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Abstract 

 

Offshore wind energy production has grown exponentially since its beginning 

in the early 1990s. Since earlier installations had low power output (less than 1 MW) 

and low capacity factors (less than 30%), the farms offshore were significantly less 

impactful than their onshore counterparts. In the UK, however, increased government 

funding and support has paved the way for greater presence of offshore wind farms in 

their electric grid infrastructure. Now that the UK has become the leader in offshore 

wind energy, many sites in English and Scottish waters are being examined for their 

potential large-scale installations (up to 1000 MW of installed power) while current 

installations are considerably greater than even a decade prior.  

With this expansion in both turbine and farm size, the end of life scenarios for 

offshore wind turbines become an increasingly critical analysis to make. All farms must 

eventually be decommissioned, but little is known about the ramifications to a project’s 

cost and the impact to the grid when a farm is taken offline. Instead of the traditional 

method of decommissioning a farm after a 20-25 year lifetime, farms may benefit from 

a partial or full repowering through turbine part replacements.  

Depending on the type of foundation chosen, costs and efficiencies can 

drastically change for a farm. Since foundations can account for roughly a quarter to a 

third of the project’s overall upfront costs, the selection for the right type of foundation 

is crucial for financial success. Foundation design and cost can drastically change 

depending upon the depth, bathymetry, sea conditions, and many other factors; the key 

to successful design lies in how to extract the most energy while contending with high 

installation costs. Using the levelized cost of energy over various lifetime scenarios for 

different foundation types and analyzing vessel fuel usage, this thesis identifies why 

partial repowering could be a wise choice for future large-scale installations, due to its 

low LCOE and moderate CO2 impact. 
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Vindmyllur í sjó til lengri tíma - að draga úr LCOE og 

umhverfisáhrifum þess 

Mary Boylan Hassan 

Ágúst 2020 

 

Útdráttur 

 

Framleiðsla á vindorku undan landi hefur vaxið veldishraða frá upphafi tíunda 

áratugarins. Þar sem fyrri stöðvar afköstuðu litlu rafmagni (minna en 1 MW) og höfðu 

litla afkastagetu (minna en 30%), vindmyllugarðar undan landi höfðu töluvert minni 

áhrif en hliðstæður þeirra á landi. Í Bretlandi hinsvegar, hefur aukið fjármagn og 

stuðningur stjórnvalda stuðlað að uppbyggingu fleiri vindmyllugarða undan landi. Nú 

þegar Bretland er orðið leiðandi afl í vindorku á hafi úti eru margir staðir á ensku og 

skosku hafsvæðinu skoðaðir með tilliti til hugsanlegra stórvirkjana (allt að 1000 MW 

af uppsettu afli) á meðan núverandi stöðvar eru talsvert fleiri en jafnvel áratug áður. 

Með stækkun bæði á hverflum og á stærð vindmyllugarða verður sífellt 

mikilvægara að greina og skipuleggja hvað mun gerast eftir að búnaðurinn verður 

ónothæfur. Allir vindmyllugarðar verða að lokum lagðir niður en lítið er vitað um 

afleiðingar þess þegar litið er til kostnaðar og raforku sem tapast út úr raforkukerfinu. Í 

stað hefðbundna aðferða við að leggja niður vindmyllugarð eftir 20-25 ára notkun, gætu 

vindmyllugarðar notið góðs af því að vera gerðir upp að hluta til eða gerðir upp 

algjörlega með því að skipta um hverfla. 

Tegund grunna sem notaðir eru til bygginga munu hafa gífurleg áhrif á kostnað 

og hagkvæmni verkefna. Þar sem undirstöður geta numið u.þ.b. fjórðungi til þriðjungi 

af heildarkostnaði verkefnisins, þá er val á réttum grunni mjög mikilvægt fyrir 

fjárhagslega velgengni verkefnisins. Grunnhönnun og kostnaður getur breyst verulega 

eftir dýpt, botnlagi, sjávaraðstæðum og mörgum öðrum þáttum; lykillinn að 

árangursríkri hönnun liggur í því hvernig hægt er að vinna úr mestri orku á meðan glímt 

er við mikinn uppsetningarkostnað. Með því að nota jafnan kostnað við orku í ýmsum 

æviskeiðum fyrir mismunandi grunntegundir og greina eldsneytisnotkun skipa, þá mun 

þessi ritgerð greina af hverju endurnýjun á búnaði að hluta til gæti verið skynsamlegt 

val fyrir stórvirkar komandi framkvæmdir, vegna lítils LCOE og hóflegra CO2 áhrifa. 
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Chapter 1 

1Introduction 

With a growing and urgent emphasis placed on the effects of greenhouse gas emissions in 

the global climate crisis, recent decades have seen a dramatic rise in the construction and 

operation of various forms of renewable energy. While this rise in newer and more sustainable 

practices is important and pivotal, the long-term operational, maintenance, and 

decommissioning practices are often overlooked in lieu of quick, large-scale output. 

One such sector that has seen a meteoric rise in production in the last three decades is 

wind-powered energy, most notably offshore wind energy. In 1991, the first offshore wind 

farm (OWF) called Vindeby was constructed off the coast of the Danish island of Lolland 

(Topham, McMillan, Bradley, & Hart, 2019). In under 30 years, this number has dramatically 

increased to 105 offshore wind farms in Europe alone (Wind Europe, 2019). With this 

increase, the total energy production from offshore wind resources as of 2018 is roughly 18.5 

GW (Wind Europe, 2019). In just 2014, the total capacity was 8.0 GW (Oh, Nam, Ryu, Kim, 

& Epureanu, 2018), signifying a more than a doubling in (i.e. 2.3 times) growth in just four 

years. With larger farms planned and new sites explored not just in Europe, but worldwide, 

the industry is at the precipice of new era.  

 While the effects of new installations are positive for their role in grid diversity and 

technological growth, the end of life scenarios for each farm are still largely unknown. 

Inevitably, all offshore wind farms will need to be decommissioned (Topham, McMillan, 

Bradley, & Hart, 2019); when and the manner in which this occurs is still largely debated, 

however. 

The lifetime of offshore wind farms is often set at 20-25 years based on various literature 

and technical resources. Yet, this figure is largely assumptional as the sector itself is so young 

and untested. Additionally, since the areas for offshore farms have been meticulously chosen 

for optimal wind resource and potential energy output, the ideas of lifetime extension, partial 

repowering, and full repowering are increasingly more vital.  

Due to the growing public concern over climate change, the United Kingdom (UK) faces 

stringent governmental-imposed regulations and goals regarding emissions that make 

renewable energy’s role more critical in the coming years. In order to maximize the output of 

the offshore wind farms, there must be further analysis as to whether lifetime extension 

through repowering can further exploit the wind resource while remaining economically and 

environmentally viable. 

In this thesis, the intention is to examine potential lifetime extension through the lens of 

foundation design options for offshore farms in Scotland’s North Sea. Since the conditions 

for offshore wind farms are highly turbulent, foundation installations and removals are 

difficult and must be performed by skilled work and examined planning. In order to lessen 

the amount of foundation work, it is hoped that designing foundations for a longer lifetime 

could prove to be a promising solution.  

 



 

   

1.1 Research Aims 

The driving force for this thesis and its surrounding research and modeling is to answer 

the question: How best to select foundations for OWFs to make it easier to repower or extend 

their lifetimes while reducing LCOE and environmental impacts? As previously mentioned, 

the typical lifetime for an OWF is roughly 20-25 years. Despite being a renewable energy, 

this lifetime effectively puts a time limit on the wind resource; while it is renewable, it is 

technically not sustainable. That is to say that while wind is a sustainable source of energy, 

the processes currently in place to access that energy need improvement in order to last 

effectively in future generations. Once a farm reaches the end of its usable life, it is required 

by law (which vary by country and governing body), to decommission it. Much like the oil 

and gas industry, offshore wind energy faces a serious dilemma of how to continue 

advancement of the technology and expansion of installations while keeping cost and impact 

low.  

With a growing number of installations across northern Europe, and the great potential 

resource available in Scotland, it is necessary to re-evaluate the ways in which the foundations 

are chosen. As more and more OWFs are coming upon their end of designed life, they will 

eventually need to be decommissioned. While many of them will just be decommissioned, 

could others be “put off” even further through repowering? And if so, could we construct new 

farms with a repowering mentality so as to exploit this clean energy source as long as 

possible? 

This research will focus on the UK market, specifically within Scotland, but the 

question is one that could be applied to any area, most notably in areas looking at new 

projects. While the UK and northern Europe have dominated the offshore wind market since 

its beginnings in the 1990s, emerging study areas in the USA, China, and southern Europe 

signal a worldwide interest in this energy source. In the long-term, markets, most notably in 

floating OWFs, could arise in South America, Australia and New Zealand, and Japan 

(Equinor, 2019). 

For this study, it is important to note that the offshore wind market is less than three 

decades in operation and, therefore, has limitations in data and information. The data used 

are from various literature sources and publically-available documents from consultancy 

firms and governments. For more accurate results, localized case studies will be necessary.  

Despite wind energy being in its early stages offshore, the technology has received a 

great deal of attention in Europe, which has led to more installations and advancement. This 

innovation could be a key to the global energy needs; research included in this thesis, as well 

as those cited herein, could provide insight for making wind energy more cost-efficient and 

sustainable.  

1.2 Thesis Outline          

In addition to this introduction, the remainder of this thesis will include a Literature 

Review (Chapter 2), which is an overview of the existing research and information on OWT 

foundations, the Methods (Chapter 3), which is a step-by-step review of the project’s financial 

and environmental analyses, including assumptions, data sourcing, and equations or theories 

employed, the Results (Chapter 4), which is a synopsis of the outcomes that were reached in 

the Methods and potential best and worst case scenarios in practice, and a Conclusion 

(Chapter 5), which is a brief discussion of the results and the project as a whole, with further 

work to consider in future studies.  
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 The work for this thesis involved gathering relevant, existing data, creating a 

computer-based model using Microsoft Excel and analyzing the results to see which 

foundation provided the most efficient LCOE and low-environmental impact solution (lowest 

CO2 emissions). As noted throughout the report, offshore wind is extremely project-specific 

and will need to be reviewed on a case-by-case basis. With so many weather and bathymetric 

differences in Scotland, let alone the world, no two farms are the same and will require 

individual economic evalutions, EIAs, and foundational designs.  

Overall, it is important to note that the study of offshore wind energy is a still fledgling 

field. While it has grown significantly since 1991, there are still a substantial number of 

unknown characteristics, both in development and longterm effects of large-scale farms.  

Even now, research in Scotland is being done on how exactly to quantify or qualify certain 

attributes of offshore wind farms and their effects on the environment.  
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Chapter 2 

2Literature Review 

As stated in the Introduction, this thesis’ focus is how best to select the type of foundation 

for offshore wind farms in order to keep the project financially viable while limiting its 

impacts to the environment. As scientists, engineers, and governments around the world 

continue to grapple with the climate crisis, the transition to renewable energy sources will 

become increasingly critical. Offshore wind farms represent a significant portion of possible 

resources that could successfully bridge the gap between traditional fossil fuel sources and a 

zero emissions future.  

In order to be a successful project, offshore wind needs to prove its financial viability to 

investors while also ensuring limited environmental impacts, which can be a source for high, 

unforeseen costs and negative public perceptions. As more projects continue to receive 

consent to build and the likelihood of the offshore wind market spreading to other areas of 

the world outside of its current concentration in the North Sea, looking for ways to make 

farms’ outputs more efficient and last longer could make offshore wind more attractive to 

investors.  

The following literature review will focus on the growing interest in renewable energy, 

the background of offshore wind production, the overall structure of offshore wind turbines 

and foundations, the financial markers used to analyze a project, and the environmental 

considerations made when applying for a project.  

Overall, there are many ways to analyze the successes and shortcomings of offshore wind 

projects, and even more nuances to each project, turbine model, and foundation type. While 

each attribute is important, this thesis will focus only on the choice of foundations and how 

it can affect a project’s financial viability and environmental impact if the foundation were 

used for a lifetime extended past the status quo design life of 20 years. Foundations represent 

a significant portion of a project’s construction cost and also have a substantial impact on the 

environment given their placement on the seabed and the construction, operation, and 

maintenance processes’ contribution to CO2 emissions. It is important to note that this project 

is analyzing a small portion of the foundation selection process and further work is necessary 

for each project due to the detailed nature of design. Some of the additional aspects of the 

design process will be discussed in the Chapter 5 as a possibility of continuing this project.  

2.1 Scotland’s Renewable Energy Targets 

 In its Annual Energy Statement for 2019, the Scottish government has outlined the 

major steps it intends to take to further incorporate renewable energy in the makeup of their 

grid. Two of their biggest goals in this report are to have energy (includes electricity, heat, 



 

   

and transportation) from renewables make up 50% of their market and to increase the 

productivity of their energy by 30% by 2030. This scheme encourages investments to be not 

only made in renewables but those that use their energy efficiently. 

The UK as a whole generates 29.3% of their electricity from renewable energy 

resources, but Scotland alone generates 51.7% of their electricity from renewable sources; 

71.8% of Scotland’s renewable energy generated electricity in 2018 was from wind (The 

Scottish Government, 2019). With the electrical grid already seeing the benefits from wind 

energy, heat could soon have interest as well. This growing interest brings a lot of promising 

innovation but also begs to wonder: how will this large change affect energy security?  

A big part of grid resiliency and diversification is the role of the base load source. 

Traditionally, electricity grids worldwide relied on fossil fuels to handle a base load demand, 

which essentially accounts for appliances and electrical sources that always run (hospital 

equipment, office lights, household appliances, etc.) (Peters & Burda, 2007). Meanwhile, 

renewables like wind are more sporadic and therefore cannot handle a base load without 

having adequate and efficient storage. With the changes needed in the grid, Scotland must 

find ways to use the renewable energy through storage.  

In an interview with Professor Feargal Brennan of the University of Strathclyde, it 

was discussed whether or not the increasingly high targets for low-emissions could mean a 

switch in the market for which energy source is used for a base load power (Brennan, 2019). 

In his view, this will mean a change, but not just to wind alone. Rather, he predicts an increase 

in the “wind to hydrogen” or “wind to ammonia” fields; that is, wind power is converted to a 

hydrogen or ammonia fuel source which can thereby be used “on demand” rather than 

intermittently. He continues to state that there are two ways of dealing with renewables: using 

gas as a transition during intermittent periods or energy storage. Both options are possible, 

but energy storage is obviously the more complex answer. Storing energy from renewables 

is a particularly difficult endeavor because of the high costs and potential energy loss over 

time.  

Overall, Scotland is well-positioned within the offshore wind market to make a 

significant impact and reach its 2030 targets. Yet, this will come with more work in testing 

the storage, efficiency, and reliability of their current grid. The next decade will prove to be 

an interesting test in the way of research and development.  

2.1.1 Current Goals  

As a member nation of the UK, Scotland is a key player in the country’s renewable 

energy scheme, primarily in regard to offshore wind. Seeing the potential in the offshore wind 

sector, the UK government partnered with industry professionals to create the Offshore Wind 

Sector Deal (OWSD); in this plan, the UK government has outlined their five main goals 

(BEIS, 2019): 

1. Contracts for Difference (CfD) will receive visibility and financial support of 

up to £557 million (see Section 2.2.1 for a definition of CfD). 

2. UK content to be 60% by 2030 including increases in capital expenditure 

(CAPEX). 

3. Representation of women to be at least 1/3 in the offshore wind workforce by 

2030. 

4. Ambition of increasing exports by fivefold (£2.6 billion) by 2030. 

5. Investment of up to £250 million in the UK supply chain by way of creating 

the Offshore Wind Growth Partnership (OWGP) which will be responsible for 

supporting productivity and increase competitiveness.  
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In order to maximize the Scottish benefits from the OWSD, the Scottish Offshore Wind 

Energy Council (SOWEC) was created (The Scottish Government, 2019). The SOWEC has 

various goals to keep Scotland’s role in offshore wind construction and operation at the 

forefront of the UK’s clean energy plans including (McPhee, 2019): 

1. Increasing job numbers from 1,900 to 6,000, 

2. Growing Scotland’s operational offshore wind capacity from 1 GW to 8 GW, 

and 

3. Utilizing the available acreage off the north east coast of Scotland.  

As evidenced by the goals in both plans, it is clear that the UK and Scotland plan to grow 

their offshore wind production substantially over the next decade. While this plan is 

extremely promising, long-term work and research is necessary to continue and build success 

past 2030.  

2.1.2 Offshore Wind’s Role  

Both onshore and offshore wind have benefitted from a major expansion over the past 

few decades largely due to low variable cost and expanded technology (Morthorst, Awerbuch, 

& Krohn, 2009). Due to this low variable cost, investors face high capital, or upfront costs, 

but benefit from lower overall risk.  

In an interview concerning the growth of offshore wind, industry analyst Gouri Kumar 

explains that historically, banks were wary to invest in large offshore projects, mainly due to 

high risk coupled with very high investment capital needed; however, at the time of the 

interview in 2010, banks began to spread risk by joining together on infrastructure deals 

(Stancich, 2010). By having multiple investors finance the upfront costs, more projects went 

through and the industry saw overall risk decrease.  

Offshore wind is also one of the few renewable energy sources that may handle a 

baseload requirement for energy (Grant Thornton, 2018). Oftentimes, renewable energy 

sources are just used for a peaking demand of energy, meaning it is used for power needs that 

occur at peak time periods (Peters & Burda, 2007). This is, of course, dependant on the area 

of study; in the UK, there has traditionally been a considerable reliance on fossil fuel 

resources. Examples of peaking power needs include a high electricity demand in the morning 

when people are preparing for work and school or a yearly demand on Christmas Day when 

many households are cooking, running additional lights, and heating homes. Electrical grids 

and utility companies respond to this greater energy need by running peaking power on top 

of the baseload. Baseload is utilized for constant energy needs and has historically been 

fulfilled by coal, oil, peat, and natural gas sources. This is due to the largely reliable energy 

stream that the fossil fuel sources provide; renewable energy, on the other hand, is often 

plagued with the struggle of flexibility, which leads to variability and uncertainty 

(Verzijlbergh, De Vries, Dijkema, & Herder, 2017). Yet, as mentioned in the interview with 

Feargal Brennan, offshore wind energy storage has become of increasing interest in the UK 

and could be the solution to using renewable energy as a baseload source.  

 

2.2 Progression of Offshore Wind Turbines and Farms 

As mentioned previously, the first offshore windfarm began delivering power to the 

grid in 1991. At that time, the 11 turbines on the farm each had a power capacity of just 



 

   

450kW, for a total capacity of 4.95 MW (Weston, 2016). While this was an impressive feat 

at the time, the market for offshore wind has changed over the last three decades as have the 

capacities of the turbines. Of the turbines currently installed in Europe, 75% have a capacity 

greater than 3 MW; in fact, the current average rated power for an offshore turbine in Europe 

is 4.3 MW (Topham, McMillan, Bradley, & Hart, 2019). With this drastic growth in turbine 

capacity, their size and weight have also increased, triggering a need for greater research into 

their foundations. 

