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Among renewable energy sources, wind has received a pivotal role in diversifying the global 
electricity sector in order to lower the heavy dependency on non-renewable fossil fuel supplies 
and related emissions. Wind energy, generated by harvesting air in motion, is represented by 
onshore and offshore installations located on land and in bodies of water, respectively. While 
onshore wind is widely adopted at present, the offshore alternative is still on its quest for cost-
competitiveness, given the complexity associated with the marine environment and its fairly 
recent commercial development. Nevertheless, offshore wind has received increasing interest 
due to the untapped availability of higher and often smoother resources than onshore, attracting 
coastal countries worldwide for large-scale electricity generation to address their renewable 
production targets.  
 
This study investigates the current state of the offshore wind industry from a techno-economical 
perspective, highlighting current and future trends in particular. Based on a thorough literature 
review, offshore wind has proved its prominent status in the context of a low carbon society, 
able to satisfy the growing electricity demand, despite the major drawback of being a highly 
capital-intensive technology. The future for offshore wind is promising, pushing the industry 
towards gigawatt-scale farms and deeper water locations further from shore while showing a 
substantial decline concerning associated costs in the upcoming years. 
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LIST OF SYMBOLS AND ABBREVIATIONS 

 
Symbols 

C Lifetime cost    [EUR, USD] 

d Distance to shore   [km] 

D Water depth    [m] 

E Power output    [kWh, MWh] 

F Fuel expenditures   [EUR, USD] 

I Investment expenditures (CAPEX)  [EUR, USD] 

i Grid square      

j Country 

M  Operations and maintenance expenditures (OPEX) [EUR, USD] 

n Life of the system   [year] 

r  Discount rate    [%] 

 

Abbreviations 

BCG Boston Consultancy Group 

CAPEX Capital expenditures 

CfD Contract for Difference 

DECEX Decommissioning expenditures 

DOE US Department of Energy 

EOL End-of-life 

EU European Union  

EU ETS EU emissions trading system 



  

 

 

FCR Fixed charge rate 

FID Final Investment Decision 

FiP Feed-in premium 

FiT Feed-in tariff 

GBS Gravity base 

GHG Greenhouse gas  

GIP Global Infrastructure Partners  

GWEC Global Wind Energy Council 

HVAC High Voltage Alternative Current 

HVDC High Voltage Direct Current 

IEA International Energy Agency  

IP Intellectual Property 

LCCC Low Carbon Contracts Company 

LCOE Levelised cost of electricity 

O&G Oil and gas 

O&M Operational and maintenance  

OPEX Operational and maintenance expenditures 

OWF Offshore wind farm 

OWT Offshore wind turbine 

PtX Power-to-X 

RO Renewable Obligation 

ROC Renewable Obligation Certificates  

SDE Stimulation of Sustainable Energy (in English)  

SGRE Siemens Gamesa Renewable Energy 



  

 

 

SSP Semi-submersible platform  

TLP Tension leg platform 

TSO Transmission system operator 

WACC Weighted average cost of capital 
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1 INTRODUCTION 
 

1.1 Background 

 

The necessity of moving towards renewable energy supplies has been raised due to growing 

concerns over climate change provoked by the adverse impact of fossil fuel consumption on 

the environment and human health. Fossil fuels (coal, oil and natural gas) have dominated the 

global energy mix (electricity, transport and heating) since the Industrial Revolution, resulting 

in a massive contribution to greenhouse gas emissions (GHG), the main cause of the ongoing 

climate change. Therefore, the world needs to decarbonize the energy mix with a greater 

presence of renewable forms of energy and nuclear power for a climate-neutral future. 

 

Electricity production, an element of the energy mix, is most susceptible to the transition of 

moving away from the climate-damaging fossil fuel supply. Current electrical energy 

production is heavily dependent on fossil fuels, accounting for 63.63% of the global electricity 

mix. In contrast, low-carbon sources account for 36.37%, including renewable (26.25%) and 

nuclear energy (10.12%) (Our World in Data, no date b). Renewable energy, specifically solar 

and wind power, is seen as an applicable replacement for conventional electricity generation, 

concerning both economic and capacitive aspects (deCastro et al., 2019). In the transition to a 

decarbonized global electricity mix, regulatory framework has an essential position in shaping 

the future for greater acceptance of renewable energy. International protocols, such as The 

Kyoto Protocol and The Paris Climate Change Agreement, seek to limit the global progression 

of warming on a policy level (Díaz and Guedes Soares, 2020). The applied top-down approach 

is anticipated to stimulate Europe and the rest of the world to meet challenging policy-driven 

targets in the future in order to mitigate climate change (Rodrigues et al., 2015).  

    

Wind is a natural phenomenon caused by a difference in atmospheric pressure over the earth 

due to the sun’s uneven heating of various land and water formations. Furthermore, the earth’s 

rotation on its axis causes the movement of air (Manwell, McGowan and Rogers, 2010). Since 

the beginning of civilization’s history, people have been extracting kinetic energy from wind 

and converting it to other useful forms of energy. In particular, people used the power of wind 

for grinding grain and pumping water for domestic purposes, as well as for sailing across bodies 
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of water. (Poudineh, Brown and Foley, 2017a) However, the current application of wind is 

mainly focused on electricity generation by utilising wind turbines installed on land (onshore) 

or on the water’s surface near the coastline (offshore). From a historical perspective, the re-

emergence of wind as the most promising energy source for large-scale electricity generation 

started in the late 20th century. Henceforth, wind energy conversion technology, concerning 

both onshore and offshore wind, has evolved drastically concerning design, capacity, and 

efficiency (Manwell, McGowan and Rogers, 2010). 

 

Wind energy has received considerable attention among other renewables, and its development 

is growing at a fast pace (Sun, Huang and Wu, 2012). Between 2010 and 2020, the total 

electricity production from wind had grown remarkably from 346.47 to 1,590.19 terawatt-hours 

(TWh), which accounted for 1.67% and 6.15% of the global electricity mix, respectively (see 

Figure 1) (Our World in Data, no date a). In comparison to the rest of renewable sources of 

energy, wind is characterized by widespread availability of the resource and technological 

maturity (Esteban et al., 2011). 

 

 
Figure 1 Electricity production by source (Our World in Data, no date a) 

 

Today, wind energy is considered a mainstream renewable power generation source, mainly by 

means of onshore installations (Enevoldsen and Valentine, 2016). By the year 2020, onshore 
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and offshore wind accounted for 707.4 and 35.3 gigawatts (GW) of total installed capacity, 

respectively, according to the Global Wind Energy Council (GWEC) (Global Wind Energy 

Council, 2021). In this sense, offshore wind is seen as a relatively new yet perspective branch 

in the wind industry (Kaldellis and Kapsali, 2013).   

 

The development of offshore wind took place as an expansion towards open bodies of water 

with more significant resource potential and as an alternative to onshore wind installations 

(Kaldellis and Kapsali, 2013; Poudineh, Brown and Foley, 2017a). The first documentation of 

the theoretical installation of wind turbines on sea as a concept originated in Germany in the 

early 1930s. Nevertheless, technological boundaries at the time suspended its practical 

application until 1990, when the first test offshore wind facility was built in Sweden. The 

facility consisted of one 220 kilowatt (kW) wind turbine installed 250 m off the coast and 

backed by a tripod attached to a 7-metre-deep seabed. One year later, the first commercial 4.95 

megawatts (MW) offshore wind farm was commissioned in Denmark, which marked the advent 

of a new renewable electricity generation industry (Kaldellis and Kapsali, 2013). Further 

development of the offshore wind industry across European countries and beyond was pushed 

mainly by the depletion of onshore sites with sufficient wind conditions and other land-use 

issues, including visual and auditory impact on the immediate living environment of people 

(Esteban et al., 2011; Kaldellis and Kapsali, 2013; Hevia-Koch and Klinge Jacobsen, 2019; 

Ren et al., 2021). Furthermore, the world's oceans and seas offer stronger and more consistent 

wind than on land due to the lack of physical obstacles, resulting in higher electricity output 

(Burton et al., 2011; Díaz and Guedes Soares, 2020). Although wind turbines operate in the 

same manner either offshore or onshore, offshore wind projects are associated with 

technological complexity due to the challenging marine environment. As a consequence of this 

complexity, greater capital investments are required, which further stands as a major obstacle 

to the deployment of large-scale offshore wind projects (Sun, Huang and Wu, 2012; 

MacKinnon et al., 2019; Johnston et al., 2020). Considering the aforementioned drawbacks, 

the expansion of offshore wind demonstrated slow growth (Hevia-Koch and Klinge Jacobsen, 

2019), as well as market dominance shared between very few prominent investors, who are able 

to cope with high capital investments and long-term returns on equity (MacKinnon et al., 2019). 
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Overall, offshore wind has gradually transformed into a safe and commercially feasible source 

of energy (Markard and Petersen, 2009) due to accumulated technological progress, significant 

cost reductions and appealing subsidiary programmes provided by national authorities. 

Extending from its origins within Europe, offshore wind now plays a crucial role in the short- 

and long-term decarbonisation strategies of electricity supply in many countries around the 

world (Díaz and Guedes Soares, 2020). 

 

1.2 Research questions and objectives 

 

This study aims to review the present status of offshore wind power from a techno-economical 

perspective, emphasizing the focus on current and future trends. Thus, the reader can learn the 

most recent notions on the subject after reading this Master’s thesis. In particular, the study 

sought to answer the following research questions:  

• What is a typical offshore wind farm? 

• What are the costs associated with building, operating and decommissioning an offshore 

wind farm? 

• What is the current status of the offshore wind industry?  

 

To answer these questions, this study was conducted in a manner of an extensive literature 

review using the most trusted academic research databases, such as ScienceDirect, Springer and 

IEEE Xplore, recently published reports on the subject from related industry bodies, including 

IRENA and WindEurope, and news from the Internet. 

 

1.3 Structure of the thesis 

 

The thesis begins with an introduction section, presenting the role of wind energy and offshore 

wind in decarbonising the global electricity mix and outlining research questions and 

objectives. The second chapter provides a comprehensive investigation of a typical offshore 

wind farm and its main components. The third chapter describes costs associated with an 

offshore wind farm in order as they occur in a lifespan, as well as special attention is paid to 

describing subsidiaries, governmental forms of support anticipated to stimulate the growth of 

the industry. The fourth chapter presents the overview of the offshore wind industry, including 
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the global market outlook, the world’s largest offshore wind farms and innovations, namely 

floating foundations and Power-to-X. The final chapter draws together findings of the thesis. 
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2 OFFSHORE WIND FARM 
 

An offshore wind farm (OWF) is a structural element of offshore wind, which refers to a number 

of wind turbines installed away from the shore in bodies of water, most commonly in seas 

(Thomsen, 2014). Design-wise, an OWF is a result of combining onshore wind installations 

and offshore structures from the well-established oil and gas (O&G) industry (Kaldellis and 

Kapsali, 2013; Manwell, 2018). Figure 2 depicts a typical OWF with the example of the 600 

MW Gemini Offshore Wind Park in the Netherlands, which has been in operation since 2017 

(Offshore Wind, 2017).  

 

 
Figure 2 The Gemini Offshore Wind Park, the Netherlands (Gemini Wind Park, no date) 

 

The timeline of developing an OWF comprises five phases, as illustrated in Figure 3 (Jiang, 

2021). The first phase includes initial planning (i.e., choosing a proper offshore site, wind 

resource and environment assessments, OWF layout) and obtaining consent to build, operate 

and decommission an OWF. For offshore wind, preparation of a formal consent application is 

subject to a binding relationship with national authorities. In European practice, the regulatory 

process for gaining consent is not standardised and varies from country to country (Frohne, 

Pachter and Quinlan, 2014). The subsequent two phases refer to the manufacturing and 

installation of multiple components of generation and transmission assets of an OWF. During 

installation, several activities occur in the marine environment, such as transportation and 
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assembly of the OWF’s components using large installation vessels and other handling 

equipment. The fourth phase is about remote monitoring, routine inspection and servicing of 

the OWF’s components in order to minimise farm downtime all over the typical lifespan of 25 

years. When an OWF has reached the end of its lifespan, there are two options: to safely 

decommission to the surrounding environment with minimal costs involved according to the 

granted consent conditions, or to repower by updating the existing assets with new efficient 

technologies (the fifth phase) (Jiang, 2021).  

 

 
Figure 3 Five life-cycle stages of an OWF (Jiang, 2021, modified by author) 

 

The size of OWFs is subject to annual increase driven by achieved technological advancements 

and economies of scale. According to IRENA, the average size of an OWF had continued to 

grow over the last two decades, as illustrated in Figure 4. In 2019, the global average size was 

226 MW, slightly less in comparison to the preceding year (235 MW) (IRENA, 2020b).  

 

 
Figure 4 Global average size of OWFs in the corresponding year (IRENA, 2020, modified by 

author) 

 

The majority of currently operating OWFs were commissioned to be located within 20 km to 

shore distance and in water depths not exceeding 30 m. Based on the retrieved dataset from 4C 

Offshore and The Wind Power concerning OWFs commissioned between 1995 and 2019, Díaz 

and Guedes Soares (2020) calculated the average distance to shore and water depth. From a 
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global perspective, the average distance to shore is 18.8 km and the water depth is 14.6 m. 

Results for other regions, where offshore wind is present in the electricity mix, are listed in 

Table 1. 

 

Table 1 The average distance to shore and water depth for 2019 by region (Díaz and Guedes 

Soares, 2020) 

Region The average distance to shore (km) The average water depth (m) 

Europe 23.3 17.4 

Asia 6.9 6.7 

America 4.5 25.5 

 

The distance between an OWF and the shore has increased in recent years in order to obtain 

better quality of wind resources located much further from shore and due to technological 

progress and the availability of offshore sites for more giant farms (Díaz and Guedes Soares, 

2020). Figure 5 represents an evident trend towards deeper waters, comprising the distance to 

shore and water depth of OWFs commissioned between 2001 and 2019 worldwide based on 

data from IRENA. The capacity and delivery year of OWFs are expressed in the size and colour 

of spheres, respectively.  

 

 
Figure 5 Average distance from shore and water depth (IRENA, 2020b) 
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As IRENA reports, the weighted average distance to shore and water depth were approximately 

7 km and 5 m, respectively, in 2001. Almost two decades later, the same characteristics were 

60 km and 32 m in 2019, showing a significant increase (IRENA, 2020b). Thus far, the evidence 

presented supports the trend that OWFs are being commissioned at deeper water sites and this 

is expected to continue with respect to both greater depths and distances from shore. 

 

A greater distance between an OWFs and the shore results in a more significant share of 

investment costs regarding the installation process and grid connection, while the greater water 

depth is reflected in the use of more massive foundation structures (Bilgili, Yasar and Simsek, 

2011; Díaz and Guedes Soares, 2020). To better understand how the distance to shore and 

average water depth impact the capital expenditures (CAPEX) of OWFs, Vieira et al. (2019) 

analysed the dataset sampled from 4C Offshore regarding 79 operating OWFs commissioned 

between 2000 and 2020 in Europe. Since the transmission of electricity from an OWF to shore 

has been entrusted to transmission system operators (TSOs) in many European countries, the 

authors of the study excluded this cost structure from the statistical analysis.  The results of this 

study reveal: 

• The overall correlation between the depth of OWFs and CAPEX per MW is relatively 

low (0.39) (see Figure 6), revealing weak evidence of such dependency. However, 

OWFs commissioned before 2015 (blue circles) have a higher correlation rate (0.5), 

than after 2015 (orange triangles) (0.21), which could be explained by accumulated 

experience of developers and installation contractors over time. To explain the reasons 

behind the dispersion and poor correlation, Vieira et al. (2019) suggest “technical and 

non-technical parameters” to be responsible. 

