdb, 2025). In 

simpler terms, one multiplies the power at each wind speed by the fraction of time the wind blows at that 

speed, summed (or integrated) over all speeds and scaled by the total hours in a year. 

In our model we decide to utilise a simplified statistical model, that is the classical approach, utilising the 

probability Weibull distribution Equation(20) Figure 3.23 (UniPD, 2024) ǘƻ ǘƘŜ ǎƛǘŜΩǎ ƭƻƴƎ-term wind-speed 

data.  
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[ŔŊƨƖĲЮΦдΥΦЮцЮÂƖŸĤċĤŔũŔƣǃЮĬĲŰƚŔƣǃЮŉƨŰĦƣŔŸŰЮƓũŸƣ 

Similarly, the energy production curve can be derived by considering the same number of utilization hours 

and multiplying them by the power corresponding to a specific wind speed. 

Another important parameter that we compute is the mean wind speed evaluate in Equation(22): 

ὺӶ ὺ Ὤz    ςς 

where ὺ  is the mean wind speed at 100m of altitude, Ὤ  is the altitude of the hub, and ‌ is the 

exponent of open water equal to 0.1. 

The discrete form that we use in our model to define the Annual energy production is Equation(23): 

ὃὉὖ Ὄ ὡ ὺ ὖὺ    ςσ  

where H=8760h, ὦ is the range of wind speed that we take in account with an interval every m/s, ὡ ὺ  is 

the probability (frequency) of wind speed bin ὺ, ὖὺ  is the power at that speed. 

In our calculation we have considers different loss factor assumptions: 
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- Turbine availability & performance loss: 2.00% 

- Wake loss: 9.00% 

- Array cable loss: 2.00% 

that give us a define efficiency evaluate by Equation(24): 

–  ρ ὰέίίὩί   ςτ 

The real AEP that we take in account after all losses is evaluated Equation(25): 

ὃὉὖ – ὃὉὖ    ςυ 

Another parameter that we have to take in account is the Capacity Factor (CF), that is define as the ratio of 

actual annual energy produced to the theoretical maximum (rated power x утсл Ƙύ Equation(26): 

ὅὊ
ὃὉὖ

ὖ  ψχφπ
   ςφ 

that we can consider for the ideal case, considering AEP without efficiency, or in the real case, considering 

all the losses. 

Knowing the gross capacity factor, we can evaluate the gross AEP per year in Equation(27): 

ὃὉὖ Ὁ  Ὄ ὅὊ    ςχ 

where Ὁ  is the energy that the wind farm can produce, H=8760h, ὅὊ  is the capacity factor in the 

ideal case. 

And the Net Annual Energy Production considering the losses, as in the Equation(28): 

ὃὉὖ – ὃὉὖ    ςψ 

¢ƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ŀ ǘǳǊōƛƴŜΩǎ !9t ŘŜǇŜƴŘǎ ǎŜƴǎƛǘƛǾŜƭȅ ƻƴ ōƻǘƘ ǘƘŜ ǿƛƴŘ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǘǳǊōƛƴŜ ŘŜǎƛƎƴΦ The 

primary factors are: 

Wind resource characteristics: The mean wind speed and its distribution at the site are by far the biggest 

factors. Higher average wind speeds yield more energy (since P(v) rises roughly with ὺ below rated speed). 

The shape of the distribution (often quantified by a Weibull shape parameter) also matters: a broader 

distribution means more extreme winds but also more low-speed hours. Variability and intermittency 

(seasonal and diurnal cycles) will cause the actual annual yield to fluctuate from year to year. In offshore 

settings, winds are typically stronger and more consistent than onshore, leading to higher Capacity Factors 

(Pryor et al., 2018). Wind shear (variation of speed with height) affects the effective hub-height speed. 

Turbine Power curve and specifications: ¢ƘŜ ǘǳǊōƛƴŜΩǎ ǊŀǘŜŘ ǇƻǿŜǊ, rotor swept area, and control settings 

directly determine P(v). Key parameters include the cut-in speed (below which P=0), the rated speed (above 

which P is capped), and the cut-out speed (above which the turbine shuts off for safety). A larger rotor or 

higher rotor efficiency (e.g. higher peak power coefficient ὅ) will increase energy capture at a given wind 

speed. Variable-speed operation and pitch control tend to allow more flexible capture of varying winds. The 

hub height is important: a higher hub intercepts faster winds on average (due to shear), raising AEP 

(Rdocumentation, 2025). Finally, turbine availability is part of net AEP. Well-maintained offshore turbines 
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typically aim for > 95ς98% availability. Indeed, studies report onshore availability ṃ 98% (Pryor et al., 2018), 

and offshore may be slightly lower due to harsher conditions (maintenance at sea). 