As seen in Figure 2.1, the power outputs (measured in MW next to the turbine graphic) 

of offshore turbines have and continue to grow extensively; with that growth, the rotor sizes 

are expected to increase to about five to six times their original size from the early 1990s 

within the next decade. With the larger rotor diameter, the swept area of the turbine grows, 

thus producing a greater energy output.  

 

 

Figure 2.1: Development of offshore turbines in relation to Rated Power Capacity 

(RPC) and corresponding rotor diameter (Arshad & O'Kelly, 2013, p. 142)  

Offshore wind has a great advantage compared to its onshore counterparts in that there 

is, quite simply, a larger space available. The ability to have larger turbines at sea coupled 

with higher average mean wind speeds has made offshore wind quite advantageous (IRENA, 

2012). Now that more installations have been completed and companies have refined their 

installation processes, OWFs have had an impressive rise in power output. In Figure 2.2, the 

rise is due not just to the growing power of turbines themselves but the growth of farm sizes. 

Please note in this figure that wind farm size has been averaged by year and is represented by 

their MW power output. With exploratory areas in the North Sea, more farms are expected to 

be installed across the Scottish coast. 
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Figure 2.2: Average OWF (in construction and on-grid) power output (measured in 

MW) in Europe by year (Wind Europe, 2019, p. 21) 

In the UK, onshore wind turbines have roughly 13.5 GW in operational capacity1 

compared to offshore’s ~8.5 GW operational capacity, yet there are 8,188 onshore wind 

turbines while offshore only needs 2,016 turbines to produce their output (RenewableUK, 

2019). Essentially, farms offshore may need less turbines than onshore due to the greater 

wind resources and space for large rotors. In a report by PML Applications Ltd and the 

Scottish Association for Marine Science, it was stated that “…the offshore environment has 

a number of advantages compared with onshore locations; the offshore wind environment is 

more reliable, less turbulent and has a higher energy density meaning that, for the same 

turbine, an additional 50% of electricity can be generated” (Linley, Wilding, Black, Hawkins, 

& Mangi, 2007).   

Since renewable energies like wind and solar are not able to generate an electrical 

output at all times, the different technologies are often characterized or evaluated by a 

capacity factor. The capacity factor is a unitless number that quantifies the ratio between the 

capable output of an energy process versus the actual output (NMPP Energy, 2020). For 

example, a wind turbine may be marketed as having a power output of 6 MW, yet since the 

wind resource is time-dependent, it is not possible for the turbine to consistently produce 6 

MW of power. Therefore, we may represent the capacity factor as follows in Equation 2-1. 

𝑪𝑭 =
𝑨𝒄𝒕𝒖𝒂𝒍 𝑬𝒏𝒆𝒓𝒈𝒚 𝑮𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅 (𝑴𝑾𝒉)

𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (𝑴𝑾)×𝑻𝒊𝒎𝒆 𝑷𝒆𝒓𝒊𝒐𝒅 (𝒉)
      [2-1] 

In terms of a 6 MW wind turbine, we could analyze how it performs over a time period of 

one year. Hypothetically in that time, the actual energy generated and sold to consumers was 

found to be 20,000 MWh. Using 8,760 hours in a year, a marketed capacity of 6 MW, and 

the 20,000 MWh generated, it can be deduced that the capacity factor of the turbine is ~38%. 

For offshore wind, CFs vary greatly depending on the farm size, position, year, etc. In the 

UK, the average offshore CF is 38.4%, with a Scottish farm, Hywind Scotland, having the 

greatest success with a CF of 53.8% (Smith, 2020).  

 
1 Operational capacity is defined as the total installed capacity of wind farms (RenewableUK, 2019). 



 

   

2.2.1 Growth and Structure of the British Offshore Wind Market 

As mentioned in Section 2.1.1, the Department for Business, Energy, and Industrial 

Strategy has implemented a policy strategy to aid in the expansion of the offshore wind 

market called Contracts for Difference, or CfDs (refer to Box 2.1). There have been multiple 

rounds of auctioning for CfDs, with the third round occurring in 2019 (Russell, 2019). 

With this third auction, six offshore wind farms benefitted from the CfD subsidy; 

between the second auction in 2017 and the third, the overall cost of offshore wind dropped 

a staggering 30% (Russell, 2019). 

The reduction in cost noted by Russell is not important just for investments and the 

benefit to the general public, but it highlights the success of policy intervention in the 

renewable sector. With greater government funding, the CfD program has proven that low-

cost renewable energy is possible and can help further expand the technology and energy 

output. The government involvement is also critical given the British exit from the European 

Union. Although the effects of “Brexit” are yet to be fully determined, the UK must prepare 

for greater independence in areas of economics, security, and infrastructure. Due to this, 

strong subsidies for renewables will be critical to the UK fulfilling the Clean Growth Grand 

Challenge with possible limited aid from fellow European nations. 

In the UK, there has been a significant expansion in the offshore fleet within the past 

decade. In Table 6.2 in the Appendix, OSPAR Data and Information Management System 

has compiled information on offshore farms as of 2018. For the purposes of this thesis, only 

the operational and UK-based wind turbine farms have been included. While there is a small 

number of currently active farms are in Scotland, there is a great potential in exploratory areas 

(please refer to Scottish farms in Table 6.1). Additionally, Table 6.1 includes active farms 

that were not included in OSPAR’s data.  

2.3 Structural Makeup of Offshore Wind Turbines 

Offshore wind turbines follow that same basic structure of typical onshore 

applications, just with differing loading conditions due to the significant wave loading on the 

underwater foundation and transitional area between the foundation and turbine tower. In the 

following section, the loading on the structure, the structure of the turbine itself, and the 

different options for foundations will be reviewed.  

2.3.1 Loading on an Offshore Wind Turbine Apparatus 

Due to the rough seas, and the added load of the turbine motion itself, foundations for 

OWTs are dynamically sensitive structures (Bhattacharya, 2014). Essentially there are 

permanent loads from the turbine that act upon the foundation, coupled with live loads from 

As defined by BEIS, “The Contracts for Difference (CfD) scheme is the government’s main 

mechanism for supporting low-carbon electricity generation. CfDs incentivise investment in 

renewable energy by providing developers of projects with high upfront costs and long 

lifetimes with direct protection from volatile wholesale prices, and they protect consumers 

from paying increased support costs when electricity prices are high.” 

Box 2.1: Contracts for Difference definition (Department for Business, Energy, and 

Industrial Strategy, 2019) 
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the wind, ocean, and seafloor which can make the structure prone to fatigue and failure. 

Bhattacharya uses the principles of natural and forcing frequencies to explain the difficulties 

in foundation design; the natural frequency of the turbine when it is just holding the 

permanent, or ‘dead’, load of the turbine often gets very close to the frequency of the waves 

and wind at sea. When the frequencies are too close to one another, this can lead to resonance. 

This resonance can contribute to fatigue damage and shorten the lifetime of the foundation 

structure. In Figure 2.3, the mechanical and environmental conditions are shown by part: first 

the rotational loading of the blades, then the loads fron the tower, and finally the loads from 

the water and soil directly acting on the foundation (read from the top to the bottom of the 

figure).  

 

 

Figure 2.3: Loading conditions for an OWT foundation (Bhattacharya, 2014, p. 2) 

No matter what type of foundation is chosen, there are permanent loads from the 

turbine that will act on on the foundation and are a part of the design calculations. With added 

weight from larger turbines, the foundations themselves may also increase in weight, as will 

the associated costs of manufacturing, transportation, and installation. Table 2.1 gives an 

example of the permanent mass loads (in metric tons) from three critical components of the 

turbine structure: the tower, nacelle, and rotor. In this table, it is important to note that this is 

merely showing the significant mass already carried through to the foundation from the 

turbine alone. When environmental loads are added to this, the fatigue experienced by the 

foundation can be extremely large and ultimately decrease the lifespan of the entire structure 

(in addition to an increased O&M cost).  



 

   

Table 2.1: Selected permanent loads for differently sized turbines by turbine part 

(Malhotra, 2011, p. 237) 

 

Typical 3.0 

MW Turbine 

80 m Hub 

Height (ton) 

Typical 3.6 

MW Turbine 

80 m Hub 

Height (ton) 

Typical 5 

MW Turbine 

90 m Hub 

Height (ton) 

Future 7.5 

MW Turbine 

100 m Hub 

Height (ton) 

Tower 156 178 347 ~550 

Nacelle 68 70 240 ~300 

Rotor 40 40 110 ~180 

2.3.2 Turbines 

To fully understand the wind turbine, it is best to consider it in sections; the whole 

machine is called a wind turbine generator (WTG) and has three main components: the rotor 

system, the nacelle, and the tower and foundation (Jain, 2016). Each component may be 

defined with slight differences and uniquities, but (Jain, 2016) provides explanations that are 

informative and useful for a general look at WTGs: 

• Rotor system: this is the most noticeable portion of the WTG as it includes the 

blades and rotor hub (the center point of the turbine where the blades meet). 

As the blades spin, the wind energy is converted to rotational kinetic energy. 

The blades are connected to the rotor hub which acts as an intermediary 

between the blades “collecting” the energy and the drive train which 

“processes” the energy.  

• Nacelle: this section includes everything at the top of the turbine structure that 

is not a part of the rotor or blades. Jain lists the following components as typical 

parts of the nacelle: main shaft, drive train (gearbox and generator), brake, 

bearings, nacelle frame, yaw mechanism, auxiliary crane, hydraulic system, 

and cooling system. Not all turbines may have each part listed depending on 

its capabilities.  

• Tower and foundation: these include the structural elements the carry forces 

and moments to the ground.  

In Figure 2.4, a typical turbine schematic is shown with the parts listed above. Note in this 

figure that the tower and foundation for offshore structures include a transition piece that is 

needed for vertical alignment between the two sections (tower and foundation) (Arshad & 

O'Kelly, 2013).  
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Figure 2.4: Schematic of a turbine with a monopile foundation (Arshad & O'Kelly, 

2013, p. 141) 

 

The cost of offshore wind turbines is greater than its onshore counterparts, which is 

largely due to the installation process, the higher wind load, and the turbulent conditions. In 

Chapter 3, the prices for the specific turbine models used will be given and discussed. 

2.3.3 Foundations 

One of the reasons onshore wind has lower upfront and installation costs is its lack of 

a large, complex foundation. For offshore wind turbines, however, the choice of foundation 

types is critical since it may account for 25 to 34% of overall project costs (Bhattacharya, 

2014). While cost is a driving factor in whether or not a project will move forward, 

foundations are designed for water depths, turbine weights and dimensions, and sea 

conditions (including marine life, the seabed, and the current and tidal types) (Arshad & 

O'Kelly, 2013). Quite simply, the foundation of the OWT must keep the structure in place 

despite extremely intense loading conditions (van der Tempel, Diepeveen, Salzmann, & de 

Vries, 2010). For the wind farm to be a successful project, the foundations must be built for 

the exact conditions of a given area. In Figure 2.5, examples of some of the adverse conditions 

an OWT may face are depicted; even without the turbulence and loading when the blades are 

in motion, foundations experience various severe loading conditions.  



 

   

 

Figure 2.5: Environmental and structural considerations for OWT foundation 

design (Arshad & O'Kelly, 2013, p. 144) 

Foundations are chosen based on different factors, one of which is the water depth of 

the planned farm. From information given in a report done by the Center for Wind Energy at 

James Madison University, Table 2.2 separates the depth levels and what different types of 

foundations may be used. Since the depth can affect which type of foundation is chosen, the 

amount of material needed, the journey for the vessels transporting material during 

construction, and the construction process itself, it is one of the most vital, and costly, parts 

of the development and installation (Oh, Nam, Ryu, Kim, & Epureanu, 2018).  

Table 2.2: Water depths and the corresponding potential foundations (Center for 

Wind Energy, 2012, p. 2) 

Water Level 

Type 

Depth 

(m) 
Foundations Used at a Given Depth 

Shallow Waters 0-30 Gravity base, monopile, and suction caisson 

Transitional 

Waters 
30-60 Tripod, jacket, and truss tower 

Deep Waters 
60-

900 

Floating (buoyancy stabilized, ballast stabilized, and 

tension leg platform (TLP)) 
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For the purposes of this work, the following foundations, as shown and identified in Figure 

2.6, will be discussed: 

• Gravity Based (type D) 

• Monopiles (type A) 

• Tripods and Jackets (types B and C, respectively) 

• Floating (type E) 

Of the foundations listed, floating foundations are the only kinds that are not bottom-fixed 

structures, meaning that they are anchored by a mooring system to the seabed rather than 

being attached or deep-drilled to the seabed (Wu, et al., 2019).   

 

 

Figure 2.6: Foundation types discussed: monopiles (A), tripods (B), jackets (C), 

gravity based (D), and floating (E) (van der Tempel, Diepeveen, Salzmann, & 

de Vries, 2010, p. 567) 

2.3.3.1 Gravity Based 

As previously mentioned in Table 2.2, gravity based foundations (GBFs) are for 

installations in shallow waters. GBFs are not widely used as they need specific soil conditions 

for installation and operation, namely soil that has a high bearing capacity (Esteban, López-

Gutiérrez , & Negro, 2019). Unlike the monopile, tripod, or jacket foundations, GBFs are not 

drilled or driven into the seabed; rather, they sit atop the seabed as shown in Figure 2.6. 

Because of this installation orientation, GBFs are designed to combat overturning moments 

by primarily considering the foundation weight (Wu, et al., 2019). Despite many changes 

from its first installation at Vindeby in 1991 to the more recent installation of Thornton Bank 

 A            B           C            D            E 



 

   

Phase 1 in Belgium (in 2019), concrete is the key material component for the structure 

(Esteban, López-Gutiérrez , & Negro, 2019). 

Although GBFs are the original foundation types for OWTs, there are only 13 wind 

farms using this design, none of which are in the UK (Esteban, López-Gutiérrez , & Negro, 

2019). Esteban et al continue to explain that this could be due to the simplicity and cost-

effectiveness of other options, most notably the monopile. Additionally, the trend of moving 

to deeper waters with different soil conditions could make the use of GBFs not only 

financially ineffective and extremely inefficient.  

Due to their limited installation and small-scale implementation, they will not be used 

for any simulation or modelling within this thesis. As the farm size to be analyzed will be 1 

GW in nominal power, a GBF set-up would be highly unlikely and difficult to install.  

2.3.3.2 Monopiles 

Since 78% of the current European OWTs installed use monopiles, it is clear that they 

are the front-runner for foundational choice (Topham, McMillan, Bradley, & Hart, 2019). 

Their design is fairly simple and at the right depth and seabed condition, can make for a 

relatively straightforward installation process. The monopile itself is a cylindrical steel 

foundation pile that is hammered into the seabed using a hydraulic-powered hammer 

(Velarde, 2016). As shown in Figure 2.7, the monopile also has scour protection attached 

where the pile meets the top of the seabed; additionally, it has a transitional piece (shown in 

yellow) that provides an intermediary between the foundation in the sea and the turbine tower 

in the open air. Scour protection is in integral part of foundation design as shown by the scour 

hole that can form without it (this will be further discussed in Section 2.3.4.3). 
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Figure 2.7: Schematic of a WTG with a monopile foundation structure (Van Der 

Tempel, 2006, p. 8) 

Monopiles have typically been installed close to shore in shallow waters (less than 30 

meters) as its installation and material costs make the most economic sense; however, it is 

still uncertain whether or not deeper water installations would affect this financial benefit 

(Wu, et al., 2019). Since turbines have historically been installed in shallower waters and 

have had a lower power output, monopile design has been geared largely toward this set of 

design parameters. Therefore, it has been of increasing interest as to whether monopiles may 

be designed for larger turbines, further out in the sea, whilst still remaining reasonable for 

construction, installation, and operation.  

Originally designed for small-scale and pilot projects at a close proximity to the shore 

with minimal power outputs, monopile applications have grown in the years since. While 

today’s typical pile diameters are 5 to 6 meters, there is interest in making piles up to 10 m 

in diameter to support future, larger turbines (Byrne, et al., 2015). The exact structural design 

behind monopiles will not be further explored past this section of the report, but it is important 

to note that there is a significant moment load for monopiles. Since the monopile is a single 

driven pile it has a vertical load acting on it as well as a bending moment that can cause the 

foundation to fail by falling into the sea. A recent assessment of the Robin Rigg project 

(situated in the waters between the northwest of England and southwest of Scotland), two of 



 

   

the turbines had to be decommissioned due to risk of collapse; this was largely due to vast 

bathymetric changes on the sea floor which caused a greater moment (Cassie, 2017). 

Since monopiles remain the most popular choice and new designs are being developed 

to make them useful for deeper installations, they can be quite advantegeous. Yet, there are 

many disadvantages to this choice as well. This includes, but is not limited to: a difficult 

removal process, a potentially high financial burden for its installation, and a possible need 

to pre-drill a hole in the seabed to prepare for the installation (IRENA, 2012). As with any 

offshore foundation, monopiles are also susceptible to significant fatigue due to intense 

loading which can lead to high O&M costs and potential failures.  

For the analysis in this paper, which will be done in Chapter 3, monopiles, along with 

jackets and floating foundations, will be examined at different sea depths for differently 

powered turbines. The goal is to evaluate which foundation, depth, and power combination 

make the most financially and environmentally-sound decision for a theoretical 1 GW wind 

farm to be placed in the North Sea. As monopiles are typically installed in a depth range of 

0-30 meters but have current research that could allow for deeper installations, both scenarios 

will be analyzed.  

2.3.3.3 Tripods and Jackets 

As more government consent is given to construct farms in deeper waters, the 

foundations have changed. Past a depth of 30 meters, monopiles can be used but have to be 

redesigned with a larger column diameter, as previously mentioned in Setion 2.3.3.2. Due to 

this, many more pilot projects and farms have taken a design from the oil and gas industry 

and have begun to use tripods and jackets. 

While monopiles have a singular column that is planted into the seabed, tripod and 

jacket structures have multiple points of embedment. In Figure 2.6, tripods (B) and jackets 

(C), have three and four piles, respectively. In Figure 2.8, potential configurations are shown 

for the two foundations. No matter the exact design, tripods and jackets are marked for their 

use in “transitional waters” (depths between 30-60 meters) and their limited penetration in to 

the seabed compared to monopiles (Oh, Nam, Ryu, Kim, & Epureanu, 2018).  
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Figure 2.8: Alternative tripod (Left) and jacket (Right) designs (Oh, Nam, Ryu, Kim, 

& Epureanu, 2018, p. 18) 

The tripod foundation is similar in design to the monopile in that a single column is 

attached to a transitional piece at the base of the turbine itself; then, at the end of the column, 

a steel frame is attached which has three legs that are then embedded in to the sea bed, evenly 

distributing the weight which allows for a shallower penetration than the monopile (Center 

for Wind Energy, 2012).  

The jacket foundation used for wind turbines was originally used in oil and gas 

industries and has benefitted from the existing design expertise. The loading of a turbine and 

and oil rig, however, are vastly different and the research for jackets in wind applications is 

still progressing. 