• The correlation between the distance to shore and the overall CAPEX is illustrated in 

Figure 7. Since transmission costs are excluded from the analysis, Vieira et al. (2019) 

indicate that installation and decommissioning of an OWF’s components at a greater 

distance to shore has a considerable impact on CAPEX since a greater transportation 

time is needed (Bilgili, Yasar and Simsek, 2011; Vieira, 2019; IRENA, 2020b). 

Interestingly, there was a difference between dispersion results of OWFs commissioned 

in the UK (yellow triangles) and the rest of Europe (blue circles). This unexpected 

outcome shows that OWFs commissioned in the UK are more expensive at the same 

distance to shore than in the rest of Europe, which might be influenced by little 
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competition around the decreasing cost of energy associated with the operation of the 

Renewable Obligation Certificate (ROC) support scheme (now discontinued for new 

capacity) (Brown, Poudineh and Foley, 2015; Vieira, 2019).  

   

 
Figure 6 Correlation between average water depth and the CAPEX per MW (excluding 

transmission costs) (Vieira, 2019) 

 

 
Figure 7 Correlation between distance to shore and CAPEX (excluding transmission costs) 

(Vieira, 2019) 

 

However, it is possible that these results may not be generalisable to a broader range of 

European and non-European countries due to differences in legislation in terms of electricity 

transmission. 
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Primary components of an OWF may be divided into offshore wind turbines, foundations, and 

the transmission system (connecting cables, offshore and onshore substations). The typical 

layout of an OWF’s components is illustrated in Figure 8. These components are reviewed in 

the following subchapters. 

 

 
Figure 8 Schematic representation of an OWF’s components and layout (IRENA, 2018b) 

 

2.1 Offshore wind turbine 

 

A key element of an OWF is an offshore wind turbine (OWT). While a variety of definitions of 

the term ‘offshore wind turbine’ have been proposed, this study will use the definition given by 

Gao (2019) who defined it as “a modern device that is deployed in an offshore environment for 

the generation of electricity from wind”. The universally adopted design is a three-bladed, 

upwind and horizontally aligned OWT (Manwell, McGowan and Rogers, 2010; Dedecca, 

Hakvoort and Ortt, 2016; van der Loos, Negro and Hekkert, 2020), with an average installed 

capacity of 8.2 MW as for 2020 in Europe (WindEurope, 2021). A typical arrangement of an 

OWT is illustrated in Figure 9. This includes: 

• The rotor, which consists of three airfoil-shaped blades made of the lightweight 

composite materials. As the wind flow goes across the turbine, it makes the rotor blades 

spin on their axis (Kaiser and Snyder, 2012; Gao, 2019). 
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• The nacelle, which is fitted on top of the tower and behind the rotor. Inside the nacelle, 

we find the drive train (i.e., the low-speed and high-speed shafts, and a gearbox in 

between them), generator and other equipment. The gearbox raises the rotational speed 

of the low-speed shaft driven by the rotor from the slow motion to the amplified motion 

(more than 1,500 revolutions per minute) required for the generator. Then, the high-

speed shaft drives the generator, which converts received rotational energy into 

electrical energy using electromagnetic induction (Gao, 2019; van de Kaa et al., 2020). 

The gearbox turbines have become widely adopted in the industry yet are facing 

competition with the relatively new direct drive alternative for being a dominant design 

over the past years. Inside the nacelle of the direct drive turbine, the rotor directly drives 

to the generator, achieving a high rotation speed using permanent magnets (Jaen-Sola, 

McDonald and Oterkus, 2018; van de Kaa et al., 2020). In the case of offshore wind, 

the direct drive turbines are more favourable since they eliminate less efficient and more 

likely to fail gearboxes, making the maintenance demand lower given the challenging 

accessibility of the farm (van der Loos, Negro and Hekkert, 2020).  

• The tower, which is a tubular structure consisting of a steel tube, rises from the water 

level. The tower holds the nacelle at high altitudes to capture more wind energy, 

provides access to the nacelle by a ladder and/or elevator, and also allows the produced 

electricity to be transmitted through the interior of the structure. Tower configurations 

(i.e., height, diameter, and thickness) are determined by the nacelle’s design and 

estimated wind loads (Kaiser and Snyder, 2012). 

• The offshore foundation, which keeps the upper structure above sea level by transferring 

different loads into the seabed (Manwell, 2018). Different foundation types are 

discussed separately in the following sections. 
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Figure 9 A typical arrangement of an OWT (Thomsen, 2014, modified by author) 

 

Despite the evident similarities between offshore and onshore wind turbines, several 

modifications are made to adapt to the harsher offshore environment, such as modifications 

against corrosion and other stress conditions (e.g., icing), to ensure the safety, reliability and 

survivability of OWFs (Sun, Huang and Wu, 2012; Soares-Ramos et al., 2020). Moreover, 

OWTs are considerably larger than onshore alternatives since there are fewer political, visual 

and technical restrictions in height, rotor diameter and capacity (Kaldellis and Kapsali, 2013). 

Over the past decades, the ever increasing size and power of OWTs have become a trend (see 

Figure 10), which calls for the involvement of manufacturers in the research and development 

of larger OWTs to achieve more profound electrical output while reducing capital costs (Wang 

et al., 2018; Díaz and Guedes Soares, 2020). As a result, projects commissioned after 2022 will 

adopt the next generation of OWTs with installed capacity ranging between 10 and 14 MW 

(WindEurope, 2021). This is a scale of OWT technology that has not yet been reached until 

now.   
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Figure 10 Growth in size and power of OWTs (Trojnar, 2021) 

 

The volatile nature of the wind determines the power output of an OWT. Furthermore, the wind 

characteristics (i.e., speed and direction) are not constant and vary at any offshore site over 

time. Therefore, to define the actual power performance of wind turbines in the year, the 

capacity factor is needed as “the ratio of the annual average power to the rated power”. The 

capacity factor for offshore wind typically ranges from 40% to 60%, while for onshore wind it 

ranges from 30% to 40% (Gao, 2019). As IRENA reports, the global weighted average capacity 

factor for OWFs has grown up from 37% in 2010 to 44% in 2019. In Europe, the same 

parameter has shown more significant growth – from 39% to 47% owing to the adoption of 

larger OWTs, able to generate more electricity for the same wind quality, and advanced 

operation and maintenance practices based on data collection and analytics. These practices are 

described in chapter 3.1.3. While in China, the growth was less significant – from 30% to 33%, 

given the lagging turbine technology development and the tendency to build OWFs closer to 

shore, where the wind quality is weaker compared to locations further from shore (IRENA, 

2020b). 

 

According to new figures concerning the state of the leading European offshore wind industry 

from industry body WindEurope, dominance in the European OWT market is divided between 

Siemens Gamesa Renewable Energy (SGRE) (68%) and Vestas Wind Systems (23.9%), which 

together have been responsible for 92% of all installed OWT capacity by the end of 2020 
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(WindEurope, 2021). Table 2 displays OWT manufacturers’ accumulated share at the end of 

2020. 

 

Table 2 OWT manufacturers’ accumulated share in Europe, 2020 (WindEurope, 2021) 

Manufacturer % GW Turbines 

Siemens Gamesa Renewables Energy 68 16.9 3,674 

Vestas Wind Systems 23.9 5.7 1,290 

Senvion 4.4 1.4 238 

Bard Engineering 1.5 0.4 80 

GE Renewable Energy 1.4 0.4 74 

Others 0.8 0.07 46 

 

In 2020, SGRE supplied 63% of all turbines or 237 units (1,840 MW) to OWFs in the following 

countries: the Netherlands, Belgium, Germany and the UK. The 752MW Borssele 1 & 2 OWF 

was the largest SGRE’s project having installed 94 turbines of the SG 8.0-167 DD model (“DD” 

stands for direct drive). The installation process took only 8 months despite restrictions caused 

by COVID-19 (WindEurope, 2021). In May 2020, SGRE released a new SG 14-222 DD model 

with an unprecedented 14 MW of capacity, able to be increased up to 15 MW by using the 

“Power Boost” technology. The 222-meter rotor utilises 108-meter blades with a 39,000 m2 

swept area, equal to 5.5 football pitches. Moreover, the newest turbine features a lightweight 

nacelle (500 t), resulting in lower capital costs and making the use of large transportation vessels 

redundant. (Siemens Gamesa Renewable Energy, 2020a; WindEurope, 2021). Consequently, 

the SG 14-222 DD shows a 25% increase in annual energy production (AEP) in comparison 

with the previous SG 11.0-200 DD model. SGRE has already received a conditional order for 

100 turbines of the SG 14-222 DD model to be installed by 2024 at the 1.4 GW Sofia Offshore 

Wind Farm in the UK (Siemens Gamesa Renewable Energy, 2020c). The recently introduced 

14 MW turbine shows a short ready-to-market period due to achieved standardisation processes 

of manufacturing and a robust supply chain of SGRE (Siemens Gamesa Renewable Energy, no 

date). 

 

Vestas Wind Systems supplied 33% of all turbines or 103 units (976 MW) to OWFs in the 

following countries: the Netherlands, Belgium and Portugal. Among other manufactures, 
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Vestas’s V164-9.5 MW model was the largest turbine to be installed at Borssele 3 & 4, Borssele 

5 and Northwester 2 in 2020 (WindEurope, 2021). Similar to Borssele 1 & 2, Borssele 3 & 4 

was the largest OWF project for Vestas as the supplier, featuring 77 units of the V164-9.5 MW 

turbine model installed in accordance with strict protocols given to contain COVID-19 (MHI 

Vestas Offshore Wind, 2020).  

 

Senvion’s turbines represented a 3% share of all turbines or 16 units (101 MW) (WindEurope, 

2021). In January 2020, SGRE announced the closing of the Senvion acquisition, including 

service assets in Europe and Intellectual Property (IP) (Siemens Gamesa Renewable Energy, 

2020b). 

 

GE Renewable Energy did not supply any OWF in 2020. However, the company signed a 

‘preferred supplier and service agreement’ with Dogger Bank Wind. The first two phases (A & 

B) of the farm will feature 190 units of the never-installed-before GE Haliade-X 13 MW turbine 

model in total. Turbine installation will begin in 2023. The Haliade-X 13 MW is an upscaled 

modification of the 12 MW turbine, which features a 220-meter rotor with a 38,000 m2 swept 

area (Dogger Bank Wind Farm, 2020b; WindEurope, 2021). The last phase (Dogger Bank C) 

will feature the newest edition of the Haliade-X series with a 14 MW turbine, several of which 

will be installed starting from 2025 until the commission of the entire project in 2026. The 3.6 

GW Dogger Bank Wind, comprising all three phases together, will become the largest OWF in 

the world located over 130 km off the UK’s shore when commissioned in 2026 (Dogger Bank 

Wind Farm, 2020a). In January 2021, GE Renewable Energy secured the most recent contract 

with the 1.1 GW Ocean Wind OWF located in the U.S. The farm will feature a number of the 

Haliade-X 12 MW turbines (General Electric, 2021). Therefore, with all the above mentioned 

and the yet to be signed contracts, GE Renewable Energy will gain the position of being one of 

the leading OWT manufactures within the near future.  

 

2.2 Foundations 

 

The first OWFs were commissioned near the shore. This is evident in the case of the first OWF 

commissioned for commercial electricity generation in Vindeby, Denmark, in 1991. The farm 

comprised of 11 offshore wind turbines (450 kW each or 4.95 MW in total) installed on gravity 
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base foundations in shallow waters (2–6 m deep) and within a close distance to shore (1.5–3 

km). Now, this OWF which was the pioneer of the industry, has been decommissioned 

(Kaldellis and Kapsali, 2013; Rodrigues et al., 2015). With time, the OWFs have been pushed 

further away from shore to deeper seas, where the wind is steadier and faster (Soares-Ramos et 

al., 2020), requiring more massive and complex support foundation structures to hold turbines 

in their proper position while being exposed to vertical (caused by the self-weight of the 

elements of offshore wind installation) and horizontal loads (caused by winds, ice, waves and 

earth pressure) associated with challenging marine environments (ICF, 2020). These loads and 

other impacts are illustrated in Figure 11.  

 

 
Figure 11 The influence of various loads on OWTs (Arshad and O’Kelly, 2013, modified by 

author) 

 

Challenging marine environments means tougher requirements for the foundation design in 

order to endure constantly changing aerodynamic, hydrodynamic and seismic loads in terms of 

direction, amplitude, and frequency throughout an OWF's average lifespan of 25 years (Wang 

et al., 2018; Wu et al., 2019). As a result, the investment in foundation structures constitutes a 

more significant share of the cost of a typical OWF compared to onshore alternatives (Burton 

et al., 2011; Wu et al., 2019). The design concept of offshore wind foundations has been 
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adopted from the existing technologies from the O&G industry (Arshad and O’Kelly, 2013; 

Wang et al., 2018). Foundations are pre-manufactured onshore, transported to the offshore site 

using a barge or similar large transportation vessel and then installed at sea using a crane or 

derrick barge (Kaiser and Snyder, 2012). The selection of a certain foundation type is 

determined by the condition of the offshore site’s seabed, water depth and available funding 

(Igoe, Gavin and O’Kelly, 2013). To date, the vast majority of operating OWTs worldwide are 

installed on bottom-fixed foundations (rigidly connected to the seabed), including monopiles, 

jackets and gravity bases, due to the availability of sites in seas with a depth not exceeding 50 

m. If the water depth is greater than 50 m, bottom-fixed foundations are less economically 

feasible (Wu et al., 2019). However, as Ørsted claims, there is a bottom-fixed alternative 

suitable for water depths up to 100 m – a suction bucket jacket (SBJ). Nevertheless, SBJs were 

only adapted in shallow waters at a few small-scale OWFs, namely the Borkum Riffgrund 1 (1 

unit) and Borkum Riffgrund 2 (20 units) in Germany and Aberdeen Bay (11 units) in the UK 

(Ørsted, no date). Furthermore, no concrete studies have been performed to investigate this type 

of foundation thus far. 

 

According to WindEurope, monopile, jacket and gravity base foundations were installed in a 

large majority (96.1 %) of all OWFs across Europe by the end of 2020 (WindEurope, 2021). 

Therefore, these foundations are considered for further review. Figure 12 presents a schematic 

diagram of the most popular bottom-fixed foundations. 
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Figure 12 Schematic diagram of the following bottom-fixed foundations: monopile, gravity 

base and jacket (Jiang, 2021) 

 

In 2020, monopiles remained in the lead as the most popular foundation type in Europe, 

representing 80.5% of all new installation. Regarding suppliers, EEW and Sif provided 423 

monopiles in total across the Netherlands, Belgium, and Germany. Jackets were the second 

most popular foundation type with 19% or 100 units, supplied by Lamprell and Smulders to 

Moray East in the UK. Three semi-subs structures (0.5%) supplied by Navantia-Windar 

Consortium were installed at Kincardine and Windfloat Atlantic (see Figure 13) (WindEurope, 

2021). 

 

 
Figure 13 Foundations installed in Europe in 2020 by manufacturing company (WindEurope, 

2021, modified by author) 
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2.2.1 Monopile foundations 

 

The monopile foundation is a tube pile made of steel with a diameter of 3–8 m and a length of 

20–40 m drilled or vibrated into the seabed (Wu et al., 2019). This type of foundations is 

suitable for shallow waters, ranging between 0 and 30 m in depth (Díaz and Guedes Soares, 

2020). The vertical loads are mitigated by means of side friction between the monopile and the 

soil. Moreover, monopiles resist bending or rotating by passing the applied horizontal loads to 

the surrounding soil (Igoe, Gavin and O’Kelly, 2013; ICF, 2020). This foundation is widely 

adopted for OWTs due to its simplicity and ease to manufacture and install (Fu, 2018). In 

Europe, the popularity of monopile foundations can be justified for the following reasons. 