Wake effects and farm layout: In multi-turbine offshore wind farms, upstream turbines create wakes that 

ǎƭƻǿ ŀƴŘ ƛƴŎǊŜŀǎŜ ǘǳǊōǳƭŜƴŎŜ ƛƴ ǘƘŜ Ŧƭƻǿ ǊŜŀŎƘƛƴƎ ŘƻǿƴǎǘǊŜŀƳ ǳƴƛǘǎΦ ¢Ƙƛǎ άǿŀƪŜ ƭƻǎǎέ ƳŜŀƴǎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ 

wind speed at downstream rotors is lower, reducing total farm AEP. Wake losses depend on layout and 

spacing: tightly packed arrays can lose on the order of 10ς20% of energy. (By contrast, widely spaced or 

staggered layouts have smaller losses.) Analytical wake models (Jensen, Frandsen, Ainslie, etc.) or CFD-based 

tools (e.g. FLORIS, LES simulations) are used to estimate these losses when computing farm AEP (Pryor et al., 

2018). In practice, farm developers include wake factors or use simulation to derate the ideal AEP from a 

single turbine to account for array effects. 

System losses and availability: Beyond wake losses, various other losses reduce net AEP from the gross ideal. 

Electrical losses in transformers and cables (often a few percent), blade soiling or icing, and parasitic losses 

(drive-train friction, yaw motors, etc.) all subtract a small fraction of energy. Curtailments (due to grid limits 

or storms) also reduce output. The turbine availability factor accounts for downtime (planned maintenance 

or unexpected faults). High-quality offshore operations target 95ς98% availability, meaning loss of 2ς5% of 

hours (Pryor et al., 2018). 

Environmental and climatic factor: Finally, site-specific environmental factors matter. Extreme winds (gusts, 

hurricanes) may lead to more frequent cut-outs offshore. Marine atmospheric conditions (low surface 

roughness over water) tend to create lower turbulence but higher wind shear than onshore. Some advanced 

AEP models even account for ocean waves and icing likelihood. In practice, these are smaller effects 

compared to the ones above but can be important for accurate forecasting. 
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3.5 - Financial parameters 

3.5.1 - Discount rate  

Definitions 

Cash flows n periods in the future (future value or FV) are worth less than cash flows today (present value or 

PV), and the discount rate r is used to make the comparison, according to the following Equation(29) (Brealey 

et al., 2010): 

ὖὠ Ὂὠ ρ ὶ    ςω 

Net Present Value (NPV) is the sum of present values calculated for many periods, in this model annually. 

Both LCOE and Breakeven Price are calculated such that the NPV of benefits equals the NPV of costs 

Equation(30): 

ὅ ρ ὶ ὃὉὖ ὖ ὄ  ρ ὶ    σπ 

where for each period n, ὅ is total cash expenditures (including debt service payments where appropriate), 

ὃὉὖ is energy production, ὄ  represents other benefits such as tax benefits, capacity payments, etc., and 

ὖ (which is the resulting LCOE) is the hypothetical energy price in that period. 

The discount rate r reflects the risk adjusted opportunity cost of capital.  Many analysts assume a single 

ΨΨǎƻŎƛŀƭ resource ŎƻǎǘΩΩ as the discount rate for any technology in their LCOE calculation, in order to compare 

technologies without influence from what may be seen as judgments from financial markets that are 

irrelevant to the technologies. This maybe appropriate for calculating LCOE, but for Break even Price an 

understanding of market rates is needed. Thus, here we prefer to use the market-based cost of capital as a 

basis for our discount rate, even for our LCOE calculation. Cost of capital is a measure of the equivalent 

constant annual return required by capital markets for investment in a project; it varies according to financial 

structure and risk. There are generally two types of capital: debt and equity. Debt securities usually promise 

fixed payments over a predetermined term, while equity securities give their holders an indefinite claim to 

residual profits; debt represents a loan, and equity represents an owner ship stake. (See (PREFa, 2009)) for a 

discussion of the role of debt and equity in renewable energy projects.) The required rate of return is the 

minimum rate of return required by investors to compensate them for the riskiness of the investment. The 

required return on debt is generally lower than the required return on equity, as the former has lower risk 

due to its fixed payment schedule, priority right to free cash flows, and other measures designed to reduce 

risk.  