Notable projects2 that have used the jacket foundations are Beatrice Wind Farm 

(Scotland - operational), Hornsea Project One Wind Farm (Heron West) (England - 

operational), and Neart na Gaoithe (NnG) Wind Farm (Scotland – in construction). 

 
2 Information obtained from (OSPAR, 2019), (EDF Renewables, 2019), and (Black, 2019). 



 

   

2.3.3.4 Floating 

Floating turbines have recently become a popular choice for foundations in research 

and development due to its possible large-scale installation in deep waters (Myhr, Bjerkseter, 

Ågotnes, & Nygaard, 2014). As mentioned in Table 2.2, there are three main types of floating 

structures: buoyancy stabilized, ballast stabilized, and TLP. TLP foundations are also called 

mooring line stabilized (Butterfield, Musial, Jonkman, & Sclavounos, 2007). The difference 

between the three types of floating structures boils down to the ways in which each distribute 

loads to stabilize the structure as a whole; this is visually shown in Figure 2.9.  

 

 

Figure 2.9: Three main types of floating structures for OWTs: (From Left to Right) 

ballast stabilized, mooring line stabilized (TLP), and buoyancy stabilized 

(Butterfield, Musial, Jonkman, & Sclavounos, 2007, p. 3) 

Butterfield et al further describe the three primary types of floating turbines as follows: 

 

1. Ballast Stabilized: “Platforms that achieve stability by using ballast weights hung 

below a central buoyancy tank which creates a righting moment and high inertial 

resistance to pitch and roll and usually enough draft to offset heave motion.” 

2. Mooring Line Stabilized (TLP): “Platforms that achieve stability through the use for 

mooring line tension.” 

3. Buoyancy Stabilized: “Platforms that achieve stability through the use distributed 

buoyancy, taking advantage of weighted water plane area for righting moment.” 

2.3.4 Condition of the Seabed and Ecosystem 

The type of foundation chosen for a project has many factors, one of which is the type 

and condition of the soil present. The seabed’s makeup and its corresponding wildlife can 
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affect many parts of a project, from the materials chosen to the layout of the farm. In this 

section we will explore some of common environmental considerations made when designing 

a project.  

2.3.4.1 North Sea Conditions 

Covering an area of 575,300 km2, the North Sea is one of the world’s largest sea 

shelves and reaches the beaches and shoresides of seven European nations (Huthnance, 1991). 

Stretching from the northern reaches of Scotland’s Shetland islands and the western coast of 

Norway to the northern coasts of Germany, the Netherlands, Belgium, and France, the extent 

of the sea has been a great opportunity for developers and investors in offshore energy. In the 

past three decades, this has grown to include many renewable energy resources, with wind 

seeing the largest growth.   

This project will consider new installations in the North Sea in Scottish-controlled 

waters due to area of interest and the data available from previous installations. Additionally, 

since the UK has shown the greatest growth and investment in offshore wind, this is a realistic 

assumption that a new farm will be constructed in this territory.  

2.3.4.2 Bathymetry Monitoring 

Bathymetry, or the study of the seabed and underwater topography (NOAA, 2018), is 

critical in the selection of offshore foundations. Bathymetric analysis is necessary before and 

during wind farm construction as well as the operational period. As seen in Figure 2.10 in 

Section 2.3.4.3, there is significant loading and movement occurring in the underwater 

environment of a farm that may impact the structural integrity of the foundation.  

While bathymetric qualities will not be analyzed further in this thesis, it is worthwhile 

to mention its importance to the planning, construction, and operation of a wind farm. 

Characteristics such as soil type, oceanic conditions, and subsea climate must be considered; 

just as with foundations on land, geotechnical assessments are necessary for safe and 

successful projects. In the case of the UK-based farm Robin Rigg (previously mentioned in 

Section 2.3.3.2), bathymetric monitoring was critical in finding that two foundations were at 

risk of collapse due to intense scouring. 

2.3.4.3 Scour Protection 

A common issue with monopiles is scour at the base of the foundation where it 

interacts with the seabed (Wu, et al., 2019). Essentially, scour occurs when there is an 

interaction between the seawater, the soil types in the seabed, and the foundational structure 

(Harris & Whitehouse, 2017). The movement of both the water and the soil that occurs when 

flows go through each medium cause movement which can cause pockets to open in the 

seabed and negatively impact the foundation (Lind & Whitehouse, 2012). 

As mentioned before, all OWT foundations experience greater loads from the windy 

conditions of being out in the ocean coupled with the loading caused by the constant 

movement of the actual turbine blades. Scour may further exacerbate this intense loading on 

a monopile because of the moment that acts on the base of the column (please refer to Figure 

2.7 and note the scour hole that forms on the right-hand side of the monopile base). 



 

   

Flows in the ocean along the seabed, and throughout the entire water column and 

water surface must be analyzed prior to the final design of the foundation. This interaction is 

shown in Figure 2.10. Modeling the introduction of a new structure in the seabed is key when 

deciding the extent of scour protection. Whenever a new structure is introduced into the sea, 

there is a significant impact to the natural flow states and a greater potential for turbulence. 

With this added entropic condition, the seabed may begin to tunnel around the structure; in 

the case of the monopile, this can cause a greater distance from the foundation base to top, 

which then leads to a greater moment, then fatigue and, ultimately, structure failure.  

 
Figure 2.10: Flow analysis showing hydraulic processes for scour protection design 

for a monopile (Lind & Whitehouse, 2012, p. 2) 

2.3.4.4 Marine Life Health and Growth 

As with any addition to a marine environment, the natural ecosystem must be 

considered in the design and selection process. A thorough analysis of the marine 

environment prior to consent is a key part of the environmental impact assessments (EIA) 

that will be discussed further in Section 2.5. This habitat includes not only the underwater 

landscape and sea life but the habitat in the area of the farm, which includes the flight path 

for birds. 

While the factors above are key to wind farm development, they will only be 

mentioned as context for EIAs. Due to the geographic constraint of this thesis’ study area, the 

conditions chosen are for a very specific area and will need modification when used in other 

parts of the world. Given the vast differences in climate, seasonal weather, and animal 

migratory patterns, each area is subject to different considerations and approval processes for 

planned work.  
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In the construction process for an offshore wind farm, there may be significant noise 

and spatial disruption due to large vessels carrying and installing material (Linley, Wilding, 

Black, Hawkins, & Mangi, 2007). By extending the life of a farm, this construction impact 

may be minimized through delaying decommissioning and a possible re-installation.  

Additionally, some foundations may spur on a rise in marine life populations as they 

make an ideal habitat for artificial reefs. While the full extent of disruption is not known, 

there have been indications in previously installed farms that new underwater structures could 

house species of certain barnacles, mussels, and other colonizing aquatic life (Linley, 

Wilding, Black, Hawkins, & Mangi, 2007). This growth could open up areas to different 

species that would not have previously traveled there; this drastic change means greater work 

in the area of EIAs and how multiple farms interact with one another.  

2.4 Economic Analysis of Foundations  

As with any infrastructure project, the ultimate indicator of success is financial 

viability. With added assistance from the government through the CfD program, as well as 

Scottish energy targets, renewable energy has experienced a growth that is expected to 

continue through the next decade. With this progress, it is important to assess the future of 

current and new installations past their 20 year lifetime.  

2.4.1 Cost Breakdown of a Generalized Offshore Wind Farm 

In a report on the basics to offshore wind farming, the development and project 

management costs alone account for £120 millon for a 1 GW wind farm (BVG Associates, 

2019). While this amount includes necessary surveys and assessments, it highlights how 

costly wind farms are at the beginning of the project.  

For an OWF, there are a variety of components to consider when building and 

financing. For this thesis, the different cost considerations can be found in Table 3.2. Costs 

are broken in to recurring costs and one-time costs. Continual operation and maintenance are 

considered to be recurring, whereas installation, production, and decommissioning costs are 

one-time. The one-time costs may also be referred to as capital expenditures, or CAPEX, 

whereas operating costs, OPEX, are those that occur over time.   

For an offshore wind farm, the capital expense costs may also be broken up in to the 

financial, equipment, and balance of system costs. The financial section includes costs related 

to construction, contingency, and decommissioning; the equipment costs are those associated 

with the actual turbine; the balance of the system includes the assembly, set-up, and 

transportation/installation costs (Stehly, Heimiller, & Scott, 2017).  

For the financial costs, this largely applies to management and overhead costs. 

Between geotechnical assessments and data collection, contracting work, and 

decommissioning, this cost may be highly variable depending on environmental conditions. 

Turbine costs may account for nearly a quarter to one-third of overall CAPEX, depending on 

size and foundation (Stehly, Heimiller, & Scott, 2017). Finally, the balance of the system cost 

refers to the electrical set-up and addition to the grid system.  

While CAPEX and OPEX are great figures to compare variables in wind farm 

construction and operation, using them within the levelized cost of energy (LCOE) provides 

greater insight into investment gains or losses. 



 

   

2.4.2 Levelized Cost of Energy (LCOE) 

Defined as “a measure of the cost of energy produced by a wind farm in terms of 

dollars per kilowatts-hour,” LCOE has been used as a marker in the industry for finanacial 

feasibility and success of a wind farm (Jain, 2016). Essentially, the LCOE indicates how 

much an energy project costs over time and per a unit of energy. A presentation from the 

National Renewable Energy Laboratory (NREL) in the US explains that energy projects can 

have a wide range of values for CAPEX and OPEX; by evaluating the costs over time and 

from the amount of energy produced and sold, LCOE provides a better picture for both 

distributors and owners (Kiatreungwattana, 2017).  

In a report on Electricity Generation Costs from 2016, the Department of Business, 

Energy, & Industrial Strategy (BEIS) in the UK outlined the LCOE for various energy sources 

and compared them to 2013 data from the Department of Energy and Climate Change 

(DECC)3. In Table 2.3, the BEIS data for offshore wind has been reproduced by the author. 

It should be noted that the BEIS has projected LCOE for projects beginning in 2016, 2020, 

and 20304 to compare to the 2013 values that had been projected by the DECC for the same 

years. For each LCOE estimate, they had calculated high, central, and low values to show the 

high variability, depending on capital costs such as construction, material availability, 

transportation, etc. Each LCOE value is in £/MWh.  

Table 2.3: LCOE values for offshore wind in the UK in 2013 compared to 2016 

(BEIS, 2016, p. 30) 

Year  2016 2020 2030 

  

DECC 

2013 

Value 

(£/MWh) 

BEIS 

2016 

Value 

(£/MWh) 

DECC 

2013 

Value 

(£/MWh) 

BEIS 

2016 

Value 

(£/MWh) 

DECC 

2013 

Value 

(£/MWh) 

BEIS 

2016 

Value 

(£/MWh) 

Offshore 

Wind 

(Round 

3)5 

High 179 123 158 119 140 109 

Central 155 109 136 106 120 96 

Low 137 96 119 93 104 85 

 

Table 2.3 clearly shows how the offshore wind LCOE values have dropped from their 

estimates in 2013 to those done in 2016. The BEIS report explains that this is largely due to 

technological advancement, greater large-scale installations, and cost reduction. While the 

LCOE for offshore wind is still higher than other technologies (such as its onshore counterpart 

that was found in this report to have a central LCOE value in 2020 at £63/MWh), its rapid 

reduction in LCOE between the two reports signal an even greater financial potential going 

forward. 

In order to calculate the LCOE, we need to evaluate the CAPEX and OPEX for a 

given time period along with a discount rate. For LCOE (see Equation [2-2]), Jain has defined 

the variables as follows: L is the life of the project (years), i is the index for years, Egen is the 

energy generated in a given year, i (MWh),  Costrec is the total recurring cost for a given year, 

 
3 According to the DECC website, it was absorbed in to the Department for Business, Energy, & Industrial 

Strategy in July 2016 (https://www.gov.uk/government/organisations/department-of-energy-climate-change) 
4 The 2016, 2020, and 2030 BEIS calculations are in the 2014 value of the £ to more closely match the 2013 

values from DECC. 
5 The UK has broken up renewable energy projects in to separate ‘rounds’, based on time of installation. At the 

time of this publication, Round 4 areas are being reviewed for potential installations. 

https://www.gov.uk/government/organisations/department-of-energy-climate-change
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i (£), TIC is the total installation cost (£), and r is the discount rate (%). Costrec and TIC may 

be considered to be OPEX and CAPEX, respectively.
 

𝑳𝑪𝑶𝑬 =
∑

𝑪𝒐𝒔𝒕𝒓𝒆𝒄(𝒊)

(𝟏+𝒓)𝒊
𝑳
𝒊=𝟏 +𝑻𝑰𝑪

∑
𝑬𝒈𝒆𝒏(𝒊)

(𝟏+𝒓)𝒊
𝑳
𝒊=𝟏

               [2-2] 

It is critical to note that LCOE, through the CAPEX and the OPEX, is greatly affected 

by not only the foundation costs but by the highly variable nature of installing and operating 

machinery off-land. Examples of such costs include, but are not limited to, vessel availability 

for installation and maintenance work, weather conditions, failures and outages, and the 

difficulty in installing at deeper waters (Shafiee, Brennan, & Espinosa, 2016).  

2.4.3 Return on Investment (ROI) and Return on Equity (ROE) 

While LCOE is a great indicator for finances, there are a multitude of ways to gauge 

potential success for investors. Two of the other main ways to do this are the return on 

investment (ROI) and the Return on Equity (ROE). Both ROI and ROE are ratios to show 

profitability; ROI is more beneficial for investment decisions since it does not include interest 

or taxes, while ROE helps with stockholder decisions as it considers the net profit after taxes 

(Björnsdóttir, Árnason, & Jensson, 2016).  

ROI and ROE will not be analyzed in the financial model as electricity market prices 

are not considered in this thesis. While their markers are critical, LCOE will be the criterion 

for financial success due to the number of various installation types.  

2.5 Environmental Impact Assessments (EIAs) 

The purpose of an EIA has been defined as a way “to ensure decision makers have 

sufficient information regarding environmental impacts to allow them to determine whether 

a project should go ahead” (Walker, 2019). For most major infrastructure projects worldwide, 

some kind of environmental assessment is a requirement in the pre-construction phase of a 

project.  

In Scotland in particular, consents to build are needed for offshore wind installments 

that exceed 1 MW of output (Energy and Climate Change Directorate, 2017).  

The stages of the EIA are as follows (João, 2019): 

1. Screening: deciding whether or not a project needs an EIA 

2. Scoping: deciding which issues or impacts are to be included in an EIA 

3. Preparing an Environmental Statement (ES) 

4. Making a Planning Application and Consultation 

5. Decision Making: whether or not a project can move forward based on the 

analyzed impacts 

While EIAs are critical in decision making, they do not give a yes or no answer as to whether 

a project can be done. In the UK, it is entirely up to the governing body, the Crown Estate, to 

decide based on the facts set forth in the EIA. Ultimately, EIAs are critical because they can 

be costly and time-consuming to a project depending on its scope. In this report, a full EIA 

will not be done since there are too many assumptions to be made for a given study area. But, 

to include a key factor in all EIAs for offshore wind, an analysis on the fuel used during 



 

   

installation and O&M will be done to see its CO2 contribution. This can be found in Section 

3.3.  

2.6 Decommissioning, Lifetime Extension, and Repowering 

Practices 

As stated prior, the installation of OWFs, especially in Europe, has been a growing 

business in the past few decades; despite this boom for the start of OWFs, seemingly little 

consideration has been given to the end of the farm’s life (Topham & McMillan, 2017). 

Decommissioning is an inevitable reality for every offshore energy project, whether it be 

wind, oil and gas, or other marine renewables. However, this process may be able to be 

delayed through project repowering or extension. By delaying decommissioning, farms may 

be able to exploit the wind resource for a longer period of time and sell off more energy prior 

to spending for de-installation; with a greater number of farms (with increasingly higher 

energy output) coming on to the grid, this may be worthwhile solution.  

2.6.1 Planning for the Decommissioning of Wind Farms 

Decommissioning may be defined as “the procedures performed when a project 

reaches to an end  and ceases its operation, ensuring that the site is returned to its original 

state before the project was deployed” (Topham, McMillan, Bradley, & Hart, 2019). 

Oftentimes, decommissioning is considered to be the direct opposite of the the installation 

phase and may be divided in to three separate phases (Topham & McMillan, 2017): 

1. Time, cost, and efficient solutions are considered in the project management 

and pre-construction. 

2. Physical structure removal after the project reaches the end of its life. 

3. Post-decommissioning activities that include monitoring and the recycling or 

disposal of the parts that were removed. 

Based upon the phases described, repowering could be considered a type of decommissioning 

and will be further discussed in Section 2.6.2.  

Issues with decommissioning are not a problem only within the offshore wind sector, 

but many other energy sources, including offshore oil and gas (Topham, Gonzalez, McMillan, 

& João, 2019). Topham et al continue to explain the reason behind decommissioning woes 

has a great deal to do with insufficient and ill-regulated processes and protocols.  

Much of the reason that decommissioning procedures are so uncertain may be 

attributed to the need for documentation to be prepared and submitted for approval prior to 

any decommissioning work (Offshore Design Engineering (ODE) Limited, 2007). There is 

little to no regulation for this decommissioning documentation, so it is often vague, poorly-

planned, or varied between different sites.  

This uncertainty is also prevalent in cost assumptions for decommissioning. Since the 

field is so new, there are a wide range of estimates: from a 2015 study by DNV GL that 

decommissioning could be as much as $667,800/MW to a 2006 study commissioned by the 

UK government that estimated a small $57,400/MW (Chamberlain, 2016). With such a 

differing approximation, and so few real world examples to study, decommissioning costs 

will need more examination as more wind farms are eventually dismantled.  
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2.6.2 Repowering and Potential Issues 

As with its fossil fuel predecessor, offshore oil and gas, offshore wind has to contend 

with a powerful adversary: the tumultuous and at-times drastically changing sea conditions. 

Additionally, the loads on turbine towers and foundations can cause significant fatigue over 

time. Due to this wear and tear, there is limited information on viable alternatives to 

immediate decommissioning. However, if a farm can be properly maintained and impacts to 

the structural and mechanical integrity mitigated, it is possible to extend the design life of the 

farm. This can be done through repowering.  

 Repowering may be divided in to partial or full repowering; partial repowering refers 

to the replacement of individual parts of the turbine such as the rotor or nacelle elements, 

whereas full repowering involves installing new turbines on top of existing foundations while 

still keeping almost all of the original electrical system (Topham, McMillan, Bradley, & Hart, 

2019). While full repowering is an interesting proposition, this can be difficult due to the 

different load factors across turbine models. More likely, partial repowering may be able to 

lengthen the project’s original design life on a greater scale.  