Firstly, the North Sea’s seabed conditions are sandy and muddy, which makes the process of 

installing piles easier, and therefore less expensive for an OWF owner. Secondly, most offshore 

farms in Europe are commissioned in relatively shallow waters, not exceeding 30 m depth (Oh 

et al., 2018; Díaz and Guedes Soares, 2020). Considering the difficulties associated with the 

maintenance of vertical monopiles and other types of foundations, an additional transition piece 

is proposed between the foundation and the tower at the seabed level. The transition piece 

provides access to the turbine (Burton et al., 2011), as well as corrects vertical misalignment of 

the previously installed foundation (Arshad and O’Kelly, 2013). Consequently, the tower and 

turbine, which make up the upper structure, are mounted on the top of the transition piece 

(Burton et al., 2011). According to WindEurope, there are 4,681 monopile foundations installed 

in Europe, representing an 81.2% share of the total market by 2020 (see examples in Table 3) 

(WindEurope, 2021). 

 

Table 3 Examples of OWFs with monopile foundations (Díaz and Guedes Soares, 2020), 

retrieved by authors from 4C Offshore and The Wind Power 

Wind name Year Country 

Average 

water depth 

(m) 

Number of 

turbines 

Turbine 

capacity 

(MW) 

Hornsea I 2020 UK 30 174 7 

Nobelwind 2017 Belgium 32 50 3.3 

Gode Wind 1 and 2 2017 Germany 31 97 6 
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2.2.2 Gravity base foundations 

 

The gravity base (GBS) foundation is a hollow frustum-shaped structure typically produced of 

low-cost materials, such as reinforced concrete (steel and a combination of steel and concrete 

are also feasible options) (Burton et al., 2011; Thomsen, 2014; Esteban, López-Gutiérrez and 

Negro, 2019). The GBS foundations are manufactured onshore, usually at a drydock, and then 

transported to the site by a semi-floating method due to their ability to float before they are 

ballasted. Thus, large transport vessels and heavy lift cranes are not needed (ICF, 2020). 

Following installation of the GBS foundation, the hollow area inside is loaded with ballast 

(sand, rock, or iron ore) to add substantial weight against vertical and horizontal loads (Esteban, 

López-Gutiérrez and Negro, 2019; Díaz and Guedes Soares, 2020). Ballast is necessary, for 

example, to counteract extreme overturning movements of the sea, which could potentially turn 

over the structure (Burton et al., 2011; Wu et al., 2019). The GBS foundation is an alternative 

for shallow waters up to 20 m in depth where driving monopiles into the seabed is 

technologically challenging because of semihard and uniform conditions (e.g., rocky soil) 

(Thomsen, 2014; Esteban, López-Gutiérrez and Negro, 2019; Díaz and Guedes Soares, 2020). 

Since GBS is a solid concrete structure filled with ballast, the weight is significantly higher in 

comparison to other types of foundations and ranges between 1,500 and 4,500 t (Thomsen, 

2014), requiring advance soil preparation (e.g., dredging) as installation sites must be flat for 

correct support (Esteban, López-Gutiérrez and Negro, 2019; ICF, 2020). The GBS foundations 

represent a 5% share of the total European market with 289 installed units (see examples in 

Table 4) (WindEurope, 2021).  

 

Table 4 Examples of OWFs with GBS foundations (Díaz and Guedes Soares, 2020), retrieved 

by authors from 4C Offshore and The Wind Power 

Wind name Year Country 

Average 

water depth 

(m) 

Number of 

turbines 

Turbine 

capacity 

(MW) 

Tahkoluoto 2017 Finland 13 10 4 

Rodsand II 2010 Denmark 9 90 2.3 

Karehamn 2013 Sweden 13 16 3 
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2.2.3 Jacket foundations 

 

The jacket foundation is a three- or four-legged space frame structure nailed into the seabed by 

leg piles (Wu et al., 2019; Díaz and Guedes Soares, 2020). This foundation is suitable for 

offshore sites with a greater water depth between 25 and 50 m (Díaz and Guedes Soares, 2020), 

and some even extended to 80 m (Pérez-Collazo, Greaves and Iglesias, 2015). Manufactured 

onshore (e.g., in a shipyard or another facility) as a single frame unit, jackets are delivered to 

the farm using a flat-top barge or other vessels. Also, there is another way of transportation 

when jackets are floated like gravity bases. At the farm, large cranes upend jackets vertically 

and then lower them to the seabed for further installation by nails (ICF, 2020). Jackets serve as 

a lightweight alternative to monopiles for deeper waters, since the primal horizontal loading, 

the overturning movement, is confronted at higher-level arms owing to the wide-spread legs of 

the construction. Besides, the decreased total member cross-sectional area of the construction 

mitigates wave inertia loading, the main cause of fatigue damage. However, the manufacturing 

and welding of various complex elements lead to a significant cost penalty, as well as the width 

difference between the top and bottom of the structure requires a substantial transition section 

(Burton et al., 2011). By the end of 2020, jacket foundations represented 9.9% share of the total 

market or 568 installed units across Europe (see examples in Table 5) (WindEurope, 2021). 

 

Table 5 Examples of OWFs with jacket foundations (Díaz and Guedes Soares, 2020), retrieved 

by authors from 4C Offshore and The Wind Power 

Wind name Year Country 

Average 

water depth 

(m) 

Number of 

turbines 

Turbine 

capacity 

(MW) 

Nissum Bredning Vind 2018 Denmark 3.5 4 7 

Wikinger 2018 Germany 39.5 70 5 

Thornton Bank phase II 2012 Belgium 18 30 6.2 

 

2.3 Transmission system 

 

The electricity generated by OWTs must be transmitted to shore. This is achieved by the 

transmission system of an OWF, which includes the inter-array and export cables, and offshore 
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and onshore substations. Figure 14 illustrates a typical transmission system layout using High 

Voltage Alternative Current (HVAC) or High Voltage Direct Current (HVDC) configuration. 

 

 
Figure 14 Schematic representation of  HVAC (a) and HVDC (b) transmission systems (Dakic 

et al., 2020) 

 

This subchapter is divided into four sections, each presenting a main component of the 

transmission system in more detail. 

 

2.3.1 Inter-array cables 

 

OWTs are linked by a large number of inter-array cables typically rated at 33 kV, which collect 

and transmit the generated electrical output to the offshore substation (Rodrigues et al., 2016; 

Srinil, 2016; Manwell, 2018). Typically, inter-array cables are insulated three-core copper or 

power conductors made of aluminium with armoured steel wire (Worzyk, 2009; IRENA, 2016). 

The required number of inter-array cables is determined by the layout of the farm (i.e., the 
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number of turbines and the distance between them) and used voltage (Kaiser and Snyder, 2012). 

According to the typical installation procedure, inter-array and export cables are laid and then 

buried 1–2 m below the seabed using the underwater trenching machine to protect them from 

being damaged (Manwell, 2018). In practice, the collection and transmission of electricity can 

be implemented using AC or DC power cabling. To date, most of the existing OWFs feature 

AC as the cheapest and most commonly adopted voltage for the array-cable network with either 

AC or DC onward transmission options of electricity to the onshore grid (Holtsmark et al., 

2013; Soares-Ramos et al., 2020). 

 

With a significantly increased nominal power of the newest OWTs, shifting from the well-

established 33 kV to 66 kV inter-array voltage has been proposed. The shift would result in 

lower system power and energy losses and reductions of CAPEX up to 15% compared to a 

standard 33-kV voltage of a 350 MW OWF with the inter-array’s radial layout (TenneT, 2015). 

Nexans, one of the leaders in the cable industry, has already deployed a 66 kV rated voltage for 

the first time at the 41.5 MW Blyth Offshore Demonstrator Wind Farm Project in the UK 

(Nexans, 2016). Furthermore, Nexans’ 66 kV inter-array cables have been deployed later at 

Nissum Bredning Vind in Denmark and Aberdeen Bay in the UK. These small-scale pilot 

projects have shown the readiness of the technology to be implemented at a larger scale 

(Nexans, 2018). 

 

The share distribution among inter-array cable suppliers in Europe over the years 2019 and 

2020 is presented in Figure 15. The number of inter-array cables for each supplier is calculated 

by taking into account the number of grid-connected OWTs in the year. 
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Figure 15 Share of inter-array cable suppliers in 2019 (a) and 2020 (b) (WindEurope, 2020, 

2021, modified by author) 

 

As WindEurope reports, four companies supplied inter-array cables in Europe in 2020. 

TFKGroup, represented by JDR Cable Systems and TFKable, supplied most OWFs, located in 

Germany, Portugal, Belgium, and the UK, with 145 cables and continued to dominate the 

market (41%). Nexans and Prysmian supplied 94 cables (27%) to Borssele 1 & 2 and 76 cables 

(21%) to Borssele 3 & 4, respectively (WindEurope, 2021). Each of the Dutch OWFs features 

the 66 kV inter-array cable network implemented for the first time on a larger scale (Subsea 

World News, 2020a, 2020b). NSW Technology supplied 39 cables (11%).  

 

2.3.2 Offshore substation 

 

The offshore substation is a pivotal element of the transmission system of an OWF that receives 

power from the inter-array network and exports it with increased voltage via buried export 

cables to the grid. The offshore substation consists of upper and support structures: 

• The upper or topside structure contains electrical equipment and additional facilities for 

personnel, ensuring their occupational health and safety on site. The chosen 

transmission technology used for energy export (voltage and current’s type (AC or DC)) 

determines the electrical equipment design of the substation, including transformers, 

switchgear and other accessories. Notably, the offshore substation is equipped with 

several transformers that increase the voltage from 33 kV to about 220 kV for AC or 

from 320 to 800 kV for DC. The increased voltage reduces potential losses of electricity 
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during transmission to the onshore substation. Furthermore, HVDC substations 

accommodate AC-to-DC converter, as well as being generally larger in size (more than 

10,000 t) than HVAC analogues (1,000-2,000 t), requiring a heavy-lift vessel for 

installation in the open sea and a more massive support structure. The arrangement of 

electrical equipment is either vertical (for capacities up to 100 MW) on a gravity-based 

or monopile support structure or horizontal (more than 100 MW) on a jacket support 

structure. 

• The support structure keeps the offshore substation above the water, including the 

substructure and foundation. The choice of foundation type depends on the properties 

of the seabed and the arrangement of electrical equipment (IRENA, 2016; Robak and 

Raczkowski, 2018). 

 

2.3.3 Export cables 

 

The electricity transmission between the offshore and onshore substation is carried out by 

HVAC rated at up to 220 kV or HVDC rated at up to 525 kV export cables (IRENA, 2016; 

Srinil, 2016). The choice of the transmission technology is mainly dependent on the power to 

transmit and distance to shore of the future offshore project (Srinil, 2016), as illustrated in 

Figure 16.  

 

 
Figure 16 Selection of optimal voltage for an OWF (Dakic et al., 2020) 
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HVAC has become a widely adopted transmission technology due to its simplicity and 

suitability for OWFs closer to shore (up to 50 km). Nevertheless, the AC technology has several 

disadvantages, which appear with an increase of the distance to shore, such as (1) a significant 

volume of reactive current due to the high capacitance, requiring additional compensation for 

larger distances; (2) the impossibility of directly connecting two AC networks of separate 

frequencies; and (3) high cable costs compared to DC (Bresesti et al., 2007; Soares-Ramos et 

al., 2020). Considering the shortcomings associated with AC, HVDC is on the way to becoming 

the most appropriate solution for OWFs with significantly increased distances to shore and 

installed power. HVDC configuration allows transmitting a larger amount of electricity by 

fewer cables with minimal losses over a significant distance to shore up to 150 km, since 

reactive power is not generated (IRENA, 2016; Srinil, 2016; Manwell, 2018; Dakic et al., 

2020). An example of a large-scale OWF approaching HVDC export cables is Dogger Bank 

Wind Farm in the UK. Located 130 km off shore, the first two phases of the farm (A and B) 

with a combined capacity of 2.4 GW will feature approximately 4 offshore export cables with 

a length of 175 km of 320 kV DC and 4 onshore export cables with a length of 32 km of 320 

kV DC provided and installed by NKT starting from late 2021. The estimated value of the 

contract is approximately EUR 360 million in market prices or EUR 300 million in standard 

metal prices (Adnan Durakovic, 2019).  

 

According to WindEurope, the share distribution among export cable suppliers in Europe over 

the years 2019 and 2020 is presented in Figure 17. The number of export cables for each 

supplier is calculated by taking into account the number of grid-connected OWFs in the year.  
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Figure 17 Share of export cable suppliers in 2019 (a) and 2020 (b) (WindEurope, 2020, 2021, 

modified by author)  

 

In 2020, NKT Group and Nexans tied by supplying 33% each of export cables to OWFs located 

in the UK, Belgium, and the Netherlands. Followed by Hellenic Cables and Prysmian, which 

concluded the list with 22% and 11% shares, respectively (WindEurope, 2021). 

 

2.3.4 Onshore substation 

 

The onshore substation is a land-based version of the offshore substation used to step up voltage 

to grid voltage. In the case of DC, the received power is required to be converted into AC again 

prior to feeding the national grid (IRENA, 2018b). 
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3 COST STRUCTURE OF BUILDING, OPERATING AND 

DECOMMISSIONING AN OFFSHORE WIND FARM 
 

As a relatively new method of electricity generation, offshore wind is associated with high costs 

and engineering challenges related to harsh environmental and working conditions. This poses 

a challenge for the wider acceptance of this promising technology around the world. However, 

these sorts of challenges are not solely faced by offshore wind, and the pattern of confronting 

them is inherent to all new technologies and industries (Poudineh, Brown and Foley, 2017b). 

Therefore, once developers and suppliers gain substantial experience with a particular 

technology, economic and technical performance start to stabilise, pushing a decrease in costs. 

This phenomenon can be explained by an experience curve, a commonly used concept in the 

industry proposed by the Boston Consultancy Group (BCG) in 1968. An experience curve is a 

declining linear curve that describes the relationship between overall production cost 

developments and cumulative production (Junginger, Sark and Faaij, 2010). 

 

In the offshore wind industry, each farm is a unique result of combining various tailor-made 

solutions and services, and many related suppliers are yet to establish a robust supply chain and 

standardised manufacturing process. Thus, an experience curve cannot be applied to a complex 

multi-component product, like an OWF, to describe the cost development from a historical 

point of view. Moreover, the OWF’s geographical location in the open sea, including 

parameters like distance to shore and water depth, simply cannot be taken into account by an 

experience curve (Voormolen, Junginger and van Sark, 2016). However, this approach seems 

possible to assess an OWF not as a whole, but rather as separate components (e.g., OWTs, 

foundations, elements of transmission system) (Junginger, Sark and Faaij, 2010).    

 

Even though a single experience curve is not applicable in the case of OWFs, the costs are still 

expected to decline over time (Voormolen, Junginger and van Sark, 2016). Junginger, Sark and 

Faaij (2010) summarised 6 factors, which positively influence cost reductions. These factors 

are displayed in Table 6. 

 

 

 



 

   

 

38 

Table 6 Factors behind cost reductions (Junginger, Sark and Faaij, 2010) 

Factor Contributor (or driver) 

Learning-by-searching Research and Development (R&D) 

Learning-by-doing Repetitive manufacturing process 

Learning-by-using Users’ feedback 

Learning-by-interacting Diffusion of a particular technology. The 

network interactions between various actors 

(e.g, research institutes, industry, end-users 

and policymakers) 

Change of size Upsizing or downsizing of the product 

Economies of scale Increased amount of produced product  

 

In practice, these factors occur as a combination in each stage of the lifespan of technology, and 

the impact may vary over time. Moreover, some technologies, due to their nature, may not be 

influenced by one or several of these factors (Junginger, Sark and Faaij, 2010). In the case of 

an OWF, “learning-by-using” is not applicable since the end-consumers of electricity do not 

influence the farm’s operations.  

