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Abstract

Renewable energy is increasingly in demand, making it essential not only to develop new technologies for
energy production but also to adapt existing ones to operate in different environments. This research focuses
on an already existing technology, apdli@a a new context. Specifically, it examines offshore wind erergy

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

Offshore wind energy has gained significant momentum in recent years for several reasons. Land use
limitations, landscape disruption, noise pollution, and the electromagnetic fields produced by onshore
installations have all contributed to shifting windyer development from the mainland to marine or ocean
environments.

This technology can be based on different types of foundations. The firstfigdlddoottom system, in which
various kinds of piles are anchored to the seabed. However, this solution is only feasible when the water
depth is shallow enough to allow such installatidhis technology has been studied for several years due to
the relative simplicity of its design and implementatidn.recent years, however, another approach has
emergedt the floating system. This consists of large floating platforms thaipsut wind turbines in areas
where the seabed is too deep to anchor conventional piles, as their excessive length would make installation
impractical. The development of this technology is more complex than the-fimttédm alternative because

of the engireering challenges involved in building stafdating structures.

Focusing on Europe, and particularly on the morphology of European seabeds, it can be observed that in
northern countriest especially around the North Sea the seabed is relatively shallow. In contrast, the
seabed in southern European regions, such asMiediterranean Sea, becomes significantly deeper only a
few kilometers from the coast. Consequently, offshore wind energy in northern Europe is predominantly
based onfixed-bottom technology, which has been studied and implemented for many years, white in
south, research and development are increasingly focuseitbating technologyt a newly emerging field.

These new technologies require different approaches to design, construction, maintenance, and
decommissioning compared to onshore wind power. Consequently, they are associated with distinct
economic outcomes that affect the overall feasibility of suchexts.

In this thesis, two models are developed to evaluate the Levelized Cost of Energy (LCOE) and other related
economic indicators, such as the Internal Rate of Return (IRR), the Net Present Value (NPV), and the profit of
offshore wind turbinest both fixedbottom and floating. Once the model is established, it is applied to
various European case studies, covering both Northern and Southern Europe, and including both
technologies.Each case is first analyzed individually to understand how different countresuarently
exploiting offshore wind technologfubsequently, comparisons are made between countries, geographical
regions, and technology types.

The main objective of this work is to assess, first of all, the economic feasibility of this emerging technology
and to determine whether offshore wind energyalthough still relatively new can become a cornerstone

in the future of the energy transitiarFurthermore, the study aims to explore in greater detail the economic
differences between the various technologies and geographical areas considered, providing insights into how
to improve cost efficiency and where each technology can be most effectigebloped.
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1. Introduction

The growing global demand for renewable energy highlights the importance of both developing new
generation technologies and adapting existing ones to operate under different environmental conditions.
This research investigates an established technology llas been recontextualized for a new setting:
offshore wind energy the production of electricity from wind resources located at sea rather than on land.
Offshore wind energy relies mainly on two technological solutifinedtbottom and floating systems The
former uses piles anchored to the seabed and is suitable for shallow waters, while the latter employs floating
platforms that allow turbine installation in deegea areas, though with greater technical complexity.

In Europe, geographical conditions strongly influence the choice of technology: northern regions, such as the
North Sea, favour fixedottom installations due to shallow seabed, whereas southern areas, including the
Mediterranean, are more suitable for fiting systemsThese offshore techrogies demand distinct design,
construction, maintenance, and decommissioning strategies compared to onshore wind power, leading to
different economic implications.

This thesis develops two models to assess the economic performance of offshore wind projects through key
indicators such as the Levelized Cost of Energy (LCOE), Internal Rate of Return (IRR), Net Present Value (NPV
and profit. The models are applied tase studies across Northern and Southern Europe to analyse and
compare the economic feasibility of fixdattom and floating systemslhe ultimate goal is to evaluate

whether offshore wind energy particularly the emerging floating technology can achiee economic

viability and play a decisive role in the ongoing energy transition, while identifying opportunities to enhance
cost efficiency and optimize technology deployment across different regions.

The first chapteof the thesisaims to define the offshore wind energy market and its current trends, starting
with an analysis of the role of offshore wind power in the ongoing energy transition. The objective is to
provide a general technical overview of this emerging technologyligiging its key characteristics and
development potential. Subsequently, a global overview of the current offshore wind market will be
presented, followed by a discussion of its environmental impact and sustainabilitytaspec

The chapter will then address the policy and regulatory framework governing offshore wind energy. It will
begin with a global overview, examining the main policy mechanisms currently in place, and then move
toward a more specific focus on the European &&iG o6& Iyl f&&aAy3 GKS 9dzNRLJ
offshore wind development. A particular emphasis will be placed on the Italian legal framework and national
strategies, as well as on environmental policies related to sustainability.

After, a comparative analysis betweefixed-bottom and floating technologies will be conducted. The
discussion will first present the different types of fixedttom foundations, which have been widely
deployed for many years, and then focus on the more recent floating wind systems. The chapter will conclude
with a canparison and evaluation of the potential synergies between these two technological approaches,
identifying their main differences, strengths, and weaknesses.

The following sections will analyse additional parameters that contribute to a comprehensive understanding
of offshore wind energy. The discussion will begin with the study of grid connection and power transmission
systems, which play a crucial role in thygeration of offshore wind farms. Particular attention will then be
given to submarine cables a key component in this technology followed by an examination of the
various protection systems implemented to reduce maintenance costs and ensure thélitgliabthe
installations.
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The chapter will conclude with the definition of the key cost drivers in offshore wind projects, aiming to
identify the main factors influencing the overall costs of this technology. The analysis will first address general
cost drivers and subsequently foeon those specific tiixed-bottom andfloating systems. Finally, attention

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

The second chapter will focus on the development of the offshore wind Levelized Cost of Energy (LCOE)
calculation model. It will begin with a general analysis of the key concepts and calculation methods applicable
to both offshore wind technologies. Thesdussion will then concentrate on the specific modelling
approaches used fdixed-bottom andfloating systems.

The first major component of the LCOE assessment, the Capital Expenditure (CAPEX), will be examined in
detail. A comprehensive model will be developed to evaluate CAPEX for botkbfittech and floating
technologies.

The second key component, the Operational and Maintenance Expenditure (OPEX), will subsequently be
analysed. The main cost concepts will be introduced, followed by a detailed investigation of OPEX-for fixed
bottom and floating wind turbines.

The chapter will then address other essential parameters influencing LCOE, including decommissioning costs
and Annual Energy