In corporate finance, both debt and equity are raised at the corporate level and are allocated by the 

ƳŀƴŀƎŜƳŜƴǘ ƻŦ ǘƘŜ ŎƻǊǇƻǊŀǘƛƻƴ ŀƳƻƴƎ ǘƘŜ ŦƛǊƳΩǎ ƛƴǾŜǎǘƳŜƴǘ ƻǇǇƻǊǘǳƴƛǘƛŜǎΦ ¢ƘŜ ŎƻǊǇƻǊŀǘƛƻƴ ŀǎ ŀ ǿƘƻƭŜ Ƙŀǎ 

a Weighted-Average Cost of Capital (or WACC) that is the weighted average of the required returns on the 

ŦƛǊƳΩǎ ŘŜōǘ ŀƴŘ Ŝǉǳƛǘȅ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ƳŀǊƪŜǘΦ !ƭǘƘƻǳƎƘ ŜŀŎƘ ƻŦ ǘƘŜ ŦƛǊƳΩǎ ƛƴǾŜǎǘƳŜƴǘǎ Ƙŀǎ ƛǘǎ ƻǿƴ 

level of risk and ostensible required return, markets analyse the combination of these to determine the 

WACC. This rate can be taken as the minimum rate of return required to fund a project. However, the risk 

profile of a project, and therefore the required return, can vary from that of the corporate sponsor, and so 

this approach is limited. In project finance, by contrast, money is raised for each project individually, often 

using debt and equity from individual banks or from small groups of banks instead of from public bond and 
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stock markets. Because project finance investments apply exclusively to a given project, they are a good 

measure of the actual cost of capital given the unique risk profile of that project. So, while corporate finance 

may make up the majority of the funding mechanisms for an industry (such as offshore wind in Europe), it is 

the project finance deals that provide the best insights with respect to the effective cost of capital and hence 

the discount rate. Thus, even when modelling corporate finance, we do not use the cost of capital of any 

corporation as a discount rate; instead, we use the number that is consistent with debt and equity rates for 

project-financed offshore wind projects. 

Debt and tax equity 

Tax equity investors receive the tax benefits, namely accelerated depreciation and tax credits, which have 

been the dominant federal policy incentive for renewables. The bank requires that the recipient of tax 

ōŜƴŜŦƛǘǎ ōŜ ŀƴ ƻǿƴŜǊ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘΣ ŀƴŘ ƛƴ ǘƘŀǘ ǎŜƴǎŜ ǘŀȄ Ŝǉǳƛǘȅ ƛƴǾŜǎǘƻǊǎ ŀǊŜ ΨΨƻǿƴŜǊǎΩΩΦ .ǳǘ ƛƴ ƻǘƘŜǊ ǎŜƴǎŜǎ 

they are lenders: tax equity is similar to debt in that it has a fixed term during which the majority of the 

payments are made, and a rate of return that is (nearly) contractually fixed. In project finance parlance, debt 

rates are quoted in terms of two parameters: (1) the risk free rate and (2) a premium. The risk-free rate (1) 

is based on market expectations about the behaviour of a variable rate index. Though based on variable rates, 

project debt uses a fixed rate: by its nature the interest-rate swap market provides a fixed-price equivalent 

to a long-term stream of variable-ǊŀǘŜ ŎŀǎƘ ŦƭƻǿǎΦ ¢ƘŜ ǇǊŜƳƛǳƳ όнύ ƛǎ ŎŀƭƭŜŘ ǘƘŜ ΨΨǇǊƛŎŜΩΩ ŀƴŘ Ƙŀǎ ǘƘŜ ǳƴƛǘǎ ƻŦ 

ΨΨōŀǎƛǎ ǇƻƛƴǘǎΩΩ όōǇύΣ ǿƘƛŎƘ ŀǊŜ ƘǳƴŘǊŜŘǘƘǎ ƻŦ ŀ ǇŜǊŎŜƴǘΦ For the reasons noted above, we use project finance 

debt rates as the basis for the debt rates for both project-finance and balance-sheet finance cases. It bears 

emphasis that, for these European offshore wind plants, we only examine interest rates for the non-

guaranteed portion of debt 8.0%. Tax equity is exposed to the additional risk that the investor will not have 

tax able income available to offset with the tax credits, thus, after the crisis, tax equity became scarce and 

increased in cost. Post crisis tax equity rates for onshore wind range from 10.5% (Zaelke, 2009) to as high as 

16.5% (PREFa, 2009), though 12.5% maybe a more typical upper value. In the project we utilise debt rate of 

4%, equity rate of 8%, and effective corporate tax rate of 25%. 