 

Alongside the ‘experience curve’ concept, BCG in 1968 proposed a model describing the 

dynamic relationship between costs and prices for a new product or technology, such as an 

OWF. The model is illustrated in Figure 18.  

 
Figure 18 Cost and price development for a new product or technology (BCG, 1968, modified 

by author) 
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From Figure 18, we can see that the model is divided into 4 major phases, namely development, 

price umbrella, shakeout, and stability. During the development phase, the price for a new 

product or technology is typically lower than production costs, purposely set by a manufacturer 

to create a niche or compete with present alternatives in the market. With accumulated 

experience, the cost begins to decline, while the price continues being constant – the ‘umbrella’ 

phase. Consequently, the high margin attracts new entrants, significantly lowering the price for 

a short period (shakeout). Eventually, both the price and cost start to stabilise and, from this 

point, start to decline at a corresponding pace (the stability phase) (Junginger, Sark and Faaij, 

2010). Despite the generalisation of the model, it can still be used to understand how a product 

or technology acts over time, in terms of both price and cost (Voormolen, Junginger and van 

Sark, 2016).  

 

The following subchapter 3.1 and its subchapters aim to investigate the current and future trends 

in costs associated with developing an OWF, breaking them down as they occur in the project’s 

pipeline. Furthermore, as a young industry in its quest for cost-competitiveness, offshore wind 

remains to be a policy-driven technology. To make deployment of the technology economically 

attractive in emerging and well-established markets, offshore wind requires governmental 

forms of support – subsidies. These subsidies will be discussed separately with reflection on 

the key offshore wind market in subchapter 3.2. 

 

3.1 Calculation of costs 

 

The typical breakdown of different categories of lifetime expenditure is illustrated in Figure 19 

with the example of a 500 MW OWF in Scotland (the UK) estimated by the Scottish Enterprise. 

 



 

   

 

40 

 
Figure 19 Cost breakdown of an OWF (Scottish Enterprise, 2017, modified by author) 

 

As shown in the pie chart (Figure 19), operation, maintenance and services, representing 

together operational expenditures, dominate lifetime expenditure by a significant proportion of 

40%. However, it should be noted that these costs are distributed over the 25-year lifespan of 

an OWF and not paid as a one-time sum. Subsequently, OWTs represent the second-largest cost 

(25%), including their manufacture, assembly, and testing of mechanical components (i.e., the 

nacelle, rotor and tower) and electrical systems to the point of their connection to the inter-array 

cable network. Balance of plant follows OWTs with a 17% share, offering more inclusive 

opportunities for companies from the mature O&G industry to participate in the supply chain 

due to the high synergies between the two industries, accumulated expertise in designing and 

manufacturing cabling, offshore substation structures and foundations, and performing 

additional secondary steelwork (Scottish Enterprise, 2017). At the moment, many O&G 

suppliers have already transitioned towards offshore wind in order to cover losses associated 

with decreasing investment rates in traditional offshore O&G amid the global energy transition. 

For example, Rystad Energy, an international consultancy body, expects offshore wind to 

exceed O&G in terms of capital expenditures by 2022 in Europe (Rystad Energy, 2020). 

Installation and commissioning of an OWF accounts for 11%. Finally, development and 

decommissioning, denoting the beginning and end of an OWF’s lifespan, are both relatively 

low and comprise up to 3% and 4% of all costs, respectively (Scottish Enterprise, 2017). 

 

In general, the cost breakdown may vary significantly across countries, depending on site 

characteristics, legislation and other variables. Most notably, the responsibility for connection 

between an OWF and shore poses the most significant cost difference. In some countries, the 
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farm-to-shore transmission system belongs to a government-owned transmission network (e.g., 

TSOs). This is certainly true in the case of OWFs commissioned in Denmark (until 2018), the 

Netherlands, Belgium (from 2018) and France (from 2019), where developers are responsible 

only for constructing the inter-array cable network between the turbines (IRENA, 2018b; 

Global Wind Energy Council, 2020). While in other countries, the farm-to-shore transmission 

system is the farm developer’s responsibility, for example, in Denmark (from 2019), the US, 

mainland China and Taiwan (Global Wind Energy Council, 2020). In the UK, developers must 

transfer transmission assets to offshore transmission owners (OFTOs) responsible for 

maintenance and decommissioning, appointed through a competitive process before operation 

starts (Deloitte, 2019). Overall, there is no universally adopted strategy concerning grid 

connection responsibility on a policy level. Therefore, national authorities must consider the 

grid connection in the matter of local market design to ensure a reliable and expeditious supply 

of large volumes of renewable energy from offshore wind, as well as the year-to-year growing 

investment and deployment rates of the industry (Global Wind Energy Council, 2020). 

 

The cost structure of a typical OWF can be categorised into capital expenditures (CAPEX), 

operational and maintenance expenditures (OPEX), and decommissioning expenditures 

(DECOM, or DECEX) in terms of their appearance during the project timeline (Poudineh, 

Brown and Foley, 2017b). Figure 20 presents the breakdown of these categories.   

 
Figure 20 Life cycle costs’ breakdown of an OWF (Bosch, Staffell and Hawkes, 2019, 

modified by author)  
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3.1.1 The levelised cost of electricity 

 

In the energy sector, the levelised cost of energy (LCOE), or electricity, in our case, is a standard 

economic measure of calculating the lifetime costs of electricity, used to determine returns on 

investment during the phase of initial planning. The basic idea of this measure can be expressed 

as follows 

 

																																																																																	𝐿𝐶𝑂𝐸 =
∑ 𝐶!"
#

∑ 𝐸!"
#

																																																																							(1) 

 

where, LCOE is calculated on the basis of the equivalence of the sum of the lifetime costs (𝐶) 

in the selected currency (e.g., in EUR or USD) in year 𝑡 and the sum of power output (𝐸) 

generated in kWh or MWh in year 𝑡 over the lifetime from the beginning (year 0) to the end 

(year 𝑛) (Johnston et al., 2020). For offshore wind, the typical lifetime of the farm is 25 years 

(IRENA, 2015). As shown in Figure 21, the LCOE in the leading European offshore wind 

markets results from a complex combination of multiple inputs given by characteristics of a 

potential OWF to be deployed and other market interactions. 

 
Figure 21 Qualitative overview of LCOE (Johnston et al., 2020, modified by author) 

 

Considering the complexity of interaction between various actors, a new equation for 

calculating the LCOE is needed 
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where, 𝐼! is the CAPEX in year 𝑡, 𝑀! is the OPEX in year 𝑡, 𝐹! is the fuel expenditures in year 

𝑡, 𝐸! electricity generation in year 𝑡, 𝑟 is the discount rate (%), and 𝑛 is the lifespan of the 

project in years (IRENA, 2015). However, it is worth mentioning that IRENA’s version of the 

LCOE equation does not take into account governmental forms of support (e.g., subsidiary 

programs), the “merit order effect”, by which the price level is administratively set for 

electricity, and other parameters inherent to methods of electricity generation from specific 

renewable sources (Bosch, Staffell and Hawkes, 2019). Thus, this version is used to show 

policymakers and industry members the current state of renewable energy technologies in terms 

of relative costs (IRENA, 2018c). Therefore, Bosch, Staffell and Hawkes (2019) proposed 

another version of the LCOE calculation especially made for offshore wind. They refined the 

general LCOE equation to be suitable for a specific country (𝑗), as well as covering the distance 

to shore (𝑑) and water depth (𝐷), in each grid square (𝑖) of an OWF. 
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where, 𝐹𝐶𝑅 is the fixed charge rate (see equation (4)). 

 

Since owners of an OWF are obligated to pay the capital’s cost annually (i.e., interest paid on 

debt, and return on equity), the FCR, an essential part of capital costs, must be taken into 

account in the LCOE equation (3). Therefore, CAPEX multiplied by FCR is seen as a constant 

annuity payment. The FCR equation is as follows (Bosch, Staffell and Hawkes, 2019): 

 

																																																																									𝐹𝐶𝑅 =
𝑊𝐴𝐶𝐶

1 − (𝑊𝐴𝐶𝐶 + 1)("
																																																							(4) 

 

and further, WACC is the weighted average cost of capital  

 

	𝑊𝐴𝐶𝐶(%) = 𝑠ℎ𝑎𝑟𝑒	𝑜𝑓	𝑒𝑞𝑢𝑖𝑡𝑦 ∗ 𝑐𝑜𝑠𝑡	𝑜𝑓	𝑒𝑞𝑢𝑖𝑡𝑦	(%) + 𝑠ℎ𝑎𝑟𝑒	𝑜𝑓	𝑑𝑒𝑝𝑡ℎ ∗ 𝑐𝑜𝑠𝑡	𝑜𝑓	𝑑𝑒𝑝𝑡ℎ	(%)		(5)	            
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As can be assumed from Equation (5), WACC is a rate of return on the equity and depth from 

different financing sources (Voormolen, Junginger and van Sark, 2016). Overall, a distinctive 

feature of the LCOE Equitation (3) is that it recognizes offshore wind specifics, allowing 

comparison between offshore wind sites within and across countries (Bosch, Staffell and 

Hawkes, 2019).  

 

The past decade has seen the rapid development of the offshore wind industry, which 

significantly affected the LCOE values as illustrated in Figure 22.  

 

 
Figure 22 Project and global weighted average of LCOEs (IRENA, 2020b) 

 

Figure 22 reveals an evident trend of decreasing the global weighted average of LCOEs. 

Between 2010 and 2019, the global weighted average LCOE decreased from 0.161 USD/kWh 

to 0.115 USD/kWh, showing a 29% decline (IRENA, 2020b). It can therefore be assumed that 

offshore wind has been showing steady technological progress and yet to unleash the full 

potential by a significant LCOE drop in the current and subsequent decade. However, in some 

European countries, the LCOE is already economically visible in competing with other 

renewable and non-renewable energy conversion technologies. For instance, recently approved 

offshore wind projects in Germany and the Netherlands have reached a zero-subsidy status at 
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lower auction bids. In the long-term perspective, IRENA expects the LCOE for offshore wind 

to significantly decrease to an average ranging between 0.05 to 0.09 USD/kWh by 2030, and 

0.03 to 0.07 USD/kWh by 2050. In comparison with onshore wind, IRENA expects an average 

ranging between 0.03 to 0.05 USD/kWh by 2030, and between 0.02 to 0.03 USD/kWh by 2050 

(IRENA, 2019a). 

 

3.1.2 Capital expenditures  

 

Capital expenditures (CAPEX) encompass all costs associated with the development of an 

OWF from planning to commissioning. Traditionally, wind projects deployed offshore are more 

capital-intensive than onshore. During the initial phase, planning and development of the 

offshore projects take more time (typically a few years) since data must be collected and 

analysed regarding the site, including environmental, geotechnical and geophysical studies, and 

wind resources to be exploited. Furthermore, the process of gaining both permitting and 

environmental consents is complex and varies from country to country. OWF’s components are 

more expensive than onshore, most notably OWTs and the foundations. Consequently, their 

logistics and installation in the open sea and farther from ports significantly increase CAPEX. 

On the other hand, the significantly increased size of current and future OWFs compared to 

onshore alternatives creates economies of scale, lowering the CAPEX and OPEX values. 

Besides, the growth of OWTs in size (up to 14-15 MW in the short-term future) results in higher 

electrical output by means of fewer installations, while increased capacity factors for the same 

wind quality, securing the electricity supply, especially during winter (IRENA, 2020b). 

Offshore wind is considered a promising opportunity among other low-carbon technologies in 

order to meet challenging national and supranational targets of decarbonising the electricity mix 

worldwide in the long-term perspective, but its costs must be reduced.  

 

According to IRENA, the weighted average total installed costs (often referred to as CAPEX) 

curve has remained volatile over a 20-year period since 2000, caused by low installation 

capacity additions in some years, as illustrated in Figure 23. Moreover, the distribution of total 

installed costs across the European and Asian markets differs. In China, the leading market in 

Asia, OWFs are associated with lower commodity prices and labour costs compared to Europe, 

as well as being typically commissioned in shallow waters close to shore. 
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Figure 23 Project and weighted average total installed costs (including transmission costs) 

(IRENA, 2020b) 

 

Nevertheless, the curve has still shown a gradual decline despite the recent trend of deploying 

newer OWFs in deeper waters at a greater distance from shore in Europe. Between 2010 and 

2019, offshore wind’s global weighted average of total installed costs declined from 4650 to 

3800 USD/kW, showing an 18% drop regardless of the highest peak at 5 740 USD/kW in 2013 

(IRENA, 2020b). Both CAPEX and LCOE reductions have been facilitated by a wide range of 

factors, showing the current maturity of the offshore wind industry. These factors include 

accumulated experience by OWF’s developers and OWT’s manufactures; the progressing 

industrialisation and standardisation of manufacturing foundations, transmission cabling and 

other components; and logistical synergies across closely-linked European countries and in 

China, which is projected to dominant the industry in less than two decades (IRENA, 2019a, 

2020b). 

 

3.1.3 Operational expenditures 

 

Operational expenditure (OPEX) incorporates operational and maintenance (O&M) activities, 

which seeks to ensure maximum power production of an OWF at minimum failure loss. OPEX 
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contributes a significant proportion in lifetime expenditure (40%) of an OWF, but it is spread 

over the 25-year operational lifetime. Before quantifying costs, it is necessary to note that 

OPEX incorporates not only O&M, but also other related operating expenses, which are 

presented in Figure 24. 

 
Figure 24 Breakdown of the costs within the operation, maintenance and service sub-element 

(Scottish Enterprise, 2017, modified by author)  

 

It is clear that O&M offshore is more challenging than onshore. The reasons behind this can be 

the following (Kang and Guedes Soares, 2020; Ren et al., 2021): 

• limited accessibility of the farm owning to the extreme and unpredictable weather 

conditions, and the great distance to shore; 

• the harsh marine environment (e.g., wave heights, wind speeds, and structural 

vibrations) causes more failures than onshore; 

• the necessity of a maintenance fleet (e.g., service vessels) and technical personnel for 

offshore maintenance and repairs. 

 

Although extensive research has been performed on the subject of offshore wind, studies that 

adequately describe the lifetime O&M costs due to little operational experience, particularly in 

sites farther from shore, are very limited. The cost of O&M varies, and in 2018 it ranged 

between 70 USD/kW and 129 USD/kW per year, in which the lower values were identified for 

projects commissioned closer to shore in well-established European markets and China. High 

maintenance costs constrain the development of offshore wind. However, the recent 
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introduction of specialised vessel lowers the cost. Moreover, further cost optimisation can be 

reaped through servicing large offshore wind clusters rather than individual farms, as well as 

the adoption of advanced maintenance strategies based on remote diagnostic of the assets to 

prevent any sudden failures in advance (IRENA, 2020b). These strategies will be discussed in 

the subsequent sub-chapter. 

 

Within O&M, maintenance activities have a strong influence on downtime, as a more extended 

waiting period for a repair may result in a more significant loss of electricity generation and 

potential sanctions from the national grid. Maintenance activities typically include routine 

inspections onsite to correct any failures or repair defective OWF components, most notably 

OWTs. Maintenance of OWTs is considered one of the most critical tasks since they are 

exposed to various loads and, therefore, most susceptible to technical failures. Based on the 

operational data concerning 1768 turbine years of 350 OWTs across Europe with a capacity 

range up to 4 MW and a rotor diameter up to 120 m, Carroll et al. (2016) conclude firstly, that 

pitch and hydraulic systems and the generator are most susceptible to failures. Secondly, the 

hub, blades and gearbox are the most expensive sub-elements to maintain per failure. However, 

the hub and blades have a low failure rate, meaning their contribution is not as high as the 

gearbox or generator to OPEX. Thirdly, as wind speeds increase offshore, it directly influences 

the failure rate. Finally, the average failure rate is 8.3 failures per OWT per year at the third 

year of an OWF’s operation, and the severity rate of those repairs is represented in Figure 25. 