Repowering, whether partial or full, is difficult to plan for due to the uniquity of each 

farm (Topham, McMillan, Bradley, & Hart, 2019). Therefore, planning for the end of life of 

a farm is critical during the planning and pre-construction phase as well as during its 

operation. Choosing certain farm layouts, turbine sizes, and foundations become critical, 

especially when considering long-terms costs. Owners and developers are left with large 

decommissioning costs at the conclusion of a project’s lifetime due to the common “‘the 

polluter pays’ principle” explained by Topham et al (2019). Under this principle, owners and 

operators of a farm are considered responsible for any potential pollution after the farm ends 

operation yet sits idle. The costs for this decommissioning process are often underestimated 

due to the two year time period required for monitoring and remediation following site 

removal (Topham, McMillan, Bradley, & Hart, 2019). 

2.6.3 Current Lifetime Extension Research 

At first glance, it may seem logical to base some of the assumptions for lifetime 

extension offshore on the previous work done onshore. This, however, may prove difficult 

due to the drastic design differences (Bouty, Schafhirt, Ziegler, & Muskulus, 2017). Since 

onshore wind farms can be maintained and monitored much more easily, and have lower 

overall costs, the model for onshore wind cannot be applied offshore.  

While the loading and severe weather conditions aforementioned can degrade the 

OWT and its subsea foundation over time, the potential high return on investment (ROI) for 

continuing to run the turbines past the original design life could be worthwhile for owners, 

investors, and consumers (Luengo & Kolios, 2015). However, by pouring money in to new 

pieces of equipment, O&M and vessel transportation costs could outweigh the energy 

production benefit (Topham, McMillan, Bradley, & Hart, 2019). Lifetime extension is an area 

that is benefitting greatly from current research but is difficult to quantify for offshore farms 

because of such a great number of unknowns.  



 

   

2.6.4 The Rochdale Envelope 

As outlined in Section 2.5, EIAs are a critical part of whether or not projects move 

past the exploratory phase. Without approved consent, projects legally cannot be done and 

with the high cost of pre-construction and assessment work, having to re-do an EIA could be 

a high financial burden on a project. In addition to the costs, the time it takes to receive 

consent from the Crown Estate to begin construction could be several years; at the rate in 

which offshore wind technology is expanding, a project could vastly change in those years, 

nullifying the information in the orginal operation plan and EIA (Caine, 2018). Caine 

continues to explain that offshore projects are growing in size, causing EIA reports to grow 

and require more years of data collection and analysis for the developer.  

Due to the time it takes to properly prepare an EIA and develop the layout and design 

of the project itself, developers of renewable energy projects have begun to utilize the 

Rochdale Envelope, which allows projects to develop a general range for different parameters 

so as to not commit to an over-specific project guideline (Caine, 2018). 

The Rochdale Envelope was developed from two court cases, R. v Rochdale MBC ex 

parte Milne (No. 1) and R. v Rochdale MBC ex parte Tew [1999] and R. v Rochdale MBC ex 

parte Milne (No. 2) [2000] (The Planning Inspectorate, 2012). In the report by The Planning 

Inspectorate, the agency which makes decisions regarding land use and planning in England 

and Wales6, the Rochdale Envelope case may be used as a mode of ‘flexibility’ within a 

project. In the case of offshore wind farms this refers to a variety of aspects within the 

planning stages. The Planning Inspectorate outlines the variables that may plausibly remain 

unknown during the scoping of an EIA: 

1. type and number of turbines; 

2. foundation type; 

3. location of the export cable route; 

4. location of the landfall point; 

5. the definitive location of any onshore substation; 

6. location of the grid connection point; 

7. construction methods and timing; 

8. repowering. 

While the Rochdale Envelope must be carefully used and as many definitive choices that can 

be made for a project should, it is useful to know for the work in this thesis that projects can 

realistically go through changes without losing the research and development work in the 

early stages. This allows for a greater range in the development stages and flexibility in 

decision making as to whether repower or decommission. 

2.7 Drawbacks of Offshore Wind Energy 

With any industry, there are always certain issues that are inherent in the processes and 

systems used. Offshore wind is no exception to this; while the technology has improved and 

continues to expand, there is still a significant amount of risk, whether from the investment 

stage, the operations and maintenance, and the developer’s management costs (European 

Wind Energy Association, 2009). 

 
6 In Scotland, the Rochdale Envelope is applied to EIAs as well per the Scottish Government (see 

https://www.gov.scot/publications/planning-advice-note-1-2013-environmental-impact-assessment/pages/10/).  

https://www.gov.scot/publications/planning-advice-note-1-2013-environmental-impact-assessment/pages/10/
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While offshore wind is a cornerstone for the new wave of renewable energy sources, it 

also has many impacts to the environment that are still unknown, not fully understood, or 

currently in the midst of research. Construction is one of the major sources of potential 

environmental disruptions due to the large vessels needed during transportation, the drilling 

and driving of foundations or anchors, and the installation of the turbines and cable 

connections. In a study on theoretical sites in Swedish waters, it was found that construction 

activities could have significant impacts to both migratory species and existing habitats in 

certain areas (Bergström, et al., 2014). To cut down on this impact, it is suggested to schedule 

construction activities outside of migratory time periods and spaced far enough away from 

existing habitats. In this same study, it was found that operationally, wind farms could result 

in both positive and negative impacts; while noise and structural impediments could impact 

marine life through acoustic and electromagnetic disturbances, the new foundations and 

towers could provide a new habitat for certain aquatic species. The overall effects of large-

scale wind farms and their cumulative impact is one that will continue to grow in the coming 

years as more farms come online and habitats change and mature.  

 As offshore wind turbines grow in capacity, so does their cost. Between 

manufacturing, transportation, and installation costs, offshore wind’s initial overhead costs 

are often the biggest impediments to projects going forward. In countries like the UK, 

however, programs like the CfD for renewable projects has given greater chances to 

innovation.  

 Overall, offshore wind’s full potential is yet to be seen. Through research and 

continued data collection, projects will become smarter, more innovative, and more efficient.  
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Chapter 3 

3Methods 

As noted extensively in Chapters 1 and 2, foundations represent a significant portion of 

the budget for the construction and operation of a wind farm. The main reason for analyzing 

the feasibility of extending the lifetime, replanting, or repowering of an OWF through a 

foundation with a longer lifetime was to see if any costs or environmental impacts could be 

lessened. Since it can take a number of years, man-hours, and material to effectively construct 

a financially and operationally successful farm, the aim of this thesis is to analyze foundation 

choices for the most optimal result.  

In Figure 3.1, the overall concept for this study is shown in schematic form, where each 

box represents an individual step. Based on the results of the LCOE calculations, the best 

options will “move forward” to environmental analysis. 

 
 

Figure 3.1: Flow diagram of financial and environmental testing model for various 

wind turbine scenarios 

3.1 Overview of the Analysis and Motivation 

As with any infrastructure project, the environment plays a key role for design. 

Foundations in marine environments are no exception and successful applications rely 

heavily upon reliable and extensive geological, meterological, and oceanic data. As this data 

was not able to be collected for a certain site or area of sites for this project’s work, it will be 

assumed that at every depth scenario, each foundation has been found suitable for the 

environmental conditions present (i.e. a rocky seabed, specific tidal patterns, greater wind 

loading). Any costs associated with needing to alter the seabed to suit a given foundation will 

therefore not be considered.  

Additionally, the conditions of the marine life and growth will be assumed to be typical 

of the northern North Sea present in Scotland and other areas of the UK. While offshore wind 

may be applied in other areas around the world, every farm installation must be reviewed on 
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a case by case basis past the work of this study. The studies on current marine life, fisheries, 

and wildlife will be considered to be a part of the pre-construction work.  

Prior to any construction, all areas of consideration for wind farming must undergo a 

wind resource assessment (WRA). WRA is defined as “the discipline of estimating the 

strength of wind resource at a planned wind project site” (Jain, 2016). For this study, it is 

assumed that the processes needed to prove sufficient wind resources have been done. The 

costs associated with this work will be considered under pre-construction costs.  

As evidenced in Table 2.2, only certain foundations are capable of safe and proper 

installation and operation at certain depths. Therefore, foundations in this study will only be 

assessed if they make rational sense in a given depth. For example, at depths under 30 meters 

tripod and jacket foundations would not make financial sense and the installation process 

would be overly costly. As shown in Table 3.1, the limitations put on the analysis will 

eliminate unnecessary calculations and potential outcomes. Gravity based foundations will 

not be included in the analysis of this project due to their use primarily on early pilot projects 

and those in extremely shallow waters. For the large farm size planned for this project, it will 

need to be further out at sea, largely meaning deeper installations.  

Table 3.1: Foundation type limitations for analysis 

Depth (m) Monopile Tripod/Jacket Floating 

0-30 Yes No No 

30-60 Yes Yes No 

60 and on No No Yes 

 

It is to be assumed that each farm will have an output of 1 GW, regardless of turbine 

and foundation selection. This will mean that smaller turbines will require more foundation 

installations. Due to this we will assume that 6 MW turbines will need 167 foundations, 8 

MW turbines will need 125 foundations, and 10 MW turbines will need 100 foundations.  

While the hope for this project was to originally analyze what would happen if you 

placed a larger turbine after the usable lifetime of a smaller turbine, the logistics of this in 

actual practice were unfavorable. This was due to a multitude of reasons, namely the 

inefficiency of the cabling and electrical infrastructure, the heightened loads due to an 

increasing rotor diameter and greater associated wind loads, and the possible changes to the 

farm layout. Though the original plan could not be done, it opens up the possibilities of partial 

repowering. Repowering, as described by the NREL, may be either done “fully” or 

“partially.” By their definitions, a full repower of a wind farm means that the entire structure 

down to the tower and/or foundation are replaced; partial repowering, however, includes only 

the replacement of select parts, such as blades or parts of the nacelle (Lantz, Leventhal, & 

Baring-Gould, 2013).  

3.2 Financial Analysis 

For many of the financial aspects of the theoretical wind farm, cost data was obtained 

from BVG Associates in a report made on behalf of Offshore Renewable Energy (ORE) 

Catapult and The Crown Estate7 in addition various economic studies and articles that are 

cited by respective source.  

 
7 The Crown Estate manages the seabed around England, Wales, and Northern Ireland, while the Crown Estate 

Scotland owns and manages the Scottish Territorial Waters’ seabed (BVG Associates, 2019). 
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Table 3.2 shows the costs that shall be considered and their corresponding variables 

that will be used throughout this study. While there are many considerations to make for a 

wind farm, this thesis will focus only on the variables listed. In the Appendix, pie charts 

illustrate the percentages of each farm installation. Note that while turbines unsurprisingly 

account for the highest percentage of costs, foundation and plant balancing can greatly impact 

a project’s overall investment.  

Table 3.2: OWF costs and corresponding variables to be considered 

Item Variable Cost Source 
Type of 

Cost 

6 MW Wind 

Turbine 
CWT6 £7.5 million 

 

 

Table 3.4 

Equipment 

(CAPEX) 

8 MW Wind 

Turbine 
CWT8 £10 million 

 

 

Table 3.4 

Equipment 

(CAPEX) 

10 MW Wind 

Turbine 
CWT10 £12.5 million 

 

 

Table 3.4 

Equipment 

(CAPEX) 

Monopile 

Foundation  

Cmono (varies 

based on depth) 

£280,000,000 

(30 m depth) 

£614,140,000 

(40 meter depth) 

(BVG 

Associates, 

2019) 

Section 

3.2.2.1 

 

Equipment 

(CAPEX) 

Tripod or Jacket 

Foundation 

Ctri (varies based 

on depth) 

£350,000,000 

(30-60 m depth) 

(BVG 

Associates, 

2019) 

 

Equipment 

(CAPEX) 

Floating 

Foundation 
Cfloat 

£600,000,000 

(60+ m) 

Section 

3.2.3 
Equipment 

(CAPEX) 

Undersea Cable Ccable varies 
Section 

3.2.4 
Equipment 

(CAPEX) 

Cable Installation Ccabinstall varies 
Section 

3.2.4.5 

Balance of 

System 

(CAPEX) 

Vessel and 

Transportation 
Ctransport £250,000,000 

Section 

3.2.4.6 

Balance of 

System 

(CAPEX) 

Balancing of 

Plant 
CBOP £600 million 

(BVG 

Associates, 

2019) 

Balance of 

System 

(CAPEX) 



 

   

Item Variable Cost Source 
Type of 

Cost 

Operations 

(includes 

insurance, health 

and safety, etc.) 

Cops 
£25 million per 

year 

(BVG 

Associates, 

2019) 

OPEX 

Development and 

Project 

Management 

(EIAs are 

included in this 

estimation) 

Cconsent £120 million 

(BVG 

Associates, 

2019) 

Financial 

(CAPEX) 

Maintenance and 

Service 
CO&M 

£50 million per 

year 

(BVG 

Associates, 

2019) 

OPEX 

Decommissioning Cdecomm £300 million 

(BVG 

Associates, 

2019) 

Financial 

(CAPEX) 

Nacelle Cnacelle 

£2.625 million 

(for a 6 MW) 

£3.5million (for 

an 8 MW)8 

£4 million (for a 

10 MW) 

(Semken, et 

al., 2012) 

 (BVG 

Associates, 

2019) 

OPEX (for 

longer 

lifetimes) 

Blades Cblade 

£450,000 (for a 

6 MW) 

£600,000 (for an 

8 MW)8  

£1.3 million (for 

a 10 MW) 

(Semken, et 

al., 2012) 

 (BVG 

Associates, 

2019) 

OPEX (for 

longer 

lifetimes) 

Generator 

(assume direct 

drive9) 

Cgenerator 

£900,000 (for a 

6 MW) 

£1.2 million (for 

an 8 MW)8 

£2 million (for a 

10 MW) 

(Semken, et 

al., 2012) 

(BVG 

Associates, 

2019) 

OPEX (for 

longer 

lifetimes) 

  

 For the three different rated powers of turbines, the manufacturer Siemens Gamesa 

will be used, as they have 6, 8, and 10 MW powered turbines as a part of their production 

fleet. In Table 3.3, the specifications for each turbine are included. In a typical cost model for 

a project, alternate suppliers would need to be analyzed as well, but for the purposes of this 

project, seeing an overall trend in repowering was more critical. Having one sole 

manufacturer helps simplify any variables like product replacement or specification 

requirements. It should be noted that the 10 MW turbine (SG 10.0-193 DD) is not 

commercially available until 2022; yet, since most Scottish projects are in the early 

development stages, this availability is not considered a hindrance to modelling. Additionally, 

 
8 8 MW turbine part prices followed the same percentage allocation as 6 MW used in (Semken, et al., 2012) 
9 Direct drive generators are considered to be more suitable for offshore wind conditions that tend to have greater 

turbulence which can add stress to a generator; although they are still susceptible to failure, they are considerably 

better than a gearbox generator (Morris, 2011). 
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Siemens turbines were selected as they are the most widely used in Europe, with 69% of the 

European offshore market powered by Siemens (Topham, McMillan, Bradley, & Hart, 2019).  

Table 3.3: Siemens Gamesa OWT specifications (Siemens Gamesa, 2020) 

Turbine 

Model10 

Nominal 

Power 

IEC 

Class 

Rotor 

Diamter 

Blade 

Length 

Swept 

Area 

Hub 

Height 

Power 

Regulation 

SWT 

6.0-154 

6,000 

kW 

IA 154 m 75 m 18,600 

m2 

Site 

Specific 

(estimate 

154 m) 

Pitch-

regulated, 

variable 

speed 

SG 8.0-

167 DD 

8,000 

kW 

S 

(1B) 

167 m 81.5 m 21,900 

m2 

Site 

Specific 

(estimate 

167 m) 

Pitch-

regulated, 

variable 

speed 

SG 

10.0-

193 DD 

10,000 

kW 

S 

(1B) 

193 m 94 m 29,300 

m2 

Site 

Specific 

(estimate 

193 m) 

Pitch-

regulated, 

variable 

speed 

 

 Exact cost information for the above turbines is not readily available. Despite 

contacting Siemens Gamesa for more information, much of the exact cost information for 

specific suppliers is unknown. Due to this, past literature has been used for an estimation. In 

Table 3.4 the costs are shown for turbine per MW from various sources. The average of the 

listed costs will be the assumed cost per MW for each of the turbines. Therefore, using a 

simple mean equation, the cost for the turbines will be considered to be £1.25 million/MW 

(refer to equations [3-1] and [3-2]). The cost per individual turbine is given in Table 3.2 

𝐓𝐮𝐫𝐛𝐢𝐧𝐞 𝐂𝐨𝐬𝐭 𝐩𝐞𝐫 𝐌𝐖 =  
∑ 𝑷𝒓𝒊𝒄𝒆 𝒑𝒆𝒓 𝑴𝑾𝒏

𝒊=𝟎

𝒏
  [3-1] 

 

𝐓𝐮𝐫𝐛𝐢𝐧𝐞 𝐂𝐨𝐬𝐭 𝐩𝐞𝐫 𝐌𝐖 =  
£(𝟏,𝟎𝟎𝟎,𝟎𝟎𝟎+𝟏,𝟏𝟐𝟎,𝟎𝟎𝟎+𝟏,𝟓𝟓𝟏,𝟎𝟎𝟎)

𝟑
= £𝟏. 𝟐𝟓 𝐦𝐢𝐥𝐥𝐢𝐨𝐧 [3-2] 

 

 
10 Refer to Figure 6.1, Figure 6.2, and Figure 6.3 in the Appendix for turbine model data sheets from Siemens 

Gamesa. 



 

   

Table 3.4: Wind turbine cost estimations per MW 

Wind Turbine Cost Price per MW (in 

million £) 

Source 

10 MW wind turbine is 

about £10 million  

£1 (BVG Associates, 2019) 

Six 5MW Senvion turbines 

installed in a single line is 

€6.4 million/turbine 

€1.28 (or ~£1.12) (Judge, et al., 2019) 

Around £6 million for a 

5MW turbine 

£1.2 (2010) 

~£1.551 (2019)11 

(The Crown Estate, 2010) 

 

 For the variables in the LCOE calculations we will assume the CAPEX, OPEX, and 

replacement costs from Table 3.2 to be the only costs. Additionally, we will have three 

separate lifetime scenarios ranging from 20 years to 40 years and three different discount 

rates (refer to Table 3.5 for values). Finally, costs for foundation will solely be based on 

material; installation costs will be evaluated solely for cable installation, vessels, and overall 

transportation.  

Table 3.5: Range of values for project lifetime and discount rates for financial 

evaluation 

 

 

 

 

 

The other factors that impact the LCOE of different technologies are the capacity factors of 

the turbines and how far away from the land the installation will be located. Since we will 

consider the installation sites to be optimal for investment, the capacity factor will range 

based on their distance from shore. Capacity factors are affected by a multitude of factors 

(wind speeds and variability, machine efficiency, etc.), but for the purposes of this project it 

will be assumed that each installation will have the same capacity factor at each installation 

point. Additionally, we will assume that installation depth will somewhat correspond with 

the distance from shore (i.e., the deeper the water, the farther from land it is). Based on three 

current offshore installations, Hywind Scotland, Beatrice, and Robin Rigg, we have three 

different capacity factors and distances from land to use. In Table 3.6, the following attributes 

will be used for each installation depth. 