Debt levels 

A moderate level of debt increases returns to equity and lowers the overall cost of capital, because debt is a 

lower-cost form of capital compared to equity. However, the benefit of higher levels of debt is balanced 

against the increasing probability of financial distress and its associated costs. Therefore, sponsors will try to 

use as much debt financing as possible without incurring significant costs of financial distress. The limit on 

debt size is set by the level of conservativeness that debt investors require for estimates (e.g., P99 vs. P90 

wind estimates), as well as the earnings buffer required in order to consider a project safe. At sufficiently low 

levels of risk, debt levels may be high enough that costs to service that debt comprise as much as 90% of free 

cash flow. For riskier projects, debt levels will be lower and therefore the debt service will comprise a smaller 

proportion of free cash flow, allowing for solvency even with higher-volatility cash flows. Revenue projections 

are based on wind speed measurements, with higher confidence levels yielding lower revenue expectations. 

Thus, a financial analysis begins with wind data and buffer requirements to arrive at the amount of debt that 

is acceptable. Without performing this analysis, it is still possible to get a sense for typical debt fractions: in 

European countries with long term fixed rate power purchase mandates, debt for land-based projects 

comprised as much as 90% of project capital prior to the crisis; after wards, it dropped to 70ς80% (Guillet, 

2009). In the project we utilise a debt levels of 70%. 
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Equity rate 

In general, equity rates are modelled as a function of the macroeconomic risk-free rate plus premiums for 

systematic risk (characteristic of the business sector as a whole), liquidity (length of time required to trade 

the investment), size of overall capitalization, and other factors, with the selection of premiums varying 

among models. We use the post-crisis onshore wind rate from (Zaelke, 2009) of 15% as a minimum. We then 

add a premium to arrive at 18% as a central value and 20% as a maximum. In the project we utilise a debt 

levels of 30%. 

Risk-free rate 

The preceding debt and equity rates depend on the risk-free rate corresponding to the currency of the 

project, which for our purposes is the rate for 15-year interest-rate swaps against the 3-month USD LIBOR 

όƘŜǊŜŀŦǘŜǊ ǎƛƳǇƭȅ ΨΨ[L.hwΩΩύΦ Lƴ ƭŀǘŜ нлмлΣ [L.hR is around 3.75ς4.0%. Such rates are unpredictable, how- ever, 

the yield curve for USD LIBOR interest-rate swaps implies that market expectations are for a rise to 4.6% in 

January 2013 and to 5.2% in 2016ς2021.  

Cost of capital comparisons 

A Weighted-Average Cost of Capital (WACC) based on our assumptions of cost of debt and equity is helpful 

in providing a comparison with other indicators. We present both the pre-tax forms of the WACC, which is 

useful for comparing to market rates, and the post-tax form, which is used in the model. The pre-tax WACC 

is given by Equation(31): 

ὡὃὅὅ Ὠ ὶ Ὡ ὶ   σρ 

while the post-tax WACC, which accounts for the fact that debt payments are tax-deductible and thus provide 

a tax shield, is given by Equation(32): 

ὡὃὅὅ Ὠ ὶ ρ Ὕ Ὡ ὶ   σς 

where d is the market value of debt as a percentage of total capital, Ὡ ρ Ὠ is the market value of equity 

as a percentage of total capital, ὶ is the required return on debt, ὶ is the required return on equity, and T is 

the corporate marginal tax rate. The Cape Wind PPA targets a debt rate of 7.5% and an after-tax unlevered 

internal rate of return 10.75% (which implies an assumed after-tax WACC of the same value) (Mass, 2010). 

 

3.5.2 - Additional parameters  

Inflation 

Inflation is a measure of economy wide price increases from year to year; it is generally represented by the 

Consumer Price Index (CPI) or Producer Price Index (PPI). We use our estimate of inflation as an input to the 

model for escalation for both electricity prices and OPEX. However, escalation of prices in a given sector or 

commodity can often be very different from inflation; there are specific measures of increases in wind turbine 

prices (Bloomberg Wind Turbine Price Index), overall power plant costs (HIS Power Capital Costs Index), and 

electricity prices, as well as operating costs for the oil and gas industry (HIS Upstream Operating Costs Index). 

Because of the availability of long-term forecasts, we use only the CP Iin our consideration of inflation. Several 
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groups publish projections often year average inflation. Considering projections of different Federal Reserve 

Bank, we use the inflation estimate of 2% over the life of the project (Levitt et al., 2011). 

Project life 

Wind turbines are typically engineered and certified to last 20 years, though many wind farms of the 1980s 

are still operating at the time of this writing, at least one manufacturer is targeting a 30-year life, and some 

PPAs in the United States have had terms longer than 20 years.  