 

 
Figure 25 The severity rate of repairs (Carroll, McDonald and McMillan, 2016)  
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Thus, the correct maintenance strategy ensures that the downtime of an OWF is avoided, while 

reducing financial losses, as well as the environmental impact in the long term (Ren et al., 

2021).  

 

OWTs represent a major cost in the lifetime expenditure of an OWF, and therefore, their 

maintenance poses an important part of day-to-day operations. To mitigate the occurrence of 

various technical failures caused either by ageing or sudden breakdown, technical personnel 

visit an OWF on a frequent basis as a part of the maintenance strategy. When frequency of visits 

is low, OWTs has a higher failure rate, potentially resulting in more extended downtime, while 

a high visit frequency is ineffective and, most importantly, more expensive. Thus, maintenance 

frequency is a subject of compromise between various factors, such as faulty risks, availability 

of service vessels and technician personnel, etc.  

 

A successfully employed maintenance strategy maximises electricity output and, consequently, 

the economic benefit of an OWF by decreasing unpredictable failures with a minimal 

involvement of labour and vessels. Figure 26 represents maintenance strategies for OWTs.  

 

 
Figure 26 Classification of maintenance strategies (Ren et al., 2021, modified by author) 

 

As can be seen from Figure 26, maintenance strategies may be classified depending on when 

maintenance is conducted as part of the:  

• Corrective (reactive) maintenance strategy. This failure-based strategy takes place only 

if a failure has occurred and, therefore, avoids unnecessary maintenance inspection. 
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However, for large-scale OWFs, the corrective strategy may be impractical due to a 

large number of OWTs with a relatively high failure rate than onshore, especially when 

weather conditions are not favourable for maintenance at short notice (Karyotakis and 

Bucknall, 2010). 

• Proactive maintenance strategy. In accordance with this advanced strategy, inspections 

are scheduled prior to failures. The proactive strategy may be further divided into: 

o Preventive maintenance strategy. Maintenance is performed at annual 

predetermined intervals, which are calculated by taking into account capacity 

factors, accessibility, and LCOE (Karyotakis and Bucknall, 2010), or the level 

of power generation (Zied Hajej, Nidhal Rezg, 2016). 

o Condition-based maintenance strategy, which involves remote monitoring via 

sensors. These sensors retranslate the real-time status of OWTs and give notice 

if a fault has occurred for immediate repair (Ren et al., 2021). 

o Predictive maintenance strategy. The principle of this strategy is similar to 

condition-based, but the sensor system must determine when to conduct 

maintenance activities to mitigate any failures before they occur. Despite the 

effectiveness of remote fault-detection of both sensor-based maintenance 

strategies, the use of sensors gives rise to several challenges. The extensive 

monitoring of a large number of OWTs and other sub-elements of the farm 

generates large quantities of raw data, which need to be further collected, 

filtered, analysed and stored. Moreover, cyber-security is another critical issue 

that must be addressed since the sensor network might be exposed to information 

disclosure and cyber-attacks conducted by third parties (Ren et al., 2021). 

• Opportunistic maintenance strategy. This strategy combines the best practices from the 

corrective and proactive strategies. For example, during a scheduled service visit, 

technicians may repair a healthy component, but which is about to break down (Ren et 

al., 2021). Meanwhile, the maintenance of an OWT must be conducted under suitable 

conditions, in which wind speed plays an essential role since it affects accessibility of 

the farm. Therefore, the active opportunistic maintenance strategy, which seeks a 

sufficient window of favourable weather conditions (i.e., wind speed, between t1 and t2) 

for maintenance to be conducted (see Figure 27), is considered the most effective and 

demonstrates 10.9% and 18.3% decreases in O&M costs in comparison with passive 
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opportunistic maintenance strategy and other strategies, not considered as opportunistic 

maintenance, respectively (Zhang et al., 2019). 

 
Figure 27 Maintenance window (Zhang et al., 2019, modified by author) 

 

In the current practice, OWF owners choose OWT’s manufactures to perform servicing as a 

part of the supplier agreement. All three major manufactures, namely SGRE, Vestas and GE 

Renewable Energy, provide a wide spectrum of O&M activities for existing and new customers. 

Nevertheless, OWF owners may also choose to organise O&M in-house, employ independent 

service providers, or even a combination thereof, depending on the received offers and financial 

constraints of a future project.  

 

3.1.4 Decommissioning expenditures 

 

Decommissioning constitutes the final stage of an OWF’s lifespan when the generation and 

transmission assets are removed from the site with respect to the surrounding environment. The 

exploited site must be left in as close to the original condition prior to the deployment of the 

project (Topham and McMillan, 2017). Decommissioning is an emerging practice in the 

offshore wind industry. To date, only a few small-scale OWFs have been decommissioned. 

Table 7 displays details about seven OWFs decommissioned across Europe by 2019.   
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Table 7 Decommissioned OWFs in Europe by 2019 (1C Offshore, 2019; Adedipe and Shafiee, 

2021) 

Country OWF 

Farm 

capacity 

(MW) 

Operational 

years 

Decommissioned 

year 

Foundation 

type 

Denmark Vindeby 4.95 26 2017 Gravity-

based 

Germany Hooksiel 5 9 2016 Tri-pile 

Netherlands Lely 2 23 2016 Monopile 

Sweden Utgrunden I 10.5 19 2018 Monopile 

 Yttre 

Stengrund 

10 15 2015 Monopile 

UK Blyth 4 13 2019 Monopile 

 Beatrice 

Demonstration 

10 8 2016 Jacket 

(piled) 

 

Since each OWF is a unique multi-component project, the development of a standardised 

decommissioning strategy poses a challenge, depending on a variety of factors, such as the 

gained consent and legislation of the country where the farm was commissioned, utilised assets 

and their state by the end of the lifespan, the site’s characteristics, among other factors. In the 

current decade, the number of decommissioning activities across European countries and 

worldwide is expected to grow substantially. The typical portrayal of an OWF, which will be 

decommissioned in this timeframe, is a relatively low-scale farm with a few small-sized 

turbines installed on monopile foundations in water depths not exceeding 50 m. Such farms will 

provide a learning opportunity to practice decommissioning activities in “easy” environments, 

before the operation life of large-scale OWFs come to an end  (Topham and McMillan, 2017; 

Adedipe and Shafiee, 2021). The strategies for the current and upcoming large-scale OWFs, 

especially with installed capacity over 1,000 MW and located at a great distance from shore, 

are still developing and thus uncertain. Moreover, available equipment and legislation may 

change significantly in the long-term perspective, making a fair valuation of decommissioning 

costs and time extremely challenging (Scottish Enterprise, 2017; McAuliffe et al., 2019). Figure 

28 represents decommissioning expenditures (DECEX), estimated by the Scottish Enterprise. 
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Figure 28 Breakdown of the costs within the decommissioning sub-element (Scottish 

Enterprise, 2017, modified by author) 

 

As it was stated earlier, the estimated cost for decommission makes up 4% of the lifetime 

expenditures of an OWF (Scottish Enterprise, 2017). To be able to decommission the farm, the 

owner has to collect a portion from the receiving cash flow into the related fund during the 

operational phase, in which the point of the “middle life” is observed as the best time to start. 

In the first half of the operational phase (10-15 years), the risk of default is higher due to lack 

of experience, as well as the possibility of the owner being burdened with debts and other 

financial liabilities. Experience in the O&G industry shows that decommissioning costs may 

increase significantly beyond original estimations, exposing the government and owner to 

unforeseen liabilities. Thus, well-evaluated risks and decommissioning funds will ensure that 

the owner is capable of covering any financial complications, which may incur in the future 

(Climate Change Capital, 2010).  

 

Before gaining approval for commissioning an OWF, the initial decommissioning strategy must 

be already submitted to the appropriate regulatory body owned by a national authority. 

Subsequently, the strategy is revisited and reviewed on a regular basis along with the project 

lifespan (Topham and McMillan, 2017). The decommissioning strategy of an OWF includes 

complete or partial removal scenarios of sub-elements for further reuse, recycling and 

repurposing (if possible). Adedipe and Shafiee (2019) explicitly described complete removal 
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of an OWF, dividing the process into four stages: (1) planning and regulatory approval; (2) 

execution; (3) logistics and waste management; and (4) post-decommissioning. These stages 

and their activities constitute DECEX and are presented successively in Figure 29. 

 

 
Figure 29 Breakdown of decommissioning activities (Adedipe and Shafiee, 2021, modified by 

author) 

 

Partial removal entails dismantling some components, while others are left in situ, such as the 

foundation piles and transmission cables. In both cases, the site must be returned as close to its 

original condition as possible, including post-decommissioning activities such as site 

surveying, clearance and monitoring. Waste management is another crucial aspect of 

decommissioning, as all removed components and waste material must be recycled or landfilled 

safely in accordance with legislation. Steel-made components can be easily recycled, whereas 

other components related to OWTs are typically made of composite materials and, therefore, 

are challenging to recycle (Adedipe and Shafiee, 2021). Although there is not much 

governmental regulation and overall little decommissioning experience, it is anticipated that 

strategies and other legal frameworks for offshore wind will be employed similarly to mature 

O&G due to the high synergy between the two industries. Nevertheless, O&G service suppliers 

might face challenges to perform decommissioning due to the more extensive geographical area 

of OWFs while being influenced by unpredictable weather conditions (Scottish Enterprise, 

2017; Topham and McMillan, 2017).  
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When an OWF reaches the end-of-life (EOL) phase, there are two more alternatives, life 

extension and repowering, which aims to expand service life rather than terminate the farm’s 

operation and decommission (Adedipe and Shafiee, 2021). These alternatives are presented in 

Figure 30. 

 

 
Figure 30 EOL strategies for OWFs (Shafiee and Animah, 2017; Adedipe and Shafiee, 2021, 

modified by author) 

 

Life extension aims to prolong the lifespan of an OWF, with the economic profit that implies. 

Within the complex engineering system, such as an OWF, sub-systems and their components 

have a different expected operational life. Most OWTs are designed to last for about 25 years 

before upgrading or being replaced (Adedipe and Shafiee, 2021). With proper maintenance, 

OWTs might still have a few years of further operation with lowered electricity output. Other 

sub-elements of an OWF have a longer operational life. Depending on the type, foundations 

can last over 100 years, which is the case for gravity bases. The inter-array and transmission 

network can be in use for around 40 years, while transformers can last up to 35 years (Hou et 

al., 2017; Topham and McMillan, 2017). The life extension strategy has been completed in 

related, nuclear power and O&G sites, and non-related industries, transportation and defence 

(Shafiee and Animah, 2017). 

 

Repowering is a new and yet to be implemented strategy in the offshore wind industry, which 

involves renewing OWTs with new and improved design in the same location by keeping most 

of the existing infrastructure intact. Within repowering, there are two options: 
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• Partial repowering is a similar strategy to life extension, which involves replacing minor 

components of an OWT, such as rotors, blades and power electronics. 

• Full repowering is a strategy that aims to replace or rebuild out-of-use OWTs with 

modern units with larger rated power, which are able to obtain higher energy efficiency. 

However, due to the increased weight and output of newer and often larger OWTs, more 

substantial foundations and transmission assets might be required (Hou et al., 2017; 

Topham and McMillan, 2017).  

 

Both life extension and repowering are considered sustainable options to prolong the lifespan 

of an OWF without involving significant investments or causing substantial harm to the 

surrounding environment. 

 

3.2 Current Support Policies 

 

In the open electricity market, where generators face fierce competition, renewables can be seen 

as a less attractive investment because of the intermittent nature of power production (Hlalele 

et al., 2020) and high capital costs. In this sense, offshore wind requires additional 

governmental financial support to promote its development and attract potential investors. 

Countries with strong initiatives towards accepting renewable energy provide such support 

through various indirect and direct policies (Burton et al., 2011; Poudineh, Brown and Foley, 

2017c) to hold up the ‘infant industry’ like offshore wind before the electricity price becomes 

comparable to that of established energy sources (MacKinnon et al., 2019).  

 

Indirect and direct policies have been applied by national authorities around the world to 

mitigate carbon-based emissions by stimulating the growth of renewables. Indirect policies 

allocate an additional cost on sources of emission and are theoretically more effective than 

direct alternatives. However, in practice, current indirect policies have not been effective in 

stimulating renewables, especially in a high capital-demanding industry like offshore wind. An 

example of such a policy is the EU emissions trading system (EU ETS), which could not 

incentivise renewables due to the low price of CO2 allowances over recent years. In contrast, 

direct policies have proven to be more effective, encouraging the electricity price reduction of 

renewables (Poudineh, Brown and Foley, 2017c).  
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Direct policies, implemented to support the offshore wind industry, can be classified as 

quantity-based (renewable obligations), production-based (feed-in tariff and feed-in premium), 

and investment-based (investment tax credit) (Poudineh, Brown and Foley, 2017c). Figure 31 

depicts suitable direct policies for offshore wind. 

 
Figure 31 Direct policy mechanisms suitable for offshore wind (Poudineh, Brown and Foley, 

2017b, modified by author) 

 

In European practice, the most commonly adopted direct support policies are renewable 

obligations, feed-in tariffs, and feed-in premiums (Shariat Torbaghan et al., 2015). Therefore, 

only these policies are considered for further investigation with reflection on key offshore wind 

markets.   

 

3.2.1 Quantity-based direct policies 

 

Quantity-based direct policies aim to create a market demand for a capacity of electricity 

generated from renewable sources of energy (Poudineh, Brown and Foley, 2017c). A typical 

example of a quantity-based direct policy is the Renewable Obligation (RO) scheme (Hlalele 

et al., 2020) which obligates an electricity supplier to provide a share of electricity to its 

customers from renewable sources. This mechanism was mainly implemented in the UK from 
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2002 until its closure in 2017 for a new generating capacity (Poudineh, Brown and Foley, 

2017c). The political rationality behind the mechanism was for the UK to meet the challenging 

targets of energy consumption from renewables (12% by 2010, and 20% by 2020) set by the 

EU’s directives (Wood and Dow, 2011; Shao, Li and Liu, 2021). According to the RO scheme, 

licensed electricity suppliers are obliged to provide a number of Renewable Obligation 

Certificates (ROCs) for each supplied MWh in the one-year reporting period. (Li, Liu and Shao, 

2020; Ofgem, 2021). Table 8 display the obligation levels for the current and future periods.   

 

Table 8 Obligation levels for the current and future period (Ofgem, 2021) 

Obligation period  

(1st April - 31st March) 

Obligation for England, 

Wales and Scotland 

(ROCs/MWh) 

Obligation for Northern 

Ireland  

(ROCs/MWh) 

2020-2021 0.471 0.185 

2021-2022 0.492 0.194 

 

If the annual obligation by a supplier is not met, a buy-out fine has to be paid into a fund (50.05 

GBP per ROC for 2020-2021, 50.80 GBP per ROC for 2021-2022). According to the recycling 

mechanism, accumulated fines are redistributed back to suppliers proportionally to the number 

of submitted ROCs in the previous period to Ofgem, the UK’s regulator for electricity markets. 