 
11 Inflation calculator for GBP available through the Bank of England 

(https://www.bankofengland.co.uk/monetary-policy/inflation/inflation-calculator)  

 Lifetime (years) Discount Rate (%) 

Low 20 6.0 

Middle 30 6.5 

High 40 7.5 

https://www.bankofengland.co.uk/monetary-policy/inflation/inflation-calculator
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Table 3.6: Capacity factors and distance from shore for installations 

Depth 

Theoretical 

of 

Installation 

(m) 

Name of 

Farm for 

Reference 

Distance 

from 

Shore 

(km) 

Actual 

Depth of 

Farm’s 

Installation 

(m) 

Capacity 

Factor12 

Source for 

Distance and 

Depth 

Values 

0-30 
Robin Rigg 

(monopile) 
9 35 35.1% 

(Power 

Technology, 

2020) 

(Scottish 

Parliament, 

2003) 

30-60 
Beatrice 

(jacket) 
13.5 45 49.2% 

(Power 

Technology, 

2020) 

60 and on 

Hywind 

Scotland 

(floating) 

24 105  53.8% 
(Coren, 

2019) 

 

While Robin Rigg’s CF is considerably lower than Beatrice and Hywind Scotland, it 

also requires less cabling from the offshore farm to the onshore electrical station. Each 

installation point comes with both benefits and impediments, especially when evaluating 

financially for an investment.  

3.2.1 Foundation Installations at 0-30 meters 

For installations at 0-30 meters, it will be assumed that only monopiles will be used 

and the average depth of installation will be approximately 30 m. Using the distance from 

Robin Rigg in Table 3.6, it will be assumed that the farm will be ~9 km from the shore. For 

the actual installation, the depth of the water and size of the turbine will impact the cost of 

the foundation. In the case of the monopile, this cost variation may be calculated using 

Equation 3-3 (Dicorato, Forte, Pisani, & Trovato, 2011). In this calculation (originally 

obtained from the Danish Wind Energy Association), the baseline depth was 5 m with the 

foundation cost increasing by a factor of 5.382 k€ per MW with each meter greater (D is the 

depth of the installating in meters); additionally, the base cost for the monopile is assumed to 

be €306,770/MW.  

𝒄𝒎𝒐𝒏𝒐 = 𝟓. 𝟑𝟖𝟐(𝑫 − 𝟓) + 𝟑𝟎𝟔. 𝟕𝟕 𝒌€/𝐌𝐖   [3-3] 

Once the value for cmono is obtained it is then converted from Euros to GBP and the final cost 

is calculated based on the number of turbines for each farm scenario. In Table 3.7, the costs 

are listed.  

 
12 Values obtained from (Smith, 2020) as the average life capacity factor for each farm; farms are using different 

turbine models from different years which affects capacity factor. This will be not be considered in this model, 

however. It is assumed that CF is most affected by installation area for this thesis.  



 

   

Table 3.7: Initial estimation of cost for monopiles at a 30 m depth 

Power 

Output 

(MW) 

Depth of 

Installation 

(m) 

Cmono in € 

(€/turbine) 

Cmono in £ 

(£/turbine)13 

Number of 

Foundations 

Final Cost 

(£) 

6 30 €2,647,920 £2,323,021 167 £387,944,376 

8 30 €3,530,560 £3,097,361 125 £387,170,125 

10 30 €4,413,200 £3,871,701 100 £387,170,100 

 

Since the farms will all have the same expected output, the costs do not vary 

substantially and are largely due to rounding differences. Therefore, one could consider the 

costs for monopile foundations for each turbine model at a 30 m depth to be roughly £387 

million. Comparing this number to more recent values, however, is rather conflicting. Since 

Equation 3-3 was used in 2011, the financial valuation for offshore wind has changed 

drastically. Not only have investment costs dropped, but the average depths of installation 

have increased. Therefore, it will be assumed that the value of £280,000,000 will be the total 

cost for monopile installation at 30 m, per the value from (BVG Associates, 2019). As this is 

a timelier cost estimate, it is better practice to use this value. This value assumes the use of 

10 MW turbines, but for the purposes of this project we will use it for 6 MW and 8 MW as 

well (since the same overall energy output is the same). Note that this value includes the 

transition piece between the turbine tower and foundation, corrosion protection, and scour 

protection. 

3.2.2 Foundation Installations at 30-60 meters 

For foundations for farms located at a 30-60 meter sea depth, it is considered feasible 

to either have a monopile (albeit, larger) or a jacket/tripod. Using the data from the Beatrice 

wind farm, we will consider this farm to be 13.5 km from the shore with a capacity factor of 

49.2%.  

3.2.2.1 Monopile 

While monopiles are used in the majority of offshore wind installations, their 

prevalence past 30 meters depth is extremely low due to cost and size inefficiency. However, 

like most aspects of offshore wind, costs fall with advancement and research into new 

designs; this includes “extra large (XL)” monopiles, or those that have a diameter greater than 

7 m (Kiełkiewicz, Marino, Vlachos, Maldonado, & Lessis, 2015). Similar to this thesis, 

Kiełkiewicz et al used different scenarios for a farm to model the LCOE for XL monopiles at 

various depths using two different turbine models (the V112-3.3 MW and the V164-8.0MW 

manufactured by Vestas). Using the 8 MW turbine at a 40 m depth installation, it was found 

that the support structure would cost £684,140/MW14. As in the case of the 0-30 meter 

installation, it will be assumed the same cost is applied to a 6 and and 10 MW turbine. This 

means that for a 1 GW farm, the cost for monopile support structures at a 40 m depth is 

£684,140,000. This figure includes the cost of the tower which is already included in the cost 

of the turbine. Therefore, using the value of £700,000 for a a 10 MW turbine’s tower (BVG 

 
13 This was calculated using the average exchange rate between the Euro and GBP in 2019 (1 Euro=0.8773 

GBP) via https://www.exchangerates.org.uk/.  
14 In (Kiełkiewicz, Marino, Vlachos, Maldonado, & Lessis, 2015), this is Scenario ‘F’ with an 8.0 MW turbine.  

https://www.exchangerates.org.uk/
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Associates, 2019), it is assumed that towers cost £70,000/MW. Using this value, the cost for 

just the 1 GW farm’s monopiles at 40 m depth is £614,140,000. This cost is extremely high 

compared to the value at 30 m, but since the capacity factor is expected to be higher at a 

deeper depth, it remains cost-competitive.  

3.2.2.2 Tripod/Jacket 

Based on the value listed in (BVG Associates, 2019), jacket foundations at a 40 meter 

depth cost £350,000,000 for a 1 GW farm using 10 MW turbines at a 40 m depth. As with 

the monopile foundations at a 30 meter depth, it will be assumed that the 6 and 8 MW turbines 

also have the same overall cost since the final output for all farms is set at 1 GW. This value 

includes the transition piece between the turbine tower and foundation, corrosion protection, 

and scour protection. 

3.2.3 Foundation Installations at 60 meters and above 

For foundations over 60 meters in depth, it will be considered highly unlikely to have 

a monopile or jacket as a realistic installation, so it will be assumed that floating foundations 

will be the most advantageous choice. Information from the Hywind Scotland project will be 

used for the calculation of LCOE, including the capacity factor of 53.8% and the distance 

from shore of 24 km.  

Since floating is a fairly new technology, limited information for costs is available. 

Hywind Scotland is one of the few floating farm installations and the largest with a 30 MW 

output; translating this to a 1 GW farm (1000 MW), therefore, is based on a highly estimated 

value. For this project, the assumption is that the installation area will be 24 km off of the 

coast at a depth of 100+ m like Hywind Scotland. Based on data (compiled by Bloomberg’s 

New Energy Finance) of global floating wind installations, it is projected that farms using 

floating foundations in 2020 would cost $6.02 million/MW15 (Kausche, Adam, Dahlhaus, & 

Großmann, 2018).  

Using £4.74 million/MW as the value for a floating foundation, it is clear that a 1 GW 

farm is extremely costly, especially because farms with fixed bottom foundations are roughly 

1/8th of the price (Kausche, Adam, Dahlhaus, & Großmann, 2018). Since floating is still so 

new, this is not surprising.  

To find the cost of just the floating foundation, information from the Hywind Scotland 

project will be used (Myhr, Bjerkseter, Ågotnes, & Nygaard, 2014); this choice is due to the 

availability of information, the location, and the current success of Hywind. While floating 

installations are so costly, Hywind’s CAPEX is relatively low (Kausche, Adam, Dahlhaus, & 

Großmann, 2018) and has had one of the highest capacity factors of UK-installed farms. 

Using an estimated weight of 310 tons/MW (Quest Floating Wind Energy, 2020) and a 

material cost of €1000/ton and a manufacturing cost of €1200/ton, the cost for a 1 GW farm’s 

ballast stabilized floating foundation is ~£600 million16 (refer to Equation 3-4 for the 

calculation of price). While this is a high cost, the possibility of a higher energy output could 

mean a more lucrative investment over time.  

 
15 This is considered to be £4.74 million/MW using the average exchange rate between the USD and GBP in the 

period from November 29, 2019 to May 25, 2020 (1 USD=0.78710 GBP) via 

https://www.exchangerates.org.uk/..  
16 Refer to Footnote #10.  

https://www.exchangerates.org.uk/


 

   

€(𝟏𝟎𝟎𝟎+𝟏𝟐𝟎𝟎)

𝒕𝒐𝒏
×

𝟑𝟏𝟎 𝒕𝒐𝒏𝒔

𝑴𝑾
×

𝟏𝟎𝟎𝟎 𝑴𝑾

𝟏 𝑮𝑾
= €𝟔𝟖𝟐 𝐦𝐢𝐥𝐥𝐢𝐨𝐧   [3-4] 

3.2.4 Cable Costs 

Cabling from the farm installation to the onshore electrical station (and eventually to 

the grid connection point) is a critical part of all farms. For this project, we will consider two 

main costs from cabling: export and inter-array. Export cable will be that which connects the 

offshore farm to the onshore electrical station and the inter-array cable will link individual 

turbines to one another. While there is cabling from the onshore station to the main grid 

connection, that will not be included in this cost.  

Export cable costs will consider the distance from the shore (that are given in Table 

3.6) while inter-array cables distance will be based upon spacing between turbines. Since the 

turbines each have different rotor diameter sizes, their spacing will be different. When 

spacing turbines, the choice between optimizing wind resource and reducing cable cost often 

lead to a spacing of six to ten times the size of the rotor diameter (Howland, Lele, & Dabiri, 

2019). For this project, we will assume cable length between turbines to be eight times the 

rotor diameter; this adequately accounts for spacing and possible extra length necessary when 

installing on the uneven seabed. Additionally, all inter-array cable lengths will be rounded up 

to the nearest kilometer. Inter-array cables will be assumed to be 33 kV cables that are 

~£190,000/km (Ioannou, Angus, & Brennan, 2018). As 66 kV cables become more 

commercially available, it may be beneficial to employ them given their potential increased 

efficiency.  

3.2.4.1 6 MW Farm Inter-Array Cable 

For farms using 6 MW turbines, there will need to be 167 individual turbines to reach 

a total 1 GW ouput. All installations regardless of foundation or location in the sea will 

assume a 13x13 installation grid (with two empty grid points). Refer to Figure 3.2 for the grid 

layout schematic. Given that a 6 MW turbine has a rotor diameter of 154 m, the spacing 

between each turbine will be 1,232 meters. Given the necessary spacing, the inter-array cable 

length is 197.12 km; refer to Equation 3-5 and Figure 3.2 for further explanation. The cable 

layout in Figure 3.2 is modelled after farm schematics used in (Green, Bowen, Fingersh, & 

Wan, 2007). 

𝑪𝒂𝒃𝒍𝒆𝑰𝑨𝟔 = (𝟏𝟐)(𝟏𝟏)(𝟏, 𝟐𝟑𝟐𝒎) + (𝟏𝟏)(𝟐)(𝟏, 𝟐𝟑𝟐𝒎) + (𝟔)(𝟏, 𝟐𝟑𝟐𝒎) = 𝟏𝟗𝟕. 𝟏𝟐𝒌𝒎   [3-5] 
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Figure 3.2: Grid layout for a 1 GW farm using 6 MW turbines (not drawn to scale) 

Additionally, cable must be installed at each depth (30, 40, and 100 m, respectively). This 

amount will be considered to be a part of the inter-array cable length and the total values for 

farms using 6 MW turbines are given in Table 3.8, along with the overall price for inter-array 

cables per the estimated value given in (Ioannou, Angus, & Brennan, 2018).  

Table 3.8: Total inter-array cable lengths and costs for farms using 6 MW turbines 

Depth of 

Installation 

(m) 

Cable Length 

Between 

Turbines (km) 

Cable 

Length at 

Given 

Depth (km) 

Total Cable 

Length 

(rounded up to 

nearest km) 

Total Cost 

(in million) 

for 33 kV 

Cable 

30 197.12 5.01 203 £38.57 

40 197.12 6.68 204 £38.76 

100 197.12 16.7 214 £40.66 

3.2.4.2 8 MW Farm Inter-Array Cable 

For farms using 8 MW turbines, there will need to be 125 individual turbines to reach 

a total 1 GW ouput. All installations regardless of foundation or location in the sea will 

assume a 11x12 installation grid (with seven empty grid points). Refer to Figure 3.3 for the 

grid layout schematic. Given that a 8 MW turbine has a rotor diameter of 167 m, the spacing 

between each turbine will be 1,336 m and the total overall inter-array cable length is 157.648 

km (refer to Equation 3-6 and Figure 3.3). The cable layout in Figure 3.3 is modelled after 

farm schematics used in (Green, Bowen, Fingersh, & Wan, 2007). 

𝑪𝒂𝒃𝒍𝒆𝑰𝑨𝟖 = (𝟏𝟎)(𝟓)(𝟏, 𝟑𝟑𝟔𝒎) + (𝟗)(𝟕)(𝟏, 𝟑𝟑𝟔𝒎) + (𝟓)(𝟏, 𝟑𝟑𝟔𝒎) = 𝟏𝟓𝟕. 𝟔𝟒𝟖𝒌𝒎  [3-6] 



 

   

 

Figure 3.3: Grid layout for a 1 GW farm using 8 MW turbines (not drawn to scale) 

Additionally, cable must be installed at each depth (30, 40, and 100 m, respectively). This 

amount will be considered to be a part of the inter-array cable length and the total values for 

farms using 8 MW turbines are given in Table 3.9. 

Table 3.9: Total inter-array cable lengths and costs for farms using 8 MW turbines 

Depth of 

Installation (m) 

Cable Length 

Between 

Turbines (km) 

Cable Length 

at Given 

Depth (km) 

Total Cable 

Length 

(rounded up to 

nearest km) 

Total Cost 

(in million) 

for 33 kV 

Cable 

30 157.648 3.75 162 £30.78 

40 157.648 5 163 £30.97 

100 157.648 12.5 171 £32.49 

 

3.2.4.3 10 MW Farm Inter-Array Cable 

For farms using 10 MW turbines, there will need to be 100 individual turbines to reach 

a total 1 GW ouput. All installations regardless of foundation or location in the sea will 

assume a 10x10 installation grid. Refer to Figure 3.4 for the grid layout schematic. Given that 

a 10 MW turbine has a rotor diameter of 193 m, the spacing between each turbine will be 

1,544 m. For the farm using 10 MW turbines, the inter-array cable length is 146.68 km (refer 

to Equation 3-7). The cable layout in Figure 3.4 is modelled after farm schematics used in 

(Green, Bowen, Fingersh, & Wan, 2007). 

𝑪𝒂𝒃𝒍𝒆𝑰𝑨𝟏𝟎 = (𝟗)(𝟏𝟎)(𝟏, 𝟓𝟒𝟒𝒎) + (𝟓)(𝟏, 𝟓𝟒𝟒𝒎) = 𝟏𝟒𝟔. 𝟔𝟖 𝒌𝒎 [3-7] 
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Figure 3.4: Grid layout for a 1 GW farm using 10 MW turbines (not drawn to scale) 

Additionally, cable must be installed at each depth (30, 40, and 100 m, respectively). This 

amount will be considered to be a part of the inter-array cable length and the total values for 

farms using 10 MW turbines are given in Table 3.10. 

Table 3.10: Total inter-array cable lengths and costs for farms using 10 MW turbines 

Depth of 

Installation (m) 

Cable Length 

Between 

Turbines (km) 

Cable Length 

at Given 

Depth (km) 

Total Cable 

Length 

(rounded up to 

nearest km) 

Total Cost 

(in million) 

for 33 kV 

Cable 

30 146.68 3 150 £28.5 

40 146.68 4 151 £28.69 

100 146.68 10 157 £29.83 

3.2.4.4 Export Cable 

In addition to the cost of interarray cables, each farm will also require cables to export 

from the farm site to the onshore station. While there are also export cables needed from the 

farm to the offshore station and from the onshore station to the grid connection point, those 

lengths will not be included in this calculation.  

Export cable lengths will be based on the ‘distance from shore’ values in Table 3.6. It 

is assumed the best choice for cabling to be a pair of single-core 320 kV cables using direct 

current (DC). This assumption is based on information from (BVG Associates, 2019) which 

states that DC cables are lighter, potentially more cost-effective, and better equipped to 

reduce losses over a great distance compared to alternating current (AC) cables. Additionally, 

320 kV DC cables are expected to be able to handle loads of up to 1,200 MW, which would 



 

   

adequately cover a proposed 1 GW farm (BVG Associates, 2019). While the distances in our 

farm are all relatively short (all less than 25 km from shore), the high output of the farm 

necessitates a DC cable. Using a value of £1.1 million/km for cabling of 320 kV DC 

(Nieradzinska, et al., 2016), the total cost for export cables is show in Table 3.11. The values 

for total cost are rather low, but this thesis will not consider the cost of intermediary cables 

and power converters which will contribute to a higher cost; additionally, many installations 

for 320 kV DC cables are for a greater installation length than the ones proposed in this 

project.  