In this model, for wind turbine farm size until 600 MW a total time horizon of 33 years is considered, 

corresponding to the full lifecycle of an offshore wind farm. Specifically, the first four years are allocated to 

the project development phase, followed by a three-year period dedicated to construction. This is succeeded 

by a 25-year operational phase (with the first year in common with the construction), during which the wind 

farm is fully functional. Finally, the last two years are assigned to decommissioning activities, involving the 

dismantling and removal of the infrastructure. If the wind turbine farm size overcome 600MW we add one 

year to the development phase, two years in the construction, and two years for decommissioning, with a 

total horizon of 38 years (Levitt et al., 2011). 

PPA and capital terms 

For the PPA, we take the case of 20 years, which is longer than typical terms in Europe. The term of debt is 

modelled at 15 years, and tax equity has a 10-year term, following the PTC (Levitt et al., 2011). 

Tax Rate 

In the context of the financial modelling of the offshore wind farm project, taxation plays a fundamental role 

in determining the net profitability and cash flows of the investment. The corporate tax rate refers to the 

ǇŜǊŎŜƴǘŀƎŜ ƻŦ ŀ ŎƻƳǇŀƴȅΩǎ ǘŀȄŀōƭŜ ƛƴŎome that must be paid to the government in the form of taxes. It 

ŘƛǊŜŎǘƭȅ ŀŦŦŜŎǘǎ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ƴŜǘ ƛƴŎƻƳŜ ŀƴŘΣ ŎƻƴǎŜǉǳŜƴǘƭȅΣ ƛǘǎ ŦƛƴŀƴŎƛŀƭ Ǿƛŀōƛƭƛǘȅ ƛƴŘƛŎŀǘƻǊǎΣ ǎǳŎƘ ŀǎ bŜǘ 

Present Value (NPV) and Internal Rate of Return (IRR). 

For the purposes of this model, a corporate tax rate of 25% has been applied uniformly across the entire 

project lifecycle. This assumption is based on the current statutory corporate tax rate, which serves as the 

host country for the wind farm under analysis. The selected rate reflects a standard level of taxation for 

corporate entities and aligns with common practice in similar techno-economic assessments. In the model, 

taxable income is calculated by deducting allowable expenses such as operational costs, depreciation, and 

interest payments from gross revenues. The resulting profit is then subject to the 25% tax rate, influencing 

the amount of retained earnings available for reinvestment or distribution. Incorporating an accurate and 

realistic tax rate is essential to ensure the reliability of the financial projections. Although actual tax liabilities 

may vary due to potential tax incentives, exemptions, or policy changes, the use of a flat 25% rate provides 

a conservative and transparent baseline for evaluating the economic performance of the project. 

Feed In Tariff 

The Feed-in Tariff (FiT) is a policy mechanism designed to accelerate investment in renewable energy 

technologies by offering long-term contracts to energy producers, typically based on the cost of generation 

of each technology. Under a FiT scheme, renewable energy producers are guaranteed a fixed price for each 

unit of electricity they generate and feed into the grid, in our model we use a FID of 25 years. This price is 

typically higher than the market rate for electricity, reflecting the higher production costs and encouraging 
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early-stage investments in renewable infrastructure. FiTs aim to provide price certainty and reduce 

investment risk, making them particularly effective in supporting the deployment of technologies. By 

ensuring a stable and predictable return, FiTs contribute to creating favourable market conditions for 

renewable energy developers and investors. 

One of the key advantages of the FiT model is its simplicity and transparency, which has led to its widespread 

adoption, particularly in the early stages of renewable energy market development. However, the system 

also has limitations, including the potential for overcompensation and the risk of increased costs for 

consumers if tariffs are not periodically adjusted in line with technological cost reductions. In recent years, 

many countries have gradually transitioned from FiT schemes to more competitive support mechanisms, 

such as auctions or feed-in premiums, as renewable energy technologies have matured and become more 

cost-competitive. 

 

3.5.3 - Subsidy Scheme and Electricity Market Price  

In order to reflect realistic policy support mechanisms and market dynamics, the financial model for the 

offshore wind project incorporates a fixed subsidy scheme during the initial operational years, followed by a 

transition to market-based electricity pricing. 

Subsidy Assumption 

For the first 15 years of operation, the model assumes a variable subsidy from 100ϵκa²Ƙ to 180 ϵκa²ƘΣ 

applied to the total electricity output of the wind farm. This support mechanism is designed to simulate a 

government-backed incentive aimed at fostering the economic viability of renewable energy projects during 

their early operational phases, when capital recovery and risk exposure are at their highest. 