(Li, Liu and Shao, 2020; Ofgem, 2021). However, when the policy was first introduced, all 

technologies were treated the same by issuing 1 ROC per 1 MWh of generated energy from 

renewables (Nock and Baker, 2017). Therefore, less established and capital-extensive 

technologies lacked sufficient financial incentives from the RO scheme. The one-to-one ratio 

was criticised for being ineffective (Shao, Li and Liu, 2021) due to its technology-neutrality 

tending to foster the less innovative solutions (Bunn and Yusupov, 2015). Moreover, the price 

of ROCs was not secured from dropping to zero when output from renewables exceeds the 

annual target. Hence, the return rate was not predictable, discouraging investments in renewable 

energy projects (Zhou, 2012; Shao, Li and Liu, 2021). After recognising the low deployment 

levels of renewable energy projects, the RO scheme became a subject for change over the years 

(Ofgem, 2021). A new banding scheme has been in use since 2009, which substituted the one-

to-one ratio by setting different levels of support, considering the technology type and 

associated costs (Zhou, 2012). Also, to prevent the price collapse of ROCs, guaranteed 
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headroom was introduced in the 2010-2011 period, aiming to increase the number of certificates 

on the market (Li, Liu and Shao, 2020; Shao, Li and Liu, 2021). The amendments boosted 

renewables’ development, especially that of the more expensive offshore wind (Bunn and 

Yusupov, 2015; Li, Liu and Shao, 2020). After 15 years of operating the RO scheme, the 

proportion of renewables significantly increased in the UK’s electricity mix from 3.02% in 

2002, the year when the RO scheme was implemented for the first time, to 37.1% in 2018 (Shao, 

Li and Liu, 2021) (where 9.93% is offshore wind, and 8.11% is onshore wind (Li, Liu and Shao, 

2020)).  

 

3.2.2 Production-based direct policies 

 

Another type of direct policy applied to incentivise investments in offshore wind is production-

based, which guarantees investors’ confidence in receiving stable and predictable revenue flow 

for a certain period. This is typically achieved by a widely adopted feed-in tariff (FiT). 

According to FiT, the proprietor of a renewable facility is offered a purchase agreement for a 

typical period of 15–20 years for electricity generation at a set price per kWh. An alternative to 

FiT, feed-in premium (FiP) provides a premium payment above the prevailing wholesale 

electricity price (Poudineh, Brown and Foley, 2017c). Alolo et al. (2020) analysed the data 

from 27 EU countries between 1992 and 2015 and concluded that feed-in policies positively 

affect the development of wind and solar PV capacity in Europe. 

 

Over the years, FiT has been pushing for the massive expansion of renewable energy 

worldwide, especially in Germany. In 2000, the Renewable Energy Sources Act (EEG) 

introduced FiT as a policy base for the ambitious transformation of Germany’s electricity mix 

towards renewables. The German version of FiT served as an epitome for other countries 

(Leiren and Reimer, 2018), which ensures greater competition in the electricity market by 

attracting new entrants, and thereby persuading the more powerful incumbents to join the 

“green” shift. (Morris and Jungjohann, 2016). Furthermore, the EEG introduced different 

remuneration levels depending on the facility’s type, capacity and location (Leiren and Reimer, 

2018). To ensure revenue flow for investors, the remuneration level was administratively fixed 

from the point of a new facility’s grid connection for the following 20 years of operation (Morris 

and Jungjohann, 2016; Beermann and Tews, 2017; Leiren and Reimer, 2018). The development 
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of small-scale projects, often initialised by civilians or local authorities, was secured by creating 

a “sheltered niche” against the market competition and offering a guarantee for investments to 

be returned during the FiT scheme. However, large-scale investors considered FiT less 

engaging due to relatively small returns (Kungl, 2015; Beermann and Tews, 2017). Germany 

had solely relied upon FiT until 2012, when a floating FiP was introduced as an appealing 

alternative for renewable energy generators in order to create a better alignment between price 

and electricity production (Purkus et al., 2015; Beermann and Tews, 2017). Since 2000, the 

EEG had undergone several amendments up until 2016, when a radical change came to 

substitute FiT by means of auctioning. The policy was replaced under supranational pressure 

provided by the 2013 European Commission’s state aid guidelines regarding the policy 

transition to a more competition-oriented mechanism of support based on the principles of 

democracy and public participation. Moreover, growing concerns from domestic organisational 

and political actors over the lack of cost and volume control and the threat of the conventional 

energy industries’ insolvency associated with FiT entailed shifting to a competitive auction 

system (Leiren and Reimer, 2018), in which the bidder offering the lowest tariff wins.  

 

According to the auction procedure, the site for an OWF is granted with the permission to an 

onshore grid access and a topped-up market premium (Hogan Lovells International LLP, 2020). 

Offshore wind projects are still liable to EEG remuneration if they obtained unconditional grid 

access commitments before 1 January 2017 or were commissioned before 1 January 2021 

(Hogan Lovells International LLP, 2020; Fraunhofer-Gesellschaft, no date). Figure 32 presents 

EEG remuneration levels for offshore wind throughout the years. 
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Figure 32 Feed-in remuneration for offshore wind (Fraunhofer-Gesellschaft, no date) 

 

The EEG sets the initial tariff for a twelve-year period once an offshore wind turbine is 

commissioned. Afterwards, the awarded FiT is demoted to the basic tariff. Offshore wind 

projects commissioned before 1 January 2021 are remunerated at 15.4 euro cent per kWh and 

3.9 euro cent per kWh as the initial and basic tariffs, respectively (Fraunhofer-Gesellschaft, no 

date). Overall, tariff-based mechanisms, FiT and FiP, leveraged Germany’s renewable 

production of electricity significantly, from 6.3% share in the national electricity mix in 2000 

to 45.4% in 2020 (where 4.9% is offshore wind, and 17.7% is onshore wind) (Federal Ministry 

of Economic Affairs and Energy, 2021). 

 

A key example of FiP originates from the Netherlands, this being the SDE support scheme 

(Stimuleringsregeling Duurzame Energieproductie in Dutch, Stimulation of Sustainable Energy 

Production in English). The SDE scheme is an operating grant, by which producers of 

renewable energy receive financial compensation for the non-profitable difference between the 

“base amount” and the “correction amount”. The “base amount” is the average cost of 

renewable energy technology, determined for the whole period of the scheme. The “correction 

amount” is the market value of energy supplied, which is re-calculated each year (Netherlands 

Enterprise Agency, 2019d, 2020b). Grants are issued by the Netherlands Enterprise Agency for 

periods of 12 or 15 years, depending on the facility’s energy source (Shariat Torbaghan et al., 

2015; Netherlands Enterprise Agency, 2020b). Each year, the renewable projects are assessed 
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in accordance with a set of specific criteria and receive SDE grants in the queue order until the 

annual budget is fully depleted (Dóci and Gotchev, 2016; Netherlands Enterprise Agency, 

2020b). Even though the Dutch authority claims SDE as FiT in official documents and 

publications, scientific literature categorises the scheme as a premium-based feed-in policy due 

to the constantly changing difference between the two prices (Couture and Gagnon, 2010; Dóci 

and Gotchev, 2016). Introduced in 2008, the first version of SDE was designed in the way that 

the Dutch government solely compensated the marginal costs without being included in the 

electricity bills for end-consumers. In 2013, the successor policy SDE+ started to charge both 

individual and business customers; nevertheless, the annual budget for the scheme was kept 

limited (Dóci and Gotchev, 2016). The latest edition of the scheme was introduced in the second 

half of 2020 as SDE++, which aims to stimulate sustainable energy production by including the 

required level of CO2 reduction for each applicant, while the system of awarding grants is 

administrated the same way as the previous iterations (Netherlands Enterprise Agency, 2020b). 

 

The SDE support scheme is used to stimulate offshore wind development in the Dutch territorial 

sea. As part of the National Energy Agreement, the Netherlands targets to deploy 4.45 GW of 

offshore wind by 2023 (Netherlands Enterprise Agency, 2015). At the moment, 3.45 GW is 

under construction, and some part has already been commissioned (the Borssele Farm Zone). 

The maximum guaranteed grant for each project was determined through tender and 

administratively capped  (Poudineh, Brown and Foley, 2017c). In line with the awarded grant, 

the tender winner is issued a permit for 30 years to construct, operate and decommission the 

offshore wind project (Minister of Economic Affairs and Climate Policy, 2020). Table 9 

displays price caps and winning bids for the 1.4 GW Borssele zone as an example. 
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Table 9 Tender winners for the 1.4 GW Borssele zone in the Netherlands (Guidehouse, 2019; 

Netherlands Enterprise Agency, 2019c, 2019b, 2019a) 

Winner 

announced 
Zone 

Capacity 

(MW) 

Price cap 

(€/MW) 

Winning 

bid 

(€MW) 

Year of 

commission

ing 

2016 Borssele (sites III and 

IV) 

731.5 119.75 54.50 2020 

2017 Borssele (sites I and II) 752 124 72.7 2020 

2018 Borssele (site V) 19 - - 2020 

 

In accordance with the 2013 Electricity Market Reform, the RO scheme was replaced for a FiT-

based Contract for Difference (CfD) alternative. The new program aims to continue to support 

the deployment of new large-scale renewable projects across the UK more cost-effectively. 

Similar to the Dutch SDE support scheme and its subsequent forms, CfD compensates the same 

difference between the “strike price” (the “base amount”) and the “reference price” (the 

“correction amount”). However, the distinctive feature of the CfD scheme is when the 

“reference price” prevails the “strike price”, generators must return the price difference to the 

Low Carbon Contracts Company (LCCC), a manager of the scheme owned by the government 

(Great Britain and Department of Energy and Climate Change, 2011, 2012; European 

Commission. Joint Research Centre., 2017; Welisch and Poudineh, 2020). According to the 

CfD scheme, a fixed budget is awarded for each allocation round, whereby a number of 

applicants is competing directly against each other to receive a contract in sealed-bid auctions. 

Afterwards, the auction winners enter into CfDs with the LCCC for 15 years (Onifade, 2016; 

European Commission. Joint Research Centre., 2017; Poudineh, Brown and Foley, 2017c; Low 

Carbon Contracts Company Ltd, 2019; Welisch and Poudineh, 2020). In comparison to the 

previous RO scheme, CfD enables better cost control for supporting renewable energy projects 

(Li, Liu and Shao, 2020), while generators obtain security against the volatile nature of 

wholesale electricity prices for the period of the awarded contract (Great Britain and 

Department of Energy and Climate Change, 2011, 2012; Poudineh, Brown and Foley, 2017c). 

During the past three CfD allocation rounds between 2014 and 2019, almost 10 GW of offshore 

wind capacity were granted for construction. Table 10 displays all awarded offshore wind 

projects throughout past allocation rounds, showing the great success of the UK’s new scheme 
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in promoting capital-intensive renewable energy projects. The remarkable decline of “strike 

price” shows improvements in offshore wind technology in the UK, a key leading market, and 

elsewhere in the world (Poudineh, Brown and Foley, 2017c). 

 

Table 10 CfD allocation round 1-3 results for offshore wind projects (Department for Business, 

Energy & Industrial Strategy, 2015, 2017, 2019) 

Round Project name 
Capacity 

(MW) 

Strike Price 

(£/MWh) 

Delivery 

Year 

1 EA 1 714 119.89 2017-2018* 

1 Neart na Gaoithe 448 114.39 2018-2019 

2 Triton Knoll Offshore Wind Farm 860 74.75 2021/22* 

2 Hornsea Project 2 1,386 57.50 2022/23* 

2 Moray Offshore Windfarm (East) 950 57.50 2022/23* 

3 Doggerbank Creyke Beck A P1 1,200 39.65 2023/24 

3 Doggerbank Creyke Beck B P1 1,200 41.611 2024/25 

3 Doggerbank Teeside A P1 1,200 41.611 2024/25 

3 Forthwind 12 39.65 2023/24 

3 Seagreen Phase 1 454 41.611 2024/25* 

3 Sofia Offshore Wind Farm Phase 1 1,400 39.65 2023/24* 

*The project is scheduled to be commissioned in three stages. The delivery year is listed for the 

first stage 
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4 AN OVERVIEW OF THE OFFSHORE WIND INDUSTRY 
 

4.1 Global market outlook 

 

The year 2019 was a breakthrough for the offshore wind industry. New installations made up 

for more than 6 GW for the first time, powering millions of people across the globe. As for 

2020, offshore wind kept up the pace despite the global disruption caused by COVID-19 (see 

Figure 33). 

 

 
Figure 33 New offshore wind installations in 2019 (a) and 2020 (b) by country (Global Wind 

Energy Council, 2020, 2021) 

 

From the pie chart (Figure 33), we can see that China kept leadership and achieved a new record 

by adding 3 GW or half of the offshore wind capacity in 2020 on a global level (Global Wind 

Energy Council, 2021). The majority of the remaining capacity was made up by the leading 

European markets. Table 11 comprises new European OWFs commissioned in 2020.  
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Table 11 The new OWFs connected in Europe, 2020 (WindEurope, 2021) 

Country OWF 
Capacity 

(MW) 

Number of 

turbines 

connected 

Turbine model 
Type of 

foundation 

Netherlands Borssele 1 & 2 752 94 SG 8.0-167 DD Monopile 

 Borssele 3 & 4 722 76 V164-9.5 MW Monopile 

 Borssele 5* 19 2 V164-9.5 MW Monopile 

Belgium Seamade 487 58 SG 8.4-167 DD Monopile 

 Northwester 2 219 23 V164-9.5 MW Monopile 

UK East Anglia 

One 

483 69 SWT-7.0-154 3-Legs 

Jacket 

Germany EnBW 

Albatros 

112 16 SWT-7.0-154 Monopile 

 Trianel 

Windpark 

Borkum 

101 16 Senvion 6.2M152 Monopile 

Portugal Windfloat 

Atlantic 

17 2 V164-8.4 MW Semi-Sub 

* The full installation was completed in 2021 

 

In 2020, 9 OWFs were fully connected to the grid across 5 European countries, comprising 356 

OWTs with a total capacity of around 2.9 GW. 

 

The Netherlands installed 1,493 MW or over half of the remaining capacity in Europe by 

connecting almost all turbines at the 344 km2 Borssele Wind Farm Zone, including Borssele 1 

& 2 (752 MW), Borssele 3 & 4 (731.5 MW) and Borssele 5 (19 MW) in 2020 (WindEurope, 

2021). Despite the fact that these OWFs are within one zone, they belong to different consortia. 

The 30-year permits to build, operate, and decommission OWFs were awarded in 2016 and 

2017 auctions, held by the Netherlands Enterprise Agency as a representative of the Ministry 

of Economic Affairs and Climate Policy. The agency was responsible for performing site 

studies, as well as for issuing permit tenders and SDE+ subsidises, the Dutch version of the 

floating feed-in-premium scheme, for a 15-year period. In its turn, Tennet, the Dutch electricity 
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TSO, carried out grid connections on land and at sea prior to the construction of OWFs 

(Guidehouse, 2019). Both Borssele 1&2, partly owned by Ørsted, and Borssele 3 & 4 were 

successfully commissioned, delivering their first electricity in 2020 to up to 2 million Dutch 

households, despite the COVID-19 pandemic (Anmar Frangoul, 2020; Adrijana Buljan, 

2021b). Borssele 5 is an innovative small-scale project. As an example, the project features a 

submerged slip joint between foundation and transition piece, designed by Van Oord, and was 

commissioned subsequently in 2021 (Renews, 2021). 

 

Belgium installed 706 MW, a double increase in comparison with the previous year. 

Northwester 2 (218 MW) and Seamade2 (487 MW) were commissioned in May and November 

2020, respectively (Adrijana Buljan, 2021a; WindEurope, 2021). These two projects complete 

the first offshore wind zone in Belgium, comprising 8 OWFs with installed capacity of 2,262 

MW in total. The zone generated 6.7 TWh of renewable electricity last year, representing 8.4% 

of the total demand of approximately 1.9 million Dutch households (Adrijana Buljan, 2021a; 

BOP, 2021). 

 

The UK installed 483 MW, the lowest value since 2016 due to the lack of projects in a pipeline 

between 1 and 2 CfD allocation rounds. In 2020, only East Anglia One (714 MW) was fully 

connected to the national grid (Global Wind Energy Council, 2021; WindEurope, 2021). The 

farm consists of 102 Siemens Gamesa 7MW turbines, around 20% of which were installed 

particularly during the lockdown (Nadja Skopljak, 2020b). 