Table 3.11: Total export cable lengths and costs 

Distance from 

shore (km) 

Cable Length (for a pair of cables) 

(km) 

Total Export Cable 

Cost 

9 18 £19,800,000 

13.5 27 £29,700,000 

24 48 £52,800,000 

3.2.4.5 Cable Installation 

For cable installations, the costs involved in this thesis will be the cable-laying vessel, 

a subsea remotely operated vehicle (ROV), cable-handling equipment, cable burial vessel, 

cable plough, and a trenching ROV. Costs will be calculated from a per day, per km of cable 

basis using cost data from (BVG Associates, 2019) and time rates from (Ioannou, Angus, & 

Brennan, 2018). According to Ioannou et al, 1.6 km and 0.6 km are installed per day for 

export and array cables, respectively. In Table 3.12, the total day rate for cable installation 

items is shown to be £204,500; using this value, cost breakdown for each installation is given 

in Table 3.13. 
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Table 3.12: Day rate breakdown for cable installation 

Item Cost Per Day 

Cable Laying Vessel £90,000 

ROV included in cable laying 

vessel 

Cable Handling 

Equipment 

£4,500 

Cable Burial Vessel £95,000 

Cable Plough £5,000 

Trenching ROV £10,000 

Total Day Rate £204,500 

 

Table 3.13: Cable installation cost by installation area 

Installation Type 

Days of 

Installation for 

Array Cable 

Days of 

Installation for 

Export Cable 

Total Days of 

Installation 

Total Cabling 

Installation Cost 

6 MW, 30 m 339 127 466 £95,297,000 

6 MW, 40 m 340 128 468 £95,706,000 

6 MW, 100 m 357 134 491 £100,409,500 

8 MW, 30 m 270 102 372 £76,074,000 

8 MW, 40 m 272 102 374 £76,483,000 

8 MW, 100 m 285 107 392 £80,164,000 

10 MW, 30 m 250 94 344 £70,348,000 

10 MW, 40 m 252 95 347 £70,961,500 

10 MW, 100 m 262 99 361 £73,824,500 

3.2.4.6 Vessel and Transportation Costs  

Finally, the vessel and transportation costs during installation (other than those used 

for cabling) must be considered. Namely, this includes the crew transfer vessel, the jack-up 

vessel, the heavy lift vessel, the helicopter, the diving support vessel, and the rock dumping 

vessel. The cost per day of all of the vessels is £228,350 (Ioannou, Angus, & Brennan, 2018). 

Assuming a three year installation process for 1 GW farms (BVG Associates, 2019), the total 

cost of vessels and transportation is therefore ~£250,000,000. While the costs may differ by 

foundation and depth, they will not be considered in this thesis.  

3.3 Environmental Analysis 

Environmental impacts of any project are often difficult to fully quantify simply 

because of the vast number of unknowns. With energy projects moving offshore, 

environmental impact assessments are critical for not just receiving consent to begin 

construction but also for continuing operation and building other projects.  

As stated in Section 2.5, EIAs are completed on a case by case basis. While each wind 

farm has its own sets of challenges and environmental considerations, all farms require 



 

   

critical planning as it relates to transportation and installation. For the purposes of this thesis, 

the main environmental consideration is the CO2 output from transportation vessels during 

the installation and O&M work.  

A comparison17 of the different lifetimes of a farm is done to analyze whether extending 

a lifetime could be more beneficial in terms of tons of CO2 produced from O&M trips versus 

decommissioning at the 20 year mark. To perform this analysis the following assumptions 

will be made: 

1.) Three lifetimes of analysis will be chosen: 20, 30, and 40 years.  

2.) It will be assumed that 30 year lifetimes will have a 10% increase in CO2 emissions 

due to O&M visits (after year 20) and 40 year lifetimes will have an additional 15% 

increase (after year 30). This means that in years 21-30, there will be a 10% increase 

in CO2 from the year previous due to a 10% increase in expected O&M activities; 

in years 31-40, this will follow the same process but with a 15% compounding 

increase. 

3.) All foundation types will assume equal maintenance. Therefore, the only variables 

will be distance travelled to the farm and the farm lifetime. Note that cable 

installation lifetimes will vary depending upon the turbine type. 

The ships used will be a crew transfer vessel, an offshore cable installation ship, and a 

turbine/foundation installation vessel. For installation processes, we will assume that 

turbine/foundation installation ships will work for a total of 3 calendar years and travel to and 

from the farm site every day (weekends will not be included); cable installation will last 

according to the the days listed in Table 3.13. For each vessel we will assume the following 

freight weights as shown in Table 3.14. Note that the crew transfer weight will be the only vessel 

that has the same weight both to and from the site.  

Table 3.14: Freight tonnage for installation vessel type 

Vessel Type Weight per Trip (tonne) Source 

Crew Transfer  30 (4C Offshore, 2020) 

Offshore Cable Install 5,000 
Van Oord’s Nexus Vessel 

(Van Oord, 2020) 

Turbine/Foundation Install 1,600 
Van Oord’s Aeolus Vessel 

(Van Oord, 2020) 

 

To calculate CO2 emissions, an online calculator by ship type will be used from 

(Sustainable Freight, 2020)18. For this calculator, the crew transfer ship will be considered to 

be general cargo, the offshore cable vessel will be a products tanker with a deadweight less than 

10,000 tonnes, and the turbine and foundation vessel will be a products tanker with a deadweight 

greater than 10,000 tonnes. 

3.3.1 Installations at 9 km Offshore 

For installations at 9 km, it will be assumed that the total turbine and foundation 

construction time will be 936 days (three years less weekends). For array and export cabling, 

 
17 It shall be noted that this analysis is for theory only and any individual case study must be analyzed with its 

own set of parameters. 
18 Per the website, the calculator was developed with information from ‘Guidelines for Measuring and Managing 

CO2: Emission from Freight Transport Operations’ by CEFIC (The European Chemical Industry Council). 
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the days used in Table 3.13 will be the basis for the number of trips. Export cabling distance 

travelled will be the average distance between the shore and the farm location. We will 

assume that each vessel will carry its maximum weight for each trip made. Tonnes of CO2 

for each ship is shown in Table 3.15. 

Table 3.15: CO2 emissions per vessel for 9 km installation activities 

Vessel 

Total Distance 

Travelled 

with Freight 

(km) 

CO2 per 

trip (kg) 

Total CO2 

(tonne) 

Crew Transfer  18 10 9 

Offshore Array 

Cable Install (6 

MW) 

9 842 285 

Offshore Array 

Cable Install (8 

MW) 

9 842 227 

Offshore Array 

Cable Install (10 

MW) 

9 842 211 

Offshore Export 

Cable Install (6 

MW) 

4.5 421 53 

Offshore Export 

Cable Install (8 

MW) 

4.5 421 43 

Offshore Export 

Cable Install (10 

MW) 

4.5 421 40 

Turbine/Foundation 

Install 
9 269 252 

3.3.2 Installations at 13.5 km Offshore 

For installations at 13.5 km, it will be assumed that the total turbine and foundation 

construction time will be 936 days (three years less weekends). For array and export cabling, 

the days used in Table 3.13 will be the basis for the number of trips. Export cabling distance 

travelled will be the average distance between the shore and the farm location. We will 

assume that each vessel will carry its maximum weight for each trip made. Tonnes of CO2 

for each ship is shown in Table 3.16. 

 



 

   

Table 3.16: CO2 emissions per vessel for 13.5 km installation activities 

Vessel 

Total Distance 

Travelled 

with Freight 

(km) 

CO2 per 

trip (kg) 

Total CO2 

(tonne) 

Crew Transfer  27 11 10 

Offshore Array 

Cable Install (6 

MW) 

13.5 1,971 670 

Offshore Array 

Cable Install (8 

MW) 

13.5 1,971 536 

Offshore Array 

Cable Install (10 

MW) 

13.5 1,971 497 

Offshore Export 

Cable Install (6 

MW) 

6.75 986 126 

Offshore Export 

Cable Install (8 

MW) 

6.75 986 101 

Offshore Export 

Cable Install (10 

MW) 

6.75 986 94 

Turbine/Foundation 

Install 
13.5 404 378 

3.3.3 Installations at 24 km Offshore 

For installations at 24 km, it will be assumed that the total turbine and foundation 

construction time will be 936 days (three years less weekends). For array and export cabling, 

the days used in Table 3.13 will be the basis for the number of trips. Export cabling distance 

travelled will be the average distance between the shore and the farm location. We will 

assume that each vessel will carry its maximum weight for each trip made. Tonnes of CO2 

for each ship is shown in Table 3.17. 
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Table 3.17: CO2 emissions per vessel for 24 km installation activities 

Vessel 

Total Distance 

Travelled 

with Freight 

(km) 

CO2 per 

trip (kg) 

Total CO2 

(tonne) 

Crew Transfer  48 20 19 

Offshore Array 

Cable Install (6 

MW) 

24 3,504 1,251 

Offshore Array 

Cable Install (8 

MW) 

24 3,504 999 

Offshore Array 

Cable Install (10 

MW) 

24 3,504 918 

Offshore Export 

Cable Install (6 

MW) 

12 1,752 235 

Offshore Export 

Cable Install (8 

MW) 

12 1,752 187 

Offshore Export 

Cable Install (10 

MW) 

12 1,752 173 

Turbine/Foundation 

Install 
24 718 672 

 

3.3.4 Operations and Maintenance CO2 Emissions 

For O&M work, it will be assumed that every farm will receive weekly inspection 

using a crew transfer boat and a bi-monthly (every two months) inspection with the 

turbine/foundation vessel. We will assume that the crew transfer boat carries the maximum 

30 tonnes, while the turbine/foundation vessel will only carry a quarter of the weight (400 

tonnes). As stated, 30 year lifetimes will have a 10% increase in CO2 emissions due to O&M 

visits (after year 20) and 40 year lifetimes will have an additional 15% increase (after year 

30). After calculating each year’s CO2 output in tonnes, the results have been tabulated and 

shown in Table 3.18.  

Table 3.18: CO2 emissions from O&M work by lifetime 

Distance from 

Shore (km) 

20 Year Lifetime 

(tonnes of CO2) 

30 Year Lifetime 

(tonnes of CO2) 

40 Year Lifetime 

(tonnes of CO2) 

9 25 46 120 

13.5 36 67 175 

24 64 120 313 
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Chapter 4 

4Results 

During the process of compiling data for offshore wind, it became very clear that certain 

variables were difficult to quantify due to their lack of real world applications. There is 

currently only one offshore wind farm that has over 1 GW of installed capacity (Hornsea, 

UK), and no large-scale farms are in a deep water area that could use floating foundation 

technology. However, based on past cost changes the future of large farms in deeper waters 

could see financial success over time. 

Based on the LCOE values presented in this chapter, it is clear that larger farms operating 

for a longer time period could prove advantageous. However, it is important to note that the 

values and results are for this project alone and will need to be re-evaluated for additional 

variables, cost implications, and ‘real world’ scenarios. Construction and maintenance, in 

particular, are difficult to plan due to potential instances of force majeure, poor weather, and 

societal changes.  

Despite the many variables within offshore wind development, it is clear that the UK has 

been the gold standard for large-scale deployment over the past decade, with only greater 

increases on the horizon. Based on the number of sites off the coast of Scotland currently in 

development for floating foundations (refer to Table 6.1), deep water projects with a high 

energy output will become the next frontier of technology. Looking at the results from this 

thesis, it bodes well for Scotland to move further offshore due to its potential for higher 

efficiencies which can offset some of the high costs in investment.  

4.1 Summary of Financial Results 

Based on the information presented in Chapter 3, there are a total of 108 possible 

installation and financial scenarios to review (as listed in Table 4.1). For each outcome, an 

LCOE calculation is performed using Excel to see which options are the most economical 

option. The following conclusions may be made from the various LCOE amounts: 

1. There is little to no variability in the LCOEs when different size turbines are used. 

This is due to the cost per MW for turbines; since the farm will always be 1 GW, 

the size of the turbine in each installation scenario is negligible; the cabling due to 

turbine size, however, plays a significant role. 

2. It is assumed that a longer life with no other changes will yield a more favorable 

LCOE due to a longer output time. Yet, it is unrealistic that this will happen. To 

more accurately show how longer lifetimes may be more costly, the following 

assumptions are made: 



 

   

a. For 20 year lifetimes, O&M is considered constant with no replacements 

necessary. 

b. For 30 year lifetimes, O&M costs will incrementally increase by 10% each 

year after year 20. Additionally, in year 20, blades and generators will be 

replaced. Production downtime will be considered negligible due to 

staggered replacement. 

c. For 40 year lifetimes, O&M costs will incrementally increase by 10% each 

year after year 20 and by 15% after year 30. Additionally, in year 20, blades 

will be replaced and in year 30, full nacelles will be replaced. Production 

downtime will be considered negligible due to staggered replacement. The 

increase in O&M costs was based on the assumed increase in O&M visits 

for each farm.  

d. The three year installation process will not be modelled financially—it will 

be assumed that CAPEX costs are in year 0 and the lifetime begins when 

the farm produces power in year 1. 

3. The 30 year lifetime for a farm is the most financially advantageous, followed 

extremely closely by the 40 year lifetime. This is due to the continual power output 

and potentially low reoccurring costs (even if the there is an incremental increase).  

4. Farms become more cost-effective the further they are from shore—this is due to 

the assumption that turbines’ efficiency increases due to a greater wind potential 

in further, deeper waters. 

5. Floating wind farms will become critical and may see a rise in potential 

investments due to cost-effectiveness.  

6. Having a lower discount rate, predictably, yields a more beneficial result.  

In Table 4.1, it is evident to see that the most advantageous installations are those 

assuming a 30 year lifetime with a 6.0% discount rate (light gray highlight). Of all the 

installations, a farm using 8 MW turbines in deep waters with a floating foundation is the 

most advantageous (dark gray highlight—Option 92). Installation costs for foundations were 

not included in the calculation, so this would need to be reanalyzed for any real-life 

installations. Additionally, LCOE values in this thesis do not accurately reflect real-world 

values due to the limited variables used to run calculations.  

Table 4.1: Possible installations and characteristics for LCOE 

Outcome 
Depth 

(m) 

Turbine 

Type 

Foundation 

Type 

Capacity 

Factor 

Distance 

from 

Shore 

(km) 

Dicount 

Rate 

Project 

Lifetime 

(years) 

LCOE 

(GBP/kWh) 

1 30 6 MW Monopile 35.1% 9 6.0% 20 £0.108/kWh 

2 30 6 MW Monopile 35.1% 9 6.0% 30 £0.099/kWh 

3 30 6 MW Monopile 35.1% 9 6.0% 40 £0.103/kWh 

4 30 6 MW Monopile 35.1% 9 6.5% 20 £0.112/kWh 

5 30 6 MW Monopile 35.1% 9 6.5% 30 £0.102/kWh 

6 30 6 MW Monopile 35.1% 9 6.5% 40 £0.105/kWh 

7 30 6 MW Monopile 35.1% 9 7.5% 20 £0.119/kWh 

8 30 6 MW Monopile 35.1% 9 7.5% 30 £0.109/kWh 

9 30 6 MW Monopile 35.1% 9 7.5% 40 £0.111/kWh 

10 30 8 MW Monopile 35.1% 9 6.0% 20 £0.107/kWh 

11 30 8 MW Monopile 35.1% 9 6.0% 30 £0.098/kWh 
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Outcome 
Depth 

(m) 

Turbine 

Type 

Foundation 

Type 

Capacity 

Factor 

Distance 

from 

Shore 

(km) 

Dicount 

Rate 

Project 

Lifetime 

(years) 

LCOE 

(GBP/kWh) 

12 30 8 MW Monopile 35.1% 9 6.0% 40 £0.102/kWh 

13 30 8 MW Monopile 35.1% 9 6.5% 20 £0.111/kWh 

14 30 8 MW Monopile 35.1% 9 6.5% 30 £0.101/kWh 

15 30 8 MW Monopile 35.1% 9 6.5% 40 £0.105/kWh 

16 30 8 MW Monopile 35.1% 9 7.5% 20 £0.118/kWh 

17 30 8 MW Monopile 35.1% 9 7.5% 30 £0.109/kWh 

18 30 8 MW Monopile 35.1% 9 7.5% 40 £0.111/kWh 

19 30 10 MW Monopile 35.1% 9 6.0% 20 £0.107/kWh 

20 30 10 MW Monopile 35.1% 9 6.0% 30 £0.099/kWh 

21 30 10 MW Monopile 35.1% 9 6.0% 40 £0.102/kWh 

22 30 10 MW Monopile 35.1% 9 6.5% 20 £0.111/kWh 

23 30 10 MW Monopile 35.1% 9 6.5% 30 £0.102/kWh 

24 30 10 MW Monopile 35.1% 9 6.5% 40 £0.105/kWh 

25 30 10 MW Monopile 35.1% 9 7.5% 20 £0.118/kWh 

26 30 10 MW Monopile 35.1% 9 7.5% 30 £0.109/kWh 

27 30 10 MW Monopile 35.1% 9 7.5% 40 £0.111/kWh 

28 40 6 MW Monopile 49.2% 13.5 6.0% 20 £0.084/kWh 

29 40 6 MW Monopile 49.2% 13.5 6.0% 30 £0.076/kWh 

30 40 6 MW Monopile 49.2% 13.5 6.0% 40 £0.079/kWh 

31 40 6 MW Monopile 49.2% 13.5 6.5% 20 £0.087/kWh 

32 40 6 MW Monopile 49.2% 13.5 6.5% 30 £0.079/kWh 

33 40 6 MW Monopile 49.2% 13.5 6.5% 40 £0.081/kWh 

34 40 6 MW Monopile 49.2% 13.5 7.5% 20 £0.093/kWh 

35 40 6 MW Monopile 49.2% 13.5 7.5% 30 £0.085/kWh 

36 40 6 MW Monopile 49.2% 13.5 7.5% 40 £0.086/kWh 

37 40 8 MW Monopile 49.2% 13.5 6.0% 20 £0.084/kWh 

38 40 8 MW Monopile 49.2% 13.5 6.0% 30 £0.076/kWh 

39 40 8 MW Monopile 49.2% 13.5 6.0% 40 £0.078/kWh 

40 40 8 MW Monopile 49.2% 13.5 6.5% 20 £0.086/kWh 

41 40 8 MW Monopile 49.2% 13.5 6.5% 30 £0.078/kWh 

42 40 8 MW Monopile 49.2% 13.5 6.5% 40 £0.080/kWh 

43 40 8 MW Monopile 49.2% 13.5 7.5% 20 £0.092/kWh 

44 40 8 MW Monopile 49.2% 13.5 7.5% 30 £0.084/kWh 

45 40 8 MW Monopile 49.2% 13.5 7.5% 40 £0.085/kWh 

46 40 10 MW Monopile 49.2% 13.5 6.0% 20 £0.083/kWh 

47 40 10 MW Monopile 49.2% 13.5 6.0% 30 £0.076/kWh 

48 40 10 MW Monopile 49.2% 13.5 6.0% 40 £0.078/kWh 

49 40 10 MW Monopile 49.2% 13.5 6.5% 20 £0.086/kWh 

50 40 10 MW Monopile 49.2% 13.5 6.5% 30 £0.079/kWh 

51 40 10 MW Monopile 49.2% 13.5 6.5% 40 £0.080/kWh 

52 40 10 MW Monopile 49.2% 13.5 7.5% 20 £0.092/kWh 

53 40 10 MW Monopile 49.2% 13.5 7.5% 30 £0.084/kWh 



 

   

Outcome 
Depth 

(m) 

Turbine 

Type 

Foundation 

Type 

Capacity 

Factor 

Distance 

from 

Shore 

(km) 

Dicount 

Rate 

Project 

Lifetime 

(years) 

LCOE 

(GBP/kWh) 