¢ƘŜ ƛƴŎƭǳǎƛƻƴ ƻŦ ǘƘƛǎ ǎǳōǎƛŘȅ ƛƴ ǘƘŜ [/h9 ƳƻŘŜƭ ŀƭƭƻǿǎ ŦƻǊ ǘƘŜ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘΩǎ Ŏƻǎǘ-effectiveness 

under a more favourable revenue scenario during the initial payback period. Such a fixed remuneration is 

comparable in structure to a Feed-in Premium (FiP), where a fixed amount is added to the market price or 

provided independently of market fluctuations. This approach not only reflects common policy instruments 

used across Europe in recent years but also aligns with the objective of reducing investor risk and encouraging 

capital-intensive infrastructure deployment in the renewable sector. 

Market Price Scenario 

Following the 15-year subsidy period, the model transitions to a market-based electricity price variable from 

70 ϵκa²Ƙ to 10л ϵκa²Ƙ ŦƻǊ ǘƘŜ ǊŜƳŀƛƴƛƴƎ мл ȅŜŀǊǎ ƻŦ ǘƘŜ нр-year operational lifespan. This price is 

assumed to remain constant in nominal terms and represents a conservative estimate of long-term electricity 

market values based on historical averages and future projections in the Iberian energy market. 

This two-phase revenue structureτsubsidized income followed by market-based pricingτoffers a more 

realistic simulation of the financial performance of the project over time, and it is critical for determining the 

Levelized Cost of Energy (LCOE). By integrating both policy support and post-subsidy market exposure, the 

model allows for a comprehensive evaluation of the project's competitiveness and sensitivity to changes in 

support schemes or market prices. 
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3.5.4 - Free Cash Flow & IRR Calculation, Discounted Expenditures & Earnings  

Free Cash Flow (FCF) and Internal Rate of Return (IRR) 

Free Cash Flow 

In capital-intensive infrastructure projects like offshore wind farms, Free Cash Flow (FCF) is a critical indicator 

of financial performance. It represents the cash generated by the project that is available for distribution to 

investors after all operating, maintenance, and capital expenditure requirements are met. In our model, FCF 

is computed annually over the life cycle of the project, incorporating the phased development, operational, 

and decommissioning stages. 

The FCF is derived from the operational revenues minus the sum of operating expenditures (OPEX), taxes, 

and capital expenditures (CAPEX), adjusted for inflation and depreciation Equation(33): 

ὊὅὊ ὉὄὍὝ ρ Ὕὥὼ ὙὥὸὩὈὩὴὶὩὧὭὥὸὭέὲ ὅὃὖὉὢ ὅὬὥὲὫὩ Ὥὲ ὡέὶὯὭὲὫ ὅὥὴὭὸὥὰ   σσ 

whit: 

Revenue Estimation: Annual revenue is calculated by multiplying the net Annual Energy Production (AEP) by 

the assumed electricity price, then adjusted for availability and loss factors. 

Operating Costs: OPEX is applied on an annual basis during the operational phase and includes both fixed 

and variable maintenance costs. 

Capital Costs: CAPEX is phased across pre-construction and construction years, and is not incurred during the 

operation phase. However, the capital deployed during earlier years is crucial for determining the initial 

outflows. 

Taxes: A fixed effective corporate tax rate is applied on earnings before tax (EBT), with tax shields considered 

where applicable (e.g., depreciation or interest expenses). 

Depreciation: Although non-cash, depreciation affects tax liability and is hence embedded in the tax 

calculation. 

In our model, the working capital is assumed constant or negligible. 

Internal Rate of Return (IRR) Methodology 

The IRR is the discount rate that makes the Net Present Value (NPV) of all future FCFs zero. It provides a scalar 

metric that can be compared to hurdle rates or the weighted average cost of capital (WACC) to evaluate 

project viability. The IRR is computed using Equation(34): 

ὔὖὠ
ὊὅὊ

ρ ὍὙὙ
π   στ 

The built-in of the IRR function is used across the cash flow range beginning at the first investment year (often 

negative cash flows) and extending through all operation years. 

This IRR reflects the project IRR, which differs from equity IRR (used in leveraged structures). No financing 

costs are modelled, indicating a project-finance or corporate-finance approach without debt. 
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Discounted Expenditures and Earnings 

Expenditure Discounting Method 

In project finance and economic evaluations, discounting future cash flows is essential to reflect the time 

value of money. Given that capital-intensive renewable energy projects generate earnings over decades, 

proper discounting allows for a realistic comparison of investments and returns over time. 