 

Germany installed 219 MW in the first half of 2020 (WindEurope, 2021). EnBW Albatros (112 

MW), consisting of 16 Siemens Gamesa 7 MW turbines, became the most distant operating 

OWF, located 105 km from the east coast of the German North Sea at an average water depth 

of 40 m (WindEurope, 2021; EnBW Energie Baden-Württemberg AG, no date). The added 

capacity was noted as the lowest addition in the last 10 years (WindEurope, 2021), revealing 

the challenging time ahead for the German offshore wind industry as no new deployments are 

scheduled for 2021 due to the short-term unfavourable political conditions of the domestic 

market. Moreover, the delivery time of new long-term projects is unclear (Sören Amelang, 

2021). Nevertheless, the electricity generation peaked at 26.89 TWh from offshore wind, which 
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allows for meeting the demand of almost 7 million German households (Adrijana Buljan, 

2021c). 

 

Portugal installed 16.8 MW. Two 8.4 MW turbines were connected using the semi-submersible 

platforms, completing the installation of the 25 MW floating Windfloat Atlantic OWF, located 

30 km from the shore of Viana do Castelo at an average water depth of 100 m (Adnan 

Durakovic, 2020b; WindEurope, 2021). 

 

Besides China and Europe, South Korea and the US added 60 MW and 12 MW, respectively 

(Global Wind Energy Council, 2021). 

 

 
Figure 34 Total wind installations: onshore (a) and offshore (b) by country (Global Wind 

Energy Council, 2021) 

 

As shown in Figure 34, the global wind energy in 2020 accounted for 742.7 GW, in which 

707.4 GW (95.3 %) onshore and 35.3 GW (4.7 %) offshore. In terms of offshore wind, the UK 

remains to be the leading market with a share of 29 %. China (28 %) left Germany (22 %) 

behind and is on the verge of becoming the largest offshore wind market in the world (Global 

Wind Energy Council, 2021). Europe and Asia, mainly represented by China, dominate in terms 

of accumulated capacity at present, with approximately 72 % and 28 % shares, respectively. 
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4.1.1 The COVID-19 effect  

 

The impact of COVID-19 on offshore wind has been less severe than on other energy sectors 

or many other industries. As the pandemic started to spread with alarming speed all over the 

globe, by hitting the Chinese market first, the real fear of disruptions in supply chains and 

project deployment’s slump has emerged among offshore wind developers. Since many 

countries went into lockdown, the key manufacturing suppliers for turbines and other 

components were left to close production temporarily, putting on hold the pipeline of new 

deployments, especially in the closely-linked European market. Moreover, allocation auctions 

for new offshore sites were postponed or cancelled in most countries (Global Wind Energy 

Council, 2021). In 2020, only 1 GW offshore wind capacity was granted based on the auction 

procedure worldwide. In Europe, only one permit was issued by the Netherlands to develop the 

Hollandse Kust (Noord) site V to CrossWind, a consortium between Shell and Eneco, without 

receiving a governmental subsidy (Netherlands Enterprise Agency, 2020a; Adrijana Buljan, 

2021d; WindEurope, 2021). This farm zone is located 18.5 km from the west shore of the 

Netherlands and will be comprised of at least 700 MW of installed capacity (Adrijana Buljan, 

2021d). The remaining part was auctioned in China (Global Wind Energy Council, 2021). 

Nevertheless, projects commissioned in 2020 under challenging conditions in accordance with 

strict sanitary and other measures have demonstrated the great resistance of the offshore wind 

industry in the face of COVID-19.  

 

4.1.2 Europe 

 

Since the first commercial OWF commissioned 30 years ago, Europe has become the world’s 

leading offshore wind market in the number of installations, other related technologies, and 

accumulated experience and expertise. To date, Europe comprises 25 GW of installed offshore 

wind capacity, presented by currently operating 116 wind farms or 5,402 turbines connected in 

total across 12 countries, mainly located in the Northwest (WindEurope, 2021). The distribution 

of capacity among these countries is presented in Table 12.  
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Table 12 European offshore wind installations by country, 2020 (WindEurope, 2021) 

Country 
Number of OWFs 

connected 

Cumulated capacity 

(MW) 

Number of turbines 

connected 

The UK 40 10,428 2,294 

Germany 29 7,689 1,501 

Denmark 14 1,703 559 

Belgium 11 2,261 399 

The Netherlands 9 2,611 537 

Sweden 5 192 80 

Finland 3 71 19 

Ireland 1 25 7 

Portugal 1 25 3 

Spain 1 5 1 

Norway 1 2 1 

France 1 2 1 

Total 116 25,014 5,402 

  

As can be seen from Table 12, the development of offshore wind has been more extensive in 

some countries than in others. This cannot be simply explained by the availability of sufficient 

wind resources on the sea, but rather stable political drivers and support mechanisms, 

technological innovations, access to the national grid and other historical circumstances.  

 

Europe is surrounded by various sea basins and oceans, which offer the untapped potential of 

sufficient wind resources, while water depth is relatively low even at a great distance from 

shore. These characteristics allowed Europe to gain the first-mover advantage by moving 

towards offshore wind 30 years ago (European Commission, 2020). Basin-wise, the North Sea 

is the most developed sea with almost 20 GW (79%) of all European offshore wind capacity. 

The remaining part is divided in descending order between the Irish Sea (12%), the Baltic Sea 

(9%) and the Atlantic Ocean (less than 1%) (WindEurope, 2021), as shown in Figure 35. 
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Figure 35 Cumulative installed capacity by sea, 2020 (WindEurope, 2021, modified by author) 

 

Even though the COVID-19 crisis is not over yet, there are several offshore projects in Europe, 

mainly in the UK’s waters, which are about to be commissioned in 2021 or just after (see Table 

13), keeping the industry’s growth on a rising track. Furthermore, 2020 was the best year yet in 

terms of financing by raising 26 billion euros, including an overall 2.1-billion-euro investment 

in transmission assets, over the last 10 years (see Figure 36). 

 

Table 13 OWFs under construction in 2020 (WindEurope, 2021) 

Country OWF 

Foundations 

installed in 

2020 

Total 

number of 

foundations 

Type of 

foundations 
Turbine model 

The 

Netherlands 

Fryslan 89 89 Monopile SWT-DD-130 

4.4 MW 

The UK Horsea Two 29 165 Monopile SG-8.0-167 

DD 

Moray East 100 100 Jacket V164-9.5 MW 

Kincardine 1 5 Semi-Sub V164-9.6 MW 

Triton Knoll 90 90 Monopile V164-9.5 MW 

Denmark Kriegers 

Flak 

72 72 Monopile SG 8.4-167 

DD 
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Figure 36 New offshore wind total investments financed and capacity within the last 10 years 

(WindEurope, 2021, modified by author) 

 

As Figure 36 shows, 8 OWFs reached Final Investment Decision (FID) in 2020, comprising 7.1 

GW of installed capacity in total at average CAPEX of 3.4 million euros per MW. These 

projects will be commissioned in France, Germany, the Netherlands and the UK (see Table 14). 

Several projects have higher than average CAPEX. In the case of French wind farms, Fécamp 

and Saint-Brieuc, it can be explained by a long and often delayed permitting process and the 

requirement to manufacture turbines within France. In the UK, CAPEX of the massive 2,400 

MW Dogger Bank (A and B) includes the construction of transmission assets at a distance of 

over 130 km between farm and shore, while Kincardine will be the biggest floating OWF and 

therefore, capital costs are traditionally higher compared to non-floating counterpart 

(WindEurope, 2021). 
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Table 14 OWFs reached FID in Europe in 2020 (WindEurope, 2021) 

Country OWF 
Capacity 

(MW) 

Investment 

(€ bn) 

Cost 

(€ m/MW) 

Expected 

commissioning 

year 

France Fecamp 497 2.4 4.9 2023 

 Saint-Brieuc 496 2.3 4.6 2023 

Germany Kaskasi 342 1.4 4.1 2022 

The 

Netherlands 

Hollandse 

Kust Noord 

759 1.6 2 2023 

 Hollandse 

Kust Zuid 1-

4 

1,500 3.4 2.3 2022/2023 

The UK Kincardine 50 0.4 8.3 2021 

 Dogger Bank 

(A and B) 

2,400 9,4 3,9 2024/2025 

 Seagreen 1,075 3.3 3.1 2023 

 

The importance of offshore wind has been recognised by the European Union (EU) as a critical 

renewable resource, able to satisfy gradually increasing electricity demand and meet 

challenging decarbonisation goals in an affordable and sustainable manner. In November 2020, 

The European Commission announced the long-term strategy on offshore energy, a general 

enabling framework, to achieve carbon neutrality by 2050. The EU expects to add at least 60 

GW and 300 GW by 2030 and 2050, respectively, of new offshore wind capacity, including 

bottom-fixed and floating forms, by encouraging collaboration between industry and the 

Member States. Besides offshore wind, the EU expects to harvest an additional 40GW from 

other forms of offshore energy by means of the tidal, wave and floating solar methods of 

electricity generation by 2050. As the Commission estimates, up to 800 billion euros will be 

needed to meet proposed “realistic and achievable” objectives in the forthcoming years. The 

strategy aims to deliver major socio-economic benefits (e.g., job-creation), and facilitate faster 

post-COVID-19 recovery in the short term and the growth of offshore wind along with 

enhanced policies and infrastructure in the long term. Notably, the strategy highlights hybrid 

projects, which have received considerable attention in recent years. This type of project implies 
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a cross-border meshed grid, meaning that offshore wind facilities are interconnected between 

two or more countries. The adoption of offshore hybrid projects will reduce the use of maritime 

space, as well as bring costs down, which are associated with building and operating 

transmission assets, by sharing them between TSOs and the Member States (European 

Commission, 2020).  

 

According to GWEC’s post-COVID-19 scenario, the European offshore wind industry will 

have a quiet few-year period, including the previous 2020 and current 2021, by adding 3 GW 

annually. Subsequently, GWEC expects that the industry will overcome a plateau and reach 8.7 

GW in 2025, thanks to large-scale project deployments (Global Wind Energy Council, 2020). 

In contrast, IRENA forecasts 78 GW to be added by 2030, and then 215 GW by 2050 (IRENA, 

2019a). The recent significant cost reductions achieved in leading European markets will boost 

offshore wind development towards 2030. Offshore wind will become a core pillar in the 

European electricity mix as a cost-effective form of low-carbon renewable energy. 

Nevertheless, Europe will lose its leading position in the industry in favour of Asia in the long-

term perspective. 

 

At present, the offshore wind industry, deeply rooted in Europe, is on the way to become a truly 

global industry, set for dramatic growth in the upcoming years. The recent demonstration of 

increasing industry maturity coupled with cost reductions has prompted an international interest 

in offshore wind, notably in Asia and the United States (US).  

 

4.1.3 Asia 

 

Asia is a new region of growth for the offshore wind industry, in which China holds the leading 

position with the majority of installed capacity (10 GW) (Global Wind Energy Council, 2021), 

owning to appealing FiT – 0.85 RMB per generated kWh (He et al., 2016). China has a unique 

geographical position, a highly urbanised 18,000-km coastal line with abundant wind energy 

resources of over 3 million km2 of sea areas, which possesses excellent conditions for offshore 

wind development (Zhang and Li, 2021). The history of national offshore wind development 

started with the first 102 MW commercial wind farm, commissioned in Chinese waters nearby 

the Shanghai Donghai Bridge in 2010 (Zhou Junwei, Feng Yanhui, and Qiu Yingning, 2013). 
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Since then, offshore wind has held an important position for the green transition towards 

renewable forms of energy supply in China, effectively tackling climate change. As for the first 

quarter of 2020, there were 16,072 MW at different stages of development, including China 

and other three emerging markets, as presented in Figure 37. 

 

 
Figure 37 Offshore wind projects under construction by country, Q1 2020 

 

Various industry bodies expect that China is likely to continue the growth and surpass the UK, 

the current leader in the industry in the number of new installations, and eventually Europe in 

the long run. IRENA estimates that around 56 GW of offshore wind will be added by 2030 and 

then 382 GW by 2050 (IRENA, 2019a). In contrast, GWEC and International Energy Agency 

(IEA) expect a drop due to the termination of the mentioned tariff-based subsidiary program 

for new capacity after 2022 (International Energy Agency, 2020; Global Wind Energy Council, 

2021). Nevertheless, China is possible to reach 52 GW, depending on the availability of 

subsidies provided by provincial governments, the main factor of the industry’s growth in this 

region (Global Wind Energy Council, 2021). Besides China, there are several counties within 

Asia expanding their interest in offshore wind, namely South Korea, Japan, Taiwan and 

Vietnam. Together with China, they will gain a dominant position in the offshore wind industry 

with a capacity of up to 100 GW and 600 GW by 2030 and 2050, respectively (IRENA, 2019a). 

 

4.1.4 The US 

 

The offshore wind resource in the US is significant, with the potential of harvesting 

approximately 2,000 GW of electricity along the coastal states in the East and West and around 
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the Great Lakes as the US Department of Energy (DOE) reports (Costoya et al., 2020; Wind 

Energy Technologies Office, no date). Nevertheless, offshore wind development in the US is 

still nascent, compared to Europe and China. This can be explained by the predominance of 

cheaper onshore alternative, lack of financial incentives and policy clarity, and a disconnect 

from coastal communities (Bilgili, Yasar and Simsek, 2011; International Energy Agency, 

2020). Furthermore, the site characteristics are technically challenging, compared to Europe, 

due to seabed conditions and greater water depths. Over 58% of the favorable wind resource is 

located in deepwater areas, making the usage of standard bottom-fixed foundations neither 

economically nor technically feasible (Wind Energy Technologies Office, no date). To date, 

North America’s offshore wind fleet is presented by two small-scale facilities, a 12 MW test 

project, installed last year in Virginian waters as the first step to its future massive 2.6 GW 

sibling (Adrijana Buljan, 2020), and a full-fledged 30 MW OWF located in the Atlantic Ocean 

in relative proximity to Rhode Island, which has been in operation since 2016 (Offshore Wind, 

2016). 

 

The Northeastern coast is particularly attractive for offshore wind development in the US. The 

population is dense and concentrated along the coast, while the land for other renewable energy 

facilities is limited. Each state has its long-term targets on deployment of offshore wind, 

showing the commitment to add 28.1 GW of offshore wind capacity to the nation’s electricity 

mix (Global Wind Energy Council, 2020). These targets are displayed by state in Table 15.  

 

Table 15 Offshore wind development targets by state (Global Wind Energy Council, 2020) 

State Target (GW) Year 

New York 9 2035 

New Jersey 7.5 2035 

Virginia 5.2 2034 

Massachusetts 3.2 2035 

Conneticut 2 2030 

Maryland 1.2 2030 

Total 28.1  
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In the 2018-2019 period, the offshore wind industry saw several substantial solicitations 

awarded in the US. IEA aggregated the recent tender decisions by state, and they are displayed 

in Table 16. The awarder price of electricity for each project more or less follows leading 

European markets over the same period (International Energy Agency, 2020).  