54 40 10 MW Monopile 49.2% 13.5 7.5% 40 £0.085/kWh 

55 40 6 MW Jacket 49.2% 13.5 6.0% 20 £0.079/kWh 

56 40 6 MW Jacket 49.2% 13.5 6.0% 30 £0.072/kWh 

57 40 6 MW Jacket 49.2% 13.5 6.0% 40 £0.074/kWh 

58 40 6 MW Jacket 49.2% 13.5 6.5% 20 £0.081/kWh 

59 40 6 MW Jacket 49.2% 13.5 6.5% 30 £0.074/kWh 

60 40 6 MW Jacket 49.2% 13.5 6.5% 40 £0.077/kWh 

61 40 6 MW Jacket 49.2% 13.5 7.5% 20 £0.087/kWh 

62 40 6 MW Jacket 49.2% 13.5 7.5% 30 £0.080/kWh 

63 40 6 MW Jacket 49.2% 13.5 7.5% 40 £0.081/kWh 

64 40 8 MW Jacket 49.2% 13.5 6.0% 20 £0.078/kWh 

65 40 8 MW Jacket 49.2% 13.5 6.0% 30 £0.071/kWh 

66 40 8 MW Jacket 49.2% 13.5 6.0% 40 £0.074/kWh 

67 40 8 MW Jacket 49.2% 13.5 6.5% 20 £0.081/kWh 

68 40 8 MW Jacket 49.2% 13.5 6.5% 30 £0.074/kWh 

69 40 8 MW Jacket 49.2% 13.5 6.5% 40 £0.076/kWh 

70 40 8 MW Jacket 49.2% 13.5 7.5% 20 £0.086/kWh 

71 40 8 MW Jacket 49.2% 13.5 7.5% 30 £0.079/kWh 

72 40 8 MW Jacket 49.2% 13.5 7.5% 40 £0.080/kWh 

73 40 10 MW Jacket 49.2% 13.5 6.0% 20 £0.078/kWh 

74 40 10 MW Jacket 49.2% 13.5 6.0% 30 £0.071/kWh 

75 40 10 MW Jacket 49.2% 13.5 6.0% 40 £0.074/kWh 

76 40 10 MW Jacket 49.2% 13.5 6.5% 20 £0.081/kWh 

77 40 10 MW Jacket 49.2% 13.5 6.5% 30 £0.074/kWh 

78 40 10 MW Jacket 49.2% 13.5 6.5% 40 £0.076/kWh 

79 40 10 MW Jacket 49.2% 13.5 7.5% 20 £0.086/kWh 

80 40 10 MW Jacket 49.2% 13.5 7.5% 30 £0.079/kWh 

81 40 10 MW Jacket 49.2% 13.5 7.5% 40 £0.080/kWh 

82 100 6 MW Floating 53.8% 24 6.0% 20 £0.077/kWh 

83 100 6 MW Floating 53.8% 24 6.0% 30 £0.070/kWh 

84 100 6 MW Floating 53.8% 24 6.0% 40 £0.072/kWh 

85 100 6 MW Floating 53.8% 24 6.5% 20 £0.080/kWh 

86 100 6 MW Floating 53.8% 24 6.5% 30 £0.073/kWh 

87 100 6 MW Floating 53.8% 24 6.5% 40 £0.074/kWh 

88 100 6 MW Floating 53.8% 24 7.5% 20 £0.085/kWh 

89 100 6 MW Floating 53.8% 24 7.5% 30 £0.078/kWh 

90 100 6 MW Floating 53.8% 24 7.5% 40 £0.079/kWh 

91 100 8 MW Floating 53.8% 24 6.0% 20 £0.077/kWh 

92 100 8 MW Floating 53.8% 24 6.0% 30 £0.069/kWh 

93 100 8 MW Floating 53.8% 24 6.0% 40 £0.072/kWh 

94 100 8 MW Floating 53.8% 24 6.5% 20 £0.079/kWh 

95 100 8 MW Floating 53.8% 24 6.5% 30 £0.072/kWh 

96 100 8 MW Floating 53.8% 24 6.5% 40 £0.074/kWh 
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Outcome 
Depth 

(m) 

Turbine 

Type 

Foundation 

Type 

Capacity 

Factor 

Distance 

from 

Shore 

(km) 

Dicount 

Rate 

Project 

Lifetime 

(years) 

LCOE 

(GBP/kWh) 

97 100 8 MW Floating 53.8% 24 7.5% 20 £0.084/kWh 

98 100 8 MW Floating 53.8% 24 7.5% 30 £0.077/kWh 

99 100 8 MW Floating 53.8% 24 7.5% 40 £0.078/kWh 

100 100 10 MW Floating 53.8% 24 6.0% 20 £0.077/kWh 

101 100 10 MW Floating 53.8% 24 6.0% 30 £0.070/kWh 

102 100 10 MW Floating 53.8% 24 6.0% 40 £0.072/kWh 

103 100 10 MW Floating 53.8% 24 6.5% 20 £0.079/kWh 

104 100 10 MW Floating 53.8% 24 6.5% 30 £0.072/kWh 

105 100 10 MW Floating 53.8% 24 6.5% 40 £0.074/kWh 

106 100 10 MW Floating 53.8% 24 7.5% 20 £0.084/kWh 

107 100 10 MW Floating 53.8% 24 7.5% 30 £0.078/kWh 

108 100 10 MW Floating 53.8% 24 7.5% 40 £0.078/kWh 

4.1.1 LCOE Values for Different Depths and Lifetimes 

Using the values of LCOE in Table 4.1, a visual comparison between depth of 

installation and lifetimes is done using a box and whisker plot on Excel to show the variety 

of LCOE given different discount rates. Refer to Figure 4.1 through Figure 4.7 and their 

corresponding explanations for a brief summary of each.  

 

 

Figure 4.1: Plot of various installation type LCOEs for a 20 year lifetime 

 Unsurprisingly, the LCOEs for a 20 year lifetime are the highest, with jackets at 40 

meters and floating foundations at 100 meters depth being the most economical choice. The 

vast difference in LCOEs in Figure 4.1 between the shallow water installation and the three 



 

   

deeper alternatives is largely due to its low capacity factor. If the installation area had a greater 

wind resource or a newer turbine, the 30 meter monopile would be more competitive.  

 

 

Figure 4.2: Plot of various installation type LCOEs for a 30 year lifetime 

 As with a 20 year lifetime, monopiles at 30 meters are vastly more cost-inefficient 

compared to the other installations. However, it is noticeable that the 40 meter jacket and the 

100 meter floating installations are just as competitive at a 30 year lifetime as in the 20 year. 

This is largely dependent on the capacity factors between 40 and 100 meters being so close 

and the floating foundation cost staying relatively low.  
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Figure 4.3: Plot of various installation type LCOEs for a 40 year lifetime 

Finally, with a 40 year lifetime, a similar outcome is seen but it is interesting to see that the 

30 meter monopile LCOE is slightly more competitive with the 20 year lifetime installations 

from the previous two figures. If a capacity factor for this installation were higher, monopiles 

at 30 meters could not only compete, but would be a highly lucrative investment (not to 

mention less CO2 from vessel travel). It is also interesting to see that the 40 and 100 meter 

installations at 40 years are not as financially-efficient as those at 30 years; this is due to the 

assumed replacement of the nacelle for 40 year lifetimes. 

 

 

Figure 4.4: Plot of 30 m monopile installation LCOEs for various lifetimes 

 When comparing the 30 m monopile farms between various lifetime scenarios, we 

can see the 40 year installations have the lowest range of LCOE outcomes; meanwhile, 30 

year lifetimes have a wider range of LCOE values. The 30 year outcome is more favorable, 



 

   

but since it has a high range of potential LCOE values, 40 year installations at 30 meter depth 

may be a wiser choice. 
 

 

 

Figure 4.5: Plot of 40 m monopile installation LCOEs for various lifetimes 

Despite the high costs of a monopile at 40 meters, the LCOE values compared to the 

30 meters are significantly lower. This is due to a higher capacity factor, which yields a 

greater energy output compared to the investment and yearly costs. This highlights how 

critical capacity factor can be in an investment, not just the ticket price of a turbine or 

foundation. Additionally, 30 year lifetimes once again have a high range of values but are 

also the most economic choise.  

 

Figure 4.6: Plot of 40 m jacket installation LCOEs for various lifetimes 

 If a farm is to be installed at 40 meters’ depth, the wisest choice no matter the 

projected lifetime would be a jacket. Until XL monopiles see a significant cost reduction, the 
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LCOE for jackets is lower across the board and could possibly yield a positive result from a 

20 year lifetime compared to a monopile at the same depth for a 40 year lifetime.  

 

Figure 4.7: Plot of 100 m floating installation LCOEs for various lifetimes 

 Finally, floating installations, as expected, have the best LCOE results especially for 

a 30 year lifetime. The combination of a high capacity factor, relatively low expected 

foundation costs, and conservative O&M work yield a highly favorable result. This value 

would benefit from further analysis to see if floating foundation installation costs are 

significantly higher compared to its fixed bottom counterparts. 



 

   

4.1.2 LCOE Values for Various Discount Rates and Depths 

Discount rates available for a project can have a significant impact on their LCOE. 

Lower discount rates, regardless of their installation area, yield lower LCOEs as seen in 

Figure 4.8 through Figure 4.10. Summaries of each figure will follow to further describe the 

results of each comparison. 

 

 

Figure 4.8: Plot of 30 meter installation LCOEs with different discount rates 

 For 30 meter installations, there is an expected result of increasing LCOE ranges for 

each increasing discount rate value. The most interesting attribute of this graph is that the 

LCOE values for 30 meters are significantly higher than those to follow at 40 and 100 meters. 

As noted, the low capacity factor heavily influences the results.  
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Figure 4.9: Plot of 40 meter installation LCOEs with different discount rates 

 For 40 meter installations, the wide range of LCOE is noticeable through the long 

“whiskers” on the box and whisker plot. This is due to the inclusion of both jacket and 

monopile foundations presented in one graph. Despite this high range of values, it is clear 

there is greater variability in higher LCOE values than lower LCOE values. Due to this, it 

could be worthwhile investigating “transitional waters” further for their potential benefit.  

 

 

 

Figure 4.10: Plot of 100 meter installation LCOEs with different discount rates 

 Finally, 100 meter installations follow a very similar pattern to 30 meter installations, 

just with significantly lower values for LCOE. The high capacity factor coupled with the lack 



 

   

of data on floating foundation installation costs are two of the many possible reasons for this 

difference. 

4.2 Summary of Environmental Results 

For the CO2 emissions during the installation and maintenance processes due to vessel 

transportation, it is expected that the further from shore, the greater the emissions. Yet, the 

longer the farm is in operation, the less the CO2 output over the lifetime of the farm per MWh 

of sustainable energy source. The installation with the most advantageous LCOE is 

highlighted (in dark gray) in Table 4.2, which gives the outcomes for CO2 emissions for all 

installation types. While this outcome does not have the lowest carbon emissions, its benefits 

of a low LCOE make for a balanced and conservative choice for a proposed farm.  

Table 4.2: Possible installations and characteristics for CO2 emissions 

Turbine Type, Distance 

from Shore, Lifetime 

Installation 

CO2 

(tonnes) 

O&M 

CO2 

(tonnes) 

Total 

CO2 

(tonnes) 

Total CO2 

(g) 

Lifetime 

Energy 

Output 

(MWh) 

CO2 per 

Lifetime 

Energy 

Output 

(g/MWh) 

6 MW, 9 km, 20 Year 599 25 624 624,000,000 61,495,200 10.15 

8 MW, 9 km, 20 Year 531 25 556 556,000,000 61,495,200 9.04 

10 MW, 9 km, 20 Year 512 25 537 537,000,000 61,495,200 8.73 

6 MW, 9 km, 30 Year 599 46 645 645,000,000 92,242,800 6.99 

8 MW, 9 km, 30 Year 531 46 577 577,000,000 92,242,800 6.26 

10 MW, 9 km, 30 Year 512 46 558 558,000,000 92,242,800 6.05 

6 MW, 9 km, 40 Year 599 120 719 719,000,000 122,990,400 5.85 

8 MW, 9 km, 40 Year 531 120 651 651,000,000 122,990,400 5.29 

10 MW, 9 km, 40 Year 512 120 632 632,000,000 122,990,400 5.14 

6 MW, 13.5 km, 20 Year 1184 36 1220 1,220,000,000 86,198,400 14.15 

8 MW, 13.5 km, 20 Year 1025 36 1061 1,061,000,000 86,198,400 12.31 

10 MW, 13.5 km, 20 Year 979 36 1015 1,015,000,000 86,198,400 11.78 

6 MW, 13.5 km, 30 Year 1184 67 1251 1,251,000,000 129,297,600 9.68 

8 MW, 13.5 km, 30 Year 1025 67 1092 1,092,000,000 129,297,600 8.45 

10 MW, 13.5 km, 30 Year 979 67 1046 1,046,000,000 129,297,600 8.09 

6 MW, 13.5 km, 40 Year 1184 175 1359 1,359,000,000 172,396,800 7.88 

8 MW, 13.5 km, 40 Year 1025 175 1200 1,200,000,000 172,396,800 6.96 

10 MW, 13.5 km, 40 Year 979 175 1154 1,154,000,000 172,396,800 6.69 

6 MW, 24 km, 20 Year 2177 64 2241 2,241,000,000 94,257,600 23.78 

8 MW, 24 km, 20 Year 1877 64 1941 1,941,000,000 94,257,600 20.59 

10 MW, 24 km, 20 Year 1782 64 1846 1,846,000,000 94,257,600 19.58 

6 MW, 24 km, 30 Year 2177 120 2297 2,297,000,000 141,386,400 16.25 

8 MW, 24 km, 30 Year 1877 120 1997 1,997,000,000 141,386,400 14.12 

10 MW, 24 km, 30 Year 1782 120 1902 1,902,000,000 141,386,400 13.45 

6 MW, 24 km, 40 Year 2177 313 2490 2,490,000,000 188,515,200 13.21 

8 MW, 24 km, 40 Year 1877 313 2190 2,190,000,000 188,515,200 11.62 

10 MW, 24 km, 40 Year 1782 313 2095 2,095,000,000 188,515,200 11.11 
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 There is an extremely high difference in CO2 output due to the fact that CO2 emissions 

for turbine and foundation production is not considered in this thesis. Considering that 

floating foundations require less material than their fixed-bottom foundations alternatives, 

the CO2 values may be skewed in this result and could actually be significantly lower for 

floating. It is not surprising that CO2 emissions are higher for this analysis because it is 

considering vessel travel and not the actual farm components. Additionally, this thesis does 

not factor in the amount of CO2 emissions avoided by using wind energy instead of a fossil 

fuel or another alternative energy source. In this way, it is difficult to quantify which 

installation yields the most favorable environmental result because there are multiple ways to 

judge this.  

 A compromise between efficiency and emissions will ultimately yield the most 

favorable result. While deeper water installations mean further travel, they also have higher 

sustainable energy outputs. Additionally, by running farms for a longer period of time the 

installation process for a new farm would not be performed as often, significantly cutting 

emissions.  

4.3 Final Recommendation 

It is no surprise that deeper waters are the next frontier for the offshore wind industry. 

While this model does not consider the installation cost for the foundations at various depths, 

the prices for the foundations themselves could serve as a predictor for economical success. 

While floating turbines are over two times the price of monopiles, the deeper water and more 

open ocean could provide greater efficiency and, therefore, overall energy output. This output 

could then drive down the cost of electricity, making the investment more lucrative. However, 

monopile installations may be acceptable as well because while the LCOE is higher than 

floating foundations, they also have the advantage of historical use and knowledge.  

For large-scale farms, further offshore is the wisest choice because there is greater 

space for large turbines; smaller-sized farms for a small population or service area may be 

wise because despite low capacity factors when close to shore, the technology is proven and 

reliable.  

In the case of CO2 emissions, there may be a benefit in introducing a financial penalty 

for farms that increase their emissions (in g CO2/MWh) above a given threshold, much like 

what is already done in the fossil fuel energy sector. Farms that increase emissions over time 

are likely requiring too much maintenance work, signaling that their future, both 

environmental and financial, is not sustainable and should be decommissioned.  

4.4 Other Considerations 

While this project analyzes the LCOE for different wind farm installations, it is 

extremely unlikely that turbine and foundation costs work in the same manner as those 

presented in this project. There are several other considerations that could, and should, be 

further analyzed past this thesis’ work. This includes the varying costs for maintenance (rather 

than a constant cost for all farms), weather-related issues, potential machine or electrical 

failures, the cost of foundation installation and repairs, the offshore and onshore platforms, 

and cabling onshore to the main grid.  

Overall, designing and constructing an offshore wind farm is an interesting and 

complicated venture. Each farm and sea area are vastly different and have their sets of 



 

   

challenges. A thorough investigation with years of planning, consideration, and expert 

analysis are paramount for the success of an offshore farm, especially as the field reaches 

new depths.  
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Chapter 5 

5Conclusion 

This thesis started with a simple idea—what happens next? What happens to wind farms 

when they reach a magical, possibly arbitrary, end of life of 20 years? If we call a technology 

sustainable, how do we rationalize a cap on its energy-producing potential? As with most 

things in engineering, and in life, there is no simple answer, nor simple idea. While wind 

farms grow in power, size, and depth, it is still largely unknown what becomes of them in the 

end. Through this work, it can be seen that a conservative approach is best; that is to say, short 

lifetimes may miss out on potential energy extraction while much longer lifetimes could prove 

too costly in repair work. By extending a farm to 30 years, not only is there a cost-savings, 

but also a potential in low carbon emissions. Compared to the traditional 20 year lifetime, a 

farm using 8 MW turbines at a distance of 24 km from shore lasting for 30 years has a 

considerably lower LCOE (£0.069/kWh versus £0.077/kWh). A 40 year lifetime has a slightly 

higher LCOE (£0.072/kWh) but a lower CO2 emissions level which could make it more 

beneficial (especially if any financial penalties are considered for emissions). 

5.1 Summary of Key Findings 

As shown in Chapter 4, LCOE is greatly affected by capacity factor, foundation choice, 

lifetime, and depth of installation. With emissions, it largely depends on the number of 

turbines, the distance from shore, and the lifetime of the farm. Due to this, it is considered 

that a 1 GW farm using floating foundations for 125 8 MW turbines at a distance of 24 km 

from the shore for 30 years to be the most ideal solution, given the criteria of lowering LCOE 

and carbon emissions.  

In Figure 4.1 through Figure 4.10, it is clear to see that deeper water foundations are 

the more cost-effective option. Yet, this is largely due to the assumed capacity factors and 

not including foundation installation cost variation. With more large-scale installations, more 

data will become available, which will improve analyses like the one in this thesis.  

5.2  Recommendations for Future Practice and Research 

Despite the interesting results herein, there is more work to be done to further 

understand wind energy applications and their most efficient and effective usages. In the 

following three subsections, some of the potential continuations of research are discussed. 



 

   

5.2.1 Life Cycle Assessment (LCA) 

LCAs have been a growing subsection of the building and design processes since the 

1960s and 1970s as a way to quantify and/or qualify the use of one material or procedure to 

another, based on environmental factors (Guinée, 2011). Since the original discussions on 

product selection based on its environmental effect, analysis has grown to include not only 

material choice, but transportation, efficient design, and production. 