The discounted value of expenditures includes initial CAPEX, ongoing OPEX, and Decommissioning costs, 

defining Equation(35): 

ὖὠ
ὅέίὸί

ρ ὶ
   συ 

Where Ò is the real or nominal discount rate (depending on inflation adjustment), and ὸ represents the year. 

This present value helps compute the Levelized Cost of Energy (LCOE), often defined as the present value of 

expenditures divided by the present value of electricity generated. 

Discounted Earnings 

In our model the earnings are similarly treated. They include revenues from energy sales (product of net AEP 

and average selling price), and Subsidies or feed-in tariffs.  These revenues are subject to taxation, and 

earnings after tax (net income or net operating cash flows) are used for NPV and IRR calculations. 

Earnings are discounted using the same rate to compute their present value. The use of consistent 

discounting across expenditures and earnings ensures valid comparisons. 
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4. Case studies 

4.1 Real-World Wind Farms 

Having defined the model to evaluate both fixed-bottom and floating offshore wind farms, we can now select 

appropriate case studies. Twelve wind farms have been considered: some of them are already operational, 

while others are still under development and are expected to be commissioned by 2040 at the latest. The 

sample includes six fixed-bottom wind farms and six floating wind farms, located in different European 

countries. This distribution, spanning from southern to northern Europe, allows for a meaningful comparison 

between regions. The countries considered in Southern Europe are Italy, Greece, Spain, and Portugal, while 

the Northern European cases include the United Kingdom, Norway, Germany, Denmark, and the 

Netherlands. 

We start to analyse all the different cases: 

Italy 

The first wind farm considered in this study is the Beleolico wind farm. It is a fixed-bottom offshore wind farm 

located in Southern Italy, specifically in the Gulf of Taranto, Apulia, from Renexia group. The wind farm has 

been fully operational since May 2022. Its main technical characteristics are summarized in the following 

Table 4.1 (4coffshore, 2025c): 

ÑċĤũĲЮΧдΤЮшЮ~ċŔŰЮƣĲĦőŰŔĦċũЮĦőċƖċĦƣĲƖŔƚƣŔĦƚЮ7ĲũĲŸũŔĦŸЮǯǂĲĬцĤŸƣƣŸůЮìŔŰĬЮ[ċƖů 

Parameters Input 

Farm size 30 MW 

Turbine Nameplate Capacity 3 MW 

Number of Turbines 10 

Foundation type Monopile 

We can observe that the wind farm is of small size, with a limited number of turbines at lower power, and a 

monopile structure well consolidated. The layout of the wind farm is shown in the following Figure 4.1 
(4coffshore, 2025c): 
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[ŔŊƨƖĲЮΧдΤЮшЮxċǃŸƨƣЮ7ĲũĲŸũŔĦŸЮǯǂĲĬцĤŸƣƣŸůЮìŔŰĬЮ[ċƖů 

The second wind farm that we take in account in Italy is the MedWind wind Farm. It is a floating offshore 

wind farm located off the west coast of Sicily, from Renexia gorup. The wind farm will be fully operational 

from 2032. Its main technical characteristics are summarized in the following Table 4.2 (4coffshore, 2025i): 

ÑċĤũĲЮΧдΥЮцЮ~ċŔŰЮƣĲĦőŰŔĦċũЮĦőċƖċĦƣĲƖŔƚƣŔĦƚЮ~ĲĬìŔŰĬЮǰŸċƣŔŰŊЮìŔŰĬЮ[ċƖů 

Parameters Input 

Farm size 2808 MW 

Turbine Nameplate Capacity 18 MW 

Number of Turbines 156 

Foundation type Semi-submersible 

We can observe a huge wind farm, compared to the previous, based on a huge number of wind turbine, at 

higher capacity. They are made in semi-submersible technology. The layout of the wind farm is shown in the 

following Figure 4.2 (4coffshore, 2025i): 

 

[ŔŊƨƖĲЮΧдΥЮшЮxċǃŸƨƣЮ~ĲĬìŔŰĬЮǰŸċƣŔŰŊЮìŔŰĬЮ[ċƖů 
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Greece 

The first wind farm take in analysis in Greece is the Thrakiki Wind 1 SA wind farm. It is a fixed-bottom wind 

farm located in the west part of the Greece near to Turkey. The project was license to be built in the 2023, 

now it is in the planning stage. Its main technical characteristics are summarized in the following Table 
4.3(4coffshore, 2025k): 