 

Table 16 Offshore wind tenders by state (International Energy Agency, 2020) 

State Tenders 

Tendered 

capacity 

(MW) 

Awarded 

capacity 

(MW) 

Award 

year 
Awarded 

New York 2 4,200 1,700 2019 83.6 USD/MWh 

New Jersey 2 3,600 1,100 2019 98.1 MWh, 2% escalator 

(116.92 USD/MWh) 

Massachusetts 2 1,604 1,604 2018/19 Tender 1: 65-74 

USD/MWh, 2.5% 

escalator (89 

USD/MWh) 

Tender 2: 58.47 

USD/MWh 

Connecticut 1 804 804 2019 TBA 

Rhode Islands 1 400 400 2018 98.4 USD/MWh 

 

This year, the Biden Administration announced a plan to add 30 GW of offshore wind by 2030 

as a part of the president’s immediate priority to tackle the climate crisis. The White House 

estimates that it would be enough to power more than 10 million American households in the 

coastal states, while cutting 78 million metrics tons of CO2 emissions. Future offshore wind 

projects will facilitate job creation, and supply chain and port development. This target is an 

initial step in a pathway towards 110 GW by 2050 (The White House, 2021). On the other hand, 

GWEC estimates that North America, including the US and Canada, will achieve 23 GW by 

2030 and 164 GW by 2050. The Canadian contribution will be insignificant, less than 1 GW is 

excepted to be deployed by 2030, despite an abundancy of offshore wind resources in this 

region (Global Wind Energy Council, 2021). While IEA foresees that the offshore wind 

industry in the US will start flourishing during the 2023-2025 period with an added 5 GW, it 
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corresponds with scheduled deadlines for large-scale projects located in states mentioned in 

Table 15 (International Energy Agency, 2020). 

 

4.2 The world’s largest operational offshore wind farms 

 

As the industry evolves, offshore wind faces an evident trend towards building bigger farms as 

recent deployments and future projects with more than 1 GW of installed capacity show. Such 

ambitious projects create economies of scale, reducing the CAPEX per installed MW (Vieira, 

2019). Figure 38 presents the top 10 biggest operational OWFs at present, which are mainly 

located in the UK, the current front-runner in the industry. This chapter provides an overview 

of the first 3 OWFs from the top, namely Hornsea Project One, Borssele 1 & 2, and Borssele 3 

& 4. 

 

 
Figure 38 Top 10 the world’s largest operational offshore wind farms (a) by country (b) 

 

Commissioned in 2020, the Hornsea Project One is the current world’s largest operational OWF 

with a capacity of more than 1.2 GW. Ownership is split equally between Ørsted and Global 

Infrastructure Partners (GIP). The farm is located 120 km off the shore of Yorkshire, in the UK, 

in the southern North Sea. An area of 407 km² comprises 147 units of the SWT-7.0-154 model 

from SGRE on monopile foundations, together enough to supply more than 1 million British 

households with electricity. Besides being the world’s biggest operational OWF, it features the 

world’s longest HVAC export cabling, with a total length of more than 900 km, transmitting 

generated electrical output to shore and then to the national grid (Power Technology, no date; 



 

   

 

79 

Ørsted - Hornsea Project One, no date). The farm operates under the CfD program until 2036 

at the current strike price of 164.96 GBP per MWh (Low Carbon Contracts Company, no date).  

 

Borssele 1 & 2 is the largest operation OWF in the Netherlands and the second-largest in the 

world, located 22-23 km off the shore of Zeeland province. An area of 128 km2 at water depths 

varying from 14 to 36 m comprises 94 units of the SG 8.0-167 DD turbines provided by SGRE 

with a total capacity of 752 MW on monopile foundations (Borssele Windfarms 1 and 2, no 

date), supplied by Sif and EEW OSB (Nadja Skopljak, 2020a). In  2017, Ørsted was awarded 

a permit and SDE+ grant by winning an auction with the lowest bid of EUR 72.7 per MWh 

among other 38 bids (Netherlands Enterprise Agency, 2019b). After the farm was 

commissioned, a 50% share of the approximate value of EUR 1.375 billion was acquired by 

Norges Bank Investment Management in 2021 (Ørsted, 2021).  

 

Borssele 3 & 4 is a 731.5 MW sibling to the previous farm within the same zone, comprising 

77 turbines, 9.5 MW each, from Vestas installed on Sif’s monopile foundations (Adnan 

Durakovic, 2020a). The farm was awarded to the Blauwwind consortium on the same principle 

as Ørsted Borssele 1 & 2 by bidding EUR 54.50 per MWh in 2016 (Netherlands Enterprise 

Agency, 2019c). TenneT was appointed as a TSO of the Borssele Wind Farm Zone for 

connecting both farms to the Dutch electricity grid. The electricity transmission system features 

two offshore 700 MW substations, Alpha and Beta, which convert electricity from 66 kV to 

220 kV. Subsequently, electricity is transmitted through 220kV export cables to onshore, where 

the substation converts the received output into 380 kV in order to feed the national grid 

(Guidehouse, 2019; TenneT, 2020).  

 

4.3 Future of offshore wind 

 

Offshore wind has experienced a drastic change in technological development over the past few 

decades. Innovations, such as floating foundations or Power-to-X, have brought a new 

perspective to offshore wind’s potential.  
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4.3.1 Floating foundations  

 

Floating foundations are a relatively new notion in offshore wind. The majority of wind 

resource for offshore generation, approximately 80%, is located in areas exceeding 60 m in 

depth, inaccessible for standard and popular bottom-fixed foundations. Moreover, winds further 

from shore are stronger and more consistent. Therefore, floating foundations allow for 

harvesting the best possible wind resources at higher capacity factors and without being limited 

by greater water depths (WindEurope, 2017). Nevertheless, Europe has enough suitable space 

with shallow water depths and sufficient wind resource to satisfy the high demand for offshore 

wind, using bottom-fixed foundations. In contrast, other markets, particularly the US (West 

coast) and Japan, have limited space with the same qualities (IRENA, 2016). In this sense, a 

floating alternative is considered a prospective solution, unlocking greater deployment rates of 

offshore wind in challenging deepwater locations around the globe while supporting the “green” 

energy transition.  

 

A floating foundation is a buoyant structure that maintains its station-keeping position through 

an anchoring system. Originating from the O&G industry (Xu et al., 2021), the standard floating 

foundation designs are illustrated in Figure 39. These designs include: 

• Spar. A long and slender cylindrical buoy that keeps its position above the water level 

using ballast. Compared to other floating foundations, spars are easy to manufacture, 

while the considerable weight of the structure provides stability in dynamic bodies of 

water (Pérez-Collazo, Greaves and Iglesias, 2015; Global Wind Energy Council, 2020) 

greater than 120 m in depth (Xu et al., 2021). 

• Semi-submersible platform (SSP). A submerged platform that floats on the water’s 

surface. Spar and SSP are loosely attached to the seabed employing mooring lines. 

Besides being a popular floating foundation type, SPP is also versatile, allowing simpler 

installation and flexible application in  water depths between 50 and 120 m (Pérez-

Collazo, Greaves and Iglesias, 2015; Global Wind Energy Council, 2020). 

• Tension leg platform (TLP). A submerged platform, vertically anchored to the seabed 

by tendons. TLP provides a high level of stability while being a light structure for water 

depths between 50 and 120 m. However, TLP is not a widely adopted design due to the 
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complex and expensive mooring system (Pérez-Collazo, Greaves and Iglesias, 2015; 

Global Wind Energy Council, 2020; Xu et al., 2021).  

 

 
Figure 39 Schematic diagram of the following floating foundations: spar, SSP and TLP (Jiang, 

2021) 

 

Initially introduced in the 1970s, the concept of floating foundations came into reality only in 

2008, when an 80-kW turbine was mounted on a TLP in Italian waters for one year to test the 

technology and collect related data. Since then, multiple pre-commercial pilot projects popped 

up around Europe, Asia and the US (Castro-Santos and Diaz-Casas, 2016). But only in 2017, 

the first commercial floating OWF was commissioned in the UK North Sea – the 30 MW 

Hywind Scotland pilot park. The project is located 25 km off the shore of Peterhead, Scotland, 

in water depths ranging between 95 to 129 m. An area of 4 km2 features 5 Siemens Gamesa 

turbines, 6 MW each, installed on spar foundations (Equinor, 2019). Hywind has opened the 

door for commercial use of the novel floating technology after years of pre-commercial testing 

through demonstration and pilot projects.  

 

As for the end of 2020, offshore wind accounted for less than 100 MW of floating capacity, 

mainly installed in the UK, Portugal and Japan. Nevertheless, GWEC expects the deployment 

of 6.5 GW floating offshore wind capacity in total by 2030, including several large-scale 1 GW 

floating OWFs in Europe and Asia (Global Wind Energy Council, 2020, 2021). Based on the 
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database concerning floating pre-commercial and commercial projects to be deployed by 2024, 

IRENA concludes that total installed costs could decline significantly from 14,161 to 4,310 

USD/kW, showing a 70 % drop between 2010 and 2024. Furthermore, these projects might 

imply an encouraging LCOE of around 0.13 USD/kW by 2024 in comparison with 0.88 

USD/kW in 2011 (IRENA, 2020b), as illustrated in Figure 40. 

 

 
Figure 40 Global weighted average total of installed cost, capacity factor and LCOE for 

floating offshore wind from 2010 to 2024 (IRENA, 2020b) 

 

4.3.2 Power-to-X 

 

On the pathway towards achieving ambitious climate goals, offshore wind coupled with Power-

to-X (PtX) can become a game-changer in the long-term future. PtX refers to converting 

electricity to liquid or a gaseous forms that can be either stored for later use or directly 

transported to end-users (IRENA, 2019b; Global Wind Energy Council, 2021). PtX is one of 

the up-and-coming opportunities for the offshore wind industry outside the electricity sector as 

a part or all of the generated electricity can be converted into hydrogen (Babarit et al., 2018), 

“a versatile, clean and safe energy carrier” (IRENA, 2019b). The most established technology 

method to produce hydrogen is water electrolysis that decomposes “water molecules into 

hydrogen and oxygen by passage of an electrical current” (IRENA, 2018a; Dinh et al., 2020). 

Hydrogen produced from renewable sources via electrolysis is often referred to as green 

hydrogen, representing a small 4% share in the global hydrogen industry (the remaining part is 
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fossil-fuel based) (IRENA, 2018a). In a low-carbon energy future, green hydrogen could play 

a pivotal role in connecting challenging sectors of the economy to decarbonise with renewable 

energy sources. These sectors include the following: 

• Transport. Green hydrogen can be a source of fuel for a low-carbon mobility option – 

fuel cell electric vehicles (FCEVs), which offer a similar performance compared to 

conventional vehicles but without generating greenhouse emissions (Delucchi and 

Lipman, 2010; IRENA, 2018a). Nevertheless, FCEVs are in the early development 

stages, requiring substantial investments into non-widespread infrastructure (i.e., 

hydrogen refueling stations) besides the technology itself (Tanç et al., 2019). 

• Buildings and power. The ability of green hydrogen to be stored over longer periods 

and on a large scale can secure the seasonal peaks of demand. Besides, green hydrogen 

injected into the existing gas distribution network decreases natural gas consumption 

while creating a new revenue flow for electrolyser operators (IRENA, 2018a). 

• Industry. Green hydrogen can substitute the fossil fuel-based hydrogen, a feedstock for 

industrial processes, including chemical (IRENA, 2018a, 2019b) and iron and steel 

production (Liu et al., 2021). 

 

Other possible applications of green hydrogen are illustrated in Figure 41.  

 

 
Figure 41 Green hydrogen applications (BloombergNEF, 2020, modified by author) 

 

Green hydrogen is a new area of growth for offshore wind. However, the current high costs of 

both technologies pose a major barrier to large-scale penetration. IRENA estimates that green 



 

   

 

84 

hydrogen could see an 85% cost decrease in the long-term future. The main contributors are 

reductions in the cost of renewable electricity and electrolysis facilities, spurred by policy and 

financial incentives. The green hydrogen cost reduction pathway is illustrated in Figure 42 

(IRENA, 2020a). Costs associated with offshore wind are separately described in chapter 4.1. 

 
Figure 42 Green hydrogen cost reduction pathway (IRENA, 2020a) 

 

In 2021, Ørsted, the leading offshore wind developer, revealed plans on SeaH2Lan – a 1 GW 

green hydrogen hub in the Dutch North Sea powered by offshore wind, able to meet the 20% 

demand of large industrial companies in the Netherlands and Belgium. The project will be 

deployed in two stages in the Netherlands. The first stage comprises 500 MW of green hydrogen 

capacity to be deployed once the regulatory framework is approved. The remaining 500 MW 

part, or the second phase, will be added later by 2030, requiring connection with a national 

hydrogen network. Along with the hydrogen facility, the project features a new 2 GW OWF 

and the 380 kV high-voltage network. Beyond 2030, Ørsted plans to expand the hub production 

from 580,000 to about 1,000,000 t per year of green hydrogen by 2050, fostering the 

decarbonisation of the region and development of the technology itself (Ørsted, 2021b). 
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5 CONCLUSIONS 
 

This study was undertaken to provide an overview of the offshore wind industry, by describing 

the main components of a typical OWF, associated costs (i.e., CAPEX, OPEX and DECEX) 

and global market outlook. The conducted research revealed the prominent role of offshore 

wind as a key alternative to nonrenewable fossil fuels for coastal countries around the globe, 

allowing them to harvest the available higher and smoother wind resources beyond the shore 

and transform them into electricity. Offshore wind has already become a valuable addition to 

the portfolio of low carbon technologies in some countries, such as the UK and the Netherlands, 

powering millions of households.   

 

The first OWFs commissioned 30 years ago in shallow European waters served as proof of the 

concept’s applicability in practice. Henceforth, OWFs have transformed from experimental 

pilots into massive commercial projects covering large sea territories with constantly increasing 

capacities from year to year and located in deeper waters further from shore. Thus far, a 

considerable number of projects have been deployed worldwide, and today’s technology shows 

a decent level of readiness to be exploited at a larger scale, like the 3.6 GW Dogger Bank Wind 

Farm. This and many other already proposed projects will foster the industry’s growth, leading 

to further advancement of offshore wind energy conversion technology. Furthermore, the new 

generation of OWTs with nominal power reaching 15 MW will significantly increase the 

electrical output of future OWFs to be deployed in the short term without involving a large 

number of turbines on-site. Other technologies, floating foundations and PtX, open new 

prospects for offshore wind, enabling it to expand much further from shore and transform 

generated electricity into green hydrogen, a much-needed resource for decarbonising the 

industry with various application forms.  

 

Despite enjoying a descending trajectory in capital costs over recent years, the offshore wind 

industry shows signs of current immaturity compared to its well-established onshore 

counterpart. This reflects on the great concentration of installations and suppliers within 

Europe, reliance on governmental forms of support and other financial incentives, as well as 

the current ownership dominance being divided by a small number of large-scale companies, 
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limiting market competition (Poudineh, Brown and Foley, 2017d). As a consequence, offshore 

wind still remains to be a small fraction (less than 5%) of the global wind industry. 

Nevertheless, offshore wind as technology has proven its effectiveness and scalability and 

therefore considered by Europe and other parts of the world as one of main drivers of making 

the global energy landscape significantly less dependent on fossil fuel supplies while bringing 

socio-economic benefits.  

 

Recently published statistics revealed that the offshore wind industry kept growing in 2020 at 

the same pace as in 2019 by adding 6.1 GW of new capacity worldwide. Nearly half of added 

capacity was distributed among 5 European countries, including the Netherlands (25%), 

Belgium (12%), the UK (8%), Germany (4%) and Portugal (less than 1%). Another half or the 

highest share was solely born by China, the future leader in the industry. In the long term, 

annual capacity additions are projected by industry bodies and national authorities to grow 

outstandingly as costs decrease and technology evolves. For instance, IRENA projects up to 

1,000 GW of offshore wind capacity to be accumulated by 2050, representing a 17% share in 

the global wind industry nearing 6,044 GW (IRENA, 2019a). This will help to meet challenging 

national and supranational targets pushed by the Paris Agreement to keep global warming under 

2°C and possibly closer to 1.5°C as a part of the green transformation towards the climate-

neutral future. 

 
Indeed, offshore wind is an auspicious source of energy with extraordinary potential due to the 

abundant availability of wind and its low impact on the environment. Despite being exposed to 

a harsh marine environment, offshore wind guarantees reliable electricity supply with the 

support of a proper maintenance strategy, which other renewable alternatives cannot offer at 

such a scale of generation regardless of the season. 
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