While wind energy is a fairly low-emitter of harmful environmental byproducts, there 

are inevitably potential impacts to the environment through the shipment of materials and the 

production and recycling possibilities. Most notably, wind turbine blades for both on and 

offshore installations cannot be recycled on a large scale and many end up in landfills. 

Currently, there is development of recycling methods for the blades, but additional work is 

critical. The main issue in blade recycling is fiberglass—it is the main material used in the 

blade and is difficult and potentially harmful to recycle due to separating the glass fibers from 

the resins binding them together (Martin, 2020). Looking at repurposing the blades in a less 

harmful and labor-intensive way could lessen the impact of the blades at the end of their usable 

lifetime.  

For the offshore foundations, and LCA comparison between each foundation choice 

available at each depth interval may also be worthwhile research as the market grows and 

becomes increasingly more competitive. Given the size of foundations, they are an expensive 

and energy-intensive project just to manufacture and transport. With an LCA model, one can 

choose the most economical and environmentally-concious way to source the product.  

5.2.2 Materials Analysis 

For each foundation type and turbine chosen on a project, there is a multiplicity of 

ways for it to be designed; this includes its material components. For turbines, the main 

materials used are steel, copper, and cast iron (Topham, McMillan, Bradley, & Hart, 2019). 

Depending on the total weight of each material, the decommissioning process could yield a 

higher recycling value added, making it more financially lucrative.  

Additionally, it could be worthwhile to see what material combination has the best 

estimate for lifetimes in both turbines and foundations. Since fatigue failure is a common 

problem in the deployment of large scale offshore wind, material testing in a research setting 

could provide cost savings in real life scenarios.  

Lastly, this thesis analyzed foundations and the depth in which they are placed for 

changes in cost; in an alternate or addition to this model, a cost breakdown by raw materials 

could more accurately predict which foundation provides the best LCOE with material price 

in mind. For this model, changing market prices would need to be used for accurate cost 

projections for future projects. An interesting comparison could be taking two or more farms 

in different regions and comparing which materials work best for the marine environment, 

local raw material availability, and overall cost.  

5.2.3 Energy Storage 

As discussed in Section 2.1,  one of the ways offshore wind could grow as a baseload 

energy source is through storing energy for later use. Future research on this topic would 
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greatly grow not just the wind market, but renewables across the board. By effectively storing 

the energy harnessed from the wind, not only would local electric grids become more efficient 

and cleaner, but the opportunities in energy trading would greatly increase.  

There are several options for renewable energy storage currently in research and 

development, such as hydrogen, ammonia, compressed air, and battery storage. In a report by 

The Pembina Institute, storage also increases the efficiency of renewable sources because 

more of the capacity is able to be harnessed, just at a later time period (Peters & Burda, 2007). 

With a greater capacity factor, LCOE can be decreased.  

The main difficulty in energy storage is its relative infancy; while the renewable 

market is growing and becoming more cost-effective, energy storage prices are still extremely 

high. In a report done by the Trancik Lab at MIT, it was found that the cost of storage would 

need to drop about 90% from the current figures in order to successfully transition to 100% 

renewable energy without losing grid stability (Roberts, 2019). Yet, this report also uses 

conservative figures for the costs of the actual renewable energy, despite it becoming cheaper; 

if the energy technology itself continues to become more economical, storage options may be 

easier to explore.  

For a potential continuation of this thesis, LCOE and LCOSE (Levelized Cost of Stored 

Energy) could be compared for each wind farm scenario to see which farm could be used for 

more energy storage over conventional electricity generation and vice versa.  
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Appendix  

Table 6.1: Scottish wind farm projects from development zone for fully 

commissioned and operational (4C Offshore, 2020) 

No. Name 
Stage of 

Development 
Owner/Developer Capacity 

Number 

of 

Turbines 

Foundation 

Type 

Area of 

Scotland 

1 

Aberdeen 

Offshore 

Wind Farm 

(EOWDC) 

Fully 

Commissioned 

Aberdeen 

Offshore Wind 

LTd, Royal 

Boksalis 

Westminister 

N.V., Vattenfall 

Wind Power Ltd 

93.2 MW 11 Jacket East 

2 Beatrice 
Fully 

Commissioned 

Beatrice Offshore 

Windfarm 

Limited, 

Transmission 

Capital Partners, 

SSE Renewables, 

Copenhagen 

Infrastructure 

Partners, Red 

Rock Power 

Limited 

588 MW 84 Jacket Northeast 

3 Dounreay Trì 
Consent 

Authorized 

Dounreay Trì 

Limited, 

CoensHexicon 

10 MW 2 Floating North 

4 

Floating 

Power Plant - 

Katanes 

Floating 

Energy Park - 

Array 

Concept/Early 

Planning 

Katanes Floating 

Energy Ltd, 

Floating Power 

Plant A/S, DP 

Energy Ireland 

Ltd 

32 MW 4 Floating North 

5 

Floating 

Power Plant - 

Katanes 

Floating 

Energy Park - 

Commercial 

Concept/Early 

Planning 

Katanes Floating 

Energy Ltd, 

Floating Power 

Plant A/S, DP 

Energy Ireland 

Ltd 

184 MW 23 Floating North 

6 

Floating 

Power Plant - 

Katanes 

Floating 

Concept/Early 

Planning 

Katanes Floating 

Energy Ltd, 

Floating Power 

Plant A/S, DP 

7-8 MW 1 Floating North 



 

   

No. Name 
Stage of 

Development 
Owner/Developer Capacity 

Number 

of 

Turbines 

Foundation 

Type 

Area of 

Scotland 

Energy Park - 

Pilot 

Energy Ireland 

Ltd 

7 

ForthWind 

Offshore 

Wind 

Demonstration 

Project Phase 

1 

Consent 

Authorized 

Forthwind 

Limited, Cierco 

Ltd. 

12 MW 2 Jacket East 

8 

ForthWind 

Offshore 

Wind 

Demonstration 

Project Phase 

2 

Concept/Early 

Planning 

Forthwind 

Limited, Cierco 

Ltd. 

53 MW 7 Various East 

9 

Hywind 

Scotland Pilot 

Park 

Fully 

Commissioned 

Equinor ASA, 

Masdar, and 

Hywind 

(Scotland) 

Limited 

30 MW 5 Floating East 

10 Inch Cape 
Consent 

Authorized 

Inch Cape 

Offshore Wind 

Farm Limited, 

Red Rock Power 

Limited 

1000 

MW 
40-72 Jacket East 

11 

Kincardine 

Offshore 

Windfarm 

Project 

Partial 

Generation/Under 

Construction 

Kincardine 

Offshore 

Windfarm Ltd, 

Pilot Offshore 

Renewables 

Limited, ACS 

Servicios 

Comunicaciones y 

Energia S.L 

50 MW 6 Floating East 

12 

Levenmouth 

Demonstration 

Turbine 

Offshore 

Wind Farm 

Fully 

Commissioned 

Samsung Heavy 

Industries, 

Offshore 

Renewable 

Energy Catapult 

7 MW 1 Jacket East 

13 Moray East 
Under 

Construction 

Moray Offshore 

Windfarm (East) 

Ltd, China Three 

Gorges 

Corporation, 

ENGIE, Diamond 

Generating 

950 MW 100 Jacket Northeast 
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No. Name 
Stage of 

Development 
Owner/Developer Capacity 

Number 

of 

Turbines 

Foundation 

Type 

Area of 

Scotland 

Europe Limited, 

Kansai Electric 

Power Co., Inc, 

Mitsubishi UFJ 

Lease and 

Finance, EDP 

Renováveis 

14 Moray West 
Consent 

Authorized 

Moray Offshore 

Renewables Ltd 

(MORL), China 

Three Gorges 

Corporation, 

ENGIE, EDP 

Renováveis 

800-950 

MW 
72-85 Grounded Northeast 

15 

Neart na 

Gaoithe 

(NnG) 

Pre-Construction 

EDF Energy 

Renewables, ESB, 

Neart na Gaoithe 

Offshore Wind 

Limited 

448 MW 54 Jacket East 

16 Robin Rigg 
Fully 

Commissioned 

E.ON Climate & 

Renewables UK 

Robin Rigg West 

Ltd 

174 MW 58 Monopile West 

17 

Scottish Draft 

Plan Option - 

E1 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

3000 

MW 
N/A Floating East 

18 

Scottish Draft 

Plan Option - 

E2 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

2000 

MW 
N/A Floating East 

19 

Scottish Draft 

Plan Option - 

E3 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Floating East 

20 

Scottish Draft 

Plan Option - 

N1 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

2000 

MW 
N/A Floating North 

21 

Scottish Draft 

Plan Option - 

N2 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

2000 

MW 
N/A Floating North 



 

   

No. Name 
Stage of 

Development 
Owner/Developer Capacity 

Number 

of 

Turbines 

Foundation 

Type 

Area of 

Scotland 

22 

Scottish Draft 

Plan Option - 

N3 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

2000 

MW 
N/A Floating North 

23 

Scottish Draft 

Plan Option - 

N4 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Floating Northwest 

24 

Scottish Draft 

Plan Option - 

NE1 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

2000 

MW 
N/A Floating Northeast 

25 

Scottish Draft 

Plan Option - 

NE2 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Floating Northeast 

26 

Scottish Draft 

Plan Option - 

NE3 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Floating Northeast 

27 

Scottish Draft 

Plan Option - 

NE4 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Floating Northeast 

28 

Scottish Draft 

Plan Option - 

NE5 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Grounded Northeast 

29 

Scottish Draft 

Plan Option - 

NE6 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

2000 

MW 
N/A Floating Northeast 

30 

Scottish Draft 

Plan Option - 

NE7 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

3000 

MW 
N/A Floating Northeast 

31 

Scottish Draft 

Plan Option - 

NE8 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Floating Northeast 

32 

Scottish Draft 

Plan Option - 

SW1 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

1000 

MW 
N/A Grounded West 
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No. Name 
Stage of 

Development 
Owner/Developer Capacity 

Number 

of 

Turbines 

Foundation 

Type 

Area of 

Scotland 

33 

Scottish Draft 

Plan Option - 

W1 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

2000 

MW 
N/A Grounded West 

34 
Seagreen - 

Phase One 

Consent 

Authorized 

SeaGreen Alpha 

Wind Energy 

Limited 

(SAWEL), 

SeaGreen Bravo 

Wind Energy 

Limited 

(SBWEL), SSE 

Renewables 

1075 

MW 
114 Jacket East 

35 
Seagreen - 

Phase Three 

Concept/Early 

Planning 

SeaGreen Wind 

Energy Limited, 

SSE Renewables 

900-1850 

MW 
N/A Grounded East 

36 
Seagreen - 

Phase Two 

Concept/Early 

Planning 

SeaGreen Wind 

Energy Limited, 

SSE Renewables 

1400 -

2300 

MW 

N/A Grounded East 

37 

Site 1 

Southern 

Moray Firth 

Development 

Zone 

Scottish 

Government - 

Offshore Wind 

Consultation 

100 MW 20-30 Floating Northeast 

38 
Site 3 East 

Aberdeen 

Development 

Zone 
N/A 100 MW 20-30 Floating East 

39 
Site 4 Inner 

Hebrides 

Development 

Zone 
N/A 100 MW 20-30 Floating West 

40 
Site 5 South 

East Aberdeen 

Development 

Zone 
N/A 100 MW 20-30 Floating East 

41 
Site 6 East 

Shetland Site 

Development 

Zone 
N/A 100 MW 20-30 Floating Northeast 



 

   

Table 6.2: Currently operational wind farms in the UK (Scotland sites highlighted in yellow) (OSPAR, 2018) 

Name 
Distance to 

Coast (km) 
Operator No. of Devices Capacity (MW) 

Foundation/anchor 

type 

Water 

depth 

Height 

(m) 

Barrow Wind Farm 7.161 

Barrow Offshore Wind 

Limited 30 90 monopile 10-25m 165 

Beatrice 13.361 

Beatrice Offshore Wind Farm 

Limited 84 588 jacket 25-50m 198.4 

Blyth Demo (Phase 1) 

Wind Farm 4.739 

Blyth Offshore Demonstrator 

Limited 5 41.5 gravity-based 25-50m 191.5 

Blyth Wind Farm 0.484 E.ON C&R UK Blyth Limited 2 3.8 monopile 0-10m 106 

Burbo Bank Extension 

Wind Farm 6.810 

Dong Energy Burbo Extension 

(UK) Limited 32 259 monopile 10-25m 187 

Burbo Bank Wind 

Farm 6.020 

DONG Energy Burbo (UK) 

Limited 25 90 monopile 0-10m 190.5 

Dudgeon Wind Farm 31.981 

Dudgeon Offshore Wind 

Limited 67 402 monopile 10-25m 187 

Galloper Wind Farm 28.223 Galloper Wind Farm Limited 56 353 monopile 25-50m 180.5 

Greater Gabbard 

Wind Farm 24.778 

Greater Gabbard Offshore 

Winds Limited 140 504 monopile 25-50m 187 

Gunfleet Sands Demo 

Wind Farm 8.438 

Dong Energy Gunfleet Sands 

Demo (UK) Limited 2 12 monopile 10-25m 144 

Gunfleet Sands I 

Wind Farm 6.343 Gunfleet Sands Limited 30 108 monopile 0-10m 183 

Gunfleet Sands II 

Wind Farm 8.333 Gunfleet Sands II Limited 18 65 monopile 0-10m 183 

Gwynt y Mor Wind 

Farm 12.346 

Gwynt y Mor Offshore 

Windfarm Limited 160 576 monopile 10-25m 191 
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Name 
Distance to 

Coast (km) 
Operator No. of Devices Capacity (MW) 

Foundation/anchor 

type 

Water 

depth 

Height 

(m) 

Hornsea Project 1 

(Heron East) Wind 

Farm 111.245 Heron Wind Limited 58 406 monopile 25-50m 200 

Hornsea Project 1 

(Heron West) Wind 

Farm 102.198 Heron Wind Limited 58 406 jacket 25-50m 200 

Hornsea Project 1 

(Njord) Wind Farm 105.546 Njord Limited 58 406 monopile 25-50m 200 

Humber Gateway 

Wind Farm 7.937 

E.ON C&R UK Humber Wind 

Limited 73 219 monopile 10-25m 192 

Inner Dowsing Wind 

Farm 5.063 

Inner Dowsing Wind Farm 

Limited 27 97 monopile 0-10m 189 

Kentish Flats 

Extension Wind Farm 7.496 

Vattenfall Wind Power 

Limited 15 49.5 monopile 0-10m 196 

Kentish Flats Wind 

Farm 8.325 Kentish Flats Limited 30 90 monopile 0-10m 160 

Lincs Wind Farm 6.331 Lincs Wind Farm Limited 75 270 monopile 10-25m 220 

London Array Wind 

Farm 20.425 London Array Limited 175 630 monopile 10-25m 207 

Lynn Wind Farm 5.238 Lynn Wind Farm Limited 27 97 monopile 0-10m 189 

Methil Demo Wind 

Farm 0.000 ORE Catapult Limited 1 7 jacket 0-10m 196 

North Hoyle Wind 

Farm 7.179 NWP Offshore Limited 30 60 monopile 0-10m 147 

Ormonde Wind Farm 9.055 Ormonde Energy Limited 30 150 other 10-25m 215 

Race Bank Wind 

Farm 26.688 

Race Bank Wind Farm 

Limited 91 573 monopile 10-25m 0 



 

   

Name 
Distance to 

Coast (km) 
Operator No. of Devices Capacity (MW) 

Foundation/anchor 

type 

Water 

depth 

Height 

(m) 

Rampion Wind Farm 13.342 

Rampion Offshore Wind 

Limited 116 400 monopile 25-50m 140 

Rhyl Flats Wind Farm 7.729 Rhyl Flats Wind Farm Limited 25 90 monopile 0-10m 187 

Robin Rigg East Wind 

Farm 8.583 

EON C&R UK Robin Rigg 

East Limited 30 90 monopile 0-10m 168 

Robin Rigg West 

Wind Farm 8.581 

EON C&R UK Robin Rigg 

West Limited 30 90 monopile 0-10m 168 

Scroby Sands Wind 

Farm 3.822 

E.ON Climate & Renewables 

UK Limited 30 60 monopile 0-10m 148 

Sheringham Shoal 

Wind Farm 16.740 

SCIRA Offshore Energy 

Limited 88 317 monopile 10-25m 187 

Teesside Wind Farm 0.947 Teesside Windfarm Limited 27 62 monopile 10-25m 173 

Thanet Wind Farm 10.806 Thanet Offshore Wind Limited 100 300 monopile 10-25m 160 

Walney 1 Wind Farm 14.103 

Walney (UK) Offshore 

Windfarms Limited 51 184 monopile 10-25m 191 

Walney 2 Wind Farm 17.692 

Walney (UK) Offshore 

Windfarms Limited 51 184 monopile 25-50m 210 

Walney Extension 

(WOW03) Wind Farm 26.682 

Dong Energy Walney 

Extension (UK) Limited 40 330 monopile 25-50m 0 

West of Duddon Sands 

Wind Farm 13.902 JV West of Duddon Sands 108 389 monopile 10-25m 210 

Westermost Rough 

Wind Farm 7.985 Westermost Rough Limited 35 210 monopile 10-25m 256 
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Figure 6.1: Siemens Gamesa SWT-6.0-154 turbine data sheet 



 

   

 

Figure 6.2: Siemens Gamesa SG-8.0-167 DD turbine data sheet 
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Figure 6.3: Siemens Gamesa SG-10.0-193 DD turbine data sheet 

  



 

   

 
Figure 6.4: CAPEX breakdown for a 1 GW farm using 6 MW turbines with a 30 m 

depth monopile 

 

 

Figure 6.5: CAPEX breakdown for a 1 GW farm using 8 MW turbines with a 30 m 

depth monopile 
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Figure 6.6: CAPEX breakdown for a 1 GW farm using  10 MW turbines with a 30 m 

depth monopile 

 

Figure 6.7: CAPEX breakdown for a 1 GW farm using 6 MW turbines with a 

40 m depth monopile 
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Figure 6.8: CAPEX breakdown for a 1 GW farm using 8 MW turbines with a 

40 m depth monopile 

 

Figure 6.9: CAPEX breakdown for a 1 GW farm using 10 MW turbines with a 40 m 

depth monopile 
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Figure 6.10: CAPEX breakdown for a 1 GW farm using 6 MW turbines with a 40 m 

depth jacket 

 

Figure 6.11: CAPEX breakdown for a 1 GW farm using 8 MW turbines with 

a 40 m depth jacket 
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Figure 6.12: CAPEX breakdown for a 1 GW farm using 10 MW turbines 

with a 40 m depth jacket 

 

Figure 6.13: CAPEX breakdown for a 1 GW farm using 6 MW turbines with a 

100+m depth floating 
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Figure 6.14: CAPEX breakdown for a 1 GW farm using 8 MW turbines with 

a 100+m depth floating 

 

Figure 6.15: CAPEX breakdown for a 1 GW farm using 10 MW turbines with a 

100+m depth floating 
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