ÑċĤũĲЮΧдΦЮцЮ~ċŔŰЮƣĲĦőŰŔĦċũЮĦőċƖċĦƣĲƖŔƚƣŔĦƚЮÑőƖċťŔťŔЮìŔŰĬЮΤЮÉ ЮǯǂĲĬцĤŸƣƣŸůЮìŔŰĬЮ[ċƖů 

Parameters Input 

Farm size 216 MW 

Turbine Nameplate Capacity  24 MW 

Number of Turbines 9 

Foundation type Monopile 

We can observe that the wind farm is of medium size, with a limited number of turbines at higher power, 

and a monopile structure well consolidated. The layout of the wind farm is shown in the following Figure 4.3 
(4coffshore, 2025k): 

 

[ŔŊƨƖĲЮΧдΦЮшЮxċǃŸƨƣЮÑőƖċťŔťŔЮìŔŰĬЮΤЮÉЮǯǂĲĬцĤŸƣƣŸůЮƽŔŰĬЮŉċƖů 

The second wind farm that we take in account in Greece is the Agii apostoloi wind Farm. It is a floating 

offshore wind farm located in the coast near to Athens. The project was license to be built in the 2023, the 

place is still in search. Its main technical characteristics are summarized in the following Table 4.4 
(4coffshore, 2025a): 
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ÑċĤũĲЮΧдΧЮцЮ~ċŔŰЮƣĲĦőŰŔĦċũЮĦőċƖċĦƣĲƖŔƚƣŔĦƚЮŊŔŔЮċƓŸƚƣŸũŸŔЮǰŸċƣŔŰŊЮƽŔŰĬЮŉċƖů 

Parameters Input 

Farm size 670 MW 

Turbine Nameplate Capacity 10 MW 

Number of Turbines 67 

Foundation type Semi-submersible 

We can observe a huge wind farm, compared to the previous, based on a huge number of wind turbine, at 

medium capacity. They are made in semi-submersible technology. The layout of the wind farm is shown in 

the following Figure 4.4 (4coffshore, 2025a): 

 

[ŔŊƨƖĲЮΧдΧЮшЮxċǃŸƨƣЮ ŊŔŔЮċƓŸƚƣŸũŸŔЮǰŸċƣŔŰŊЮƽŔŰĬЮŉċƖů 

Portugal 

The wind farm take in analysis in Portugal is the WindFloat Atlantic wind farm. It is one of the first floating 

wind farm develop in Europe with the semi-submersible technology. It is located in the Viana do Castelo 

region, in north part of the country. The wind farm has been fully operational since September 2023. Its main 

technical characteristics are summarized in the following Table 4.5 (4coffshore, 2025l): 
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ÑċĤũĲЮΧдΨЮцЮ~ċŔŰЮƣĲĦőŰŔĦċũЮĦőċƖċĦƣĲƖŔƚƣŔĦƚЮìŔŰĬ[ũŸċƣЮ ƣũċŰƣŔĦЮǰŸċƣŔŰŊЮƽŔŰĬЮŉċƖů 

Parameters Input 

Farm size 25 MW 

Turbine Nameplate Capacity 8.4 MW 

Number of Turbines 3 

Foundation type Semi-submersible 

We can observe a small wind farm based on a small number of wind turbine, at small capacity. They are made 

in semi-submersible technology. The layout of the wind farm is shown in the following Figure 4.5 (4coffshore, 

2025l): 

 

[ŔŊƨƖĲЮΧдΨЮшЮxċǃŸƨƣЮìŔŰĬ[ũŸċƣЮƣũċŰƣŔĦЮǰŸċƣŔŰŊЮƽŔŰĬЮŉċƖů 

Spain 

The wind farm take in analysis in Spain is the Parc Tramuntana wind farm. It is a floating offshore wind farm 

located in east cost of Spain, in the region of Gerona. It is among the largest wind farms planned in Spain. 

The wind farm will be fully operational from 2027. Its main technical characteristics are summarized in the 

following Table 4. (4coffshore, 2025j): 

ÑċĤũĲЮΧдΩЮцЮ~ċŔŰЮƣĲĦőŰŔĦċũЮĦőċƖċĦƣĲƖŔƚƣŔĦƚЮÂċƖĦЮÑƖċůƨŰƣċŰċЮǰŸċƣŔŰŊЮƽŔŰĬЮŉċƖů 

Parameters Input 

Farm size 500 MW 

Turbine Nameplate Capacity 15 MW 

Number of Turbines 33 

Foundation type Semi-submersible 




























































































































































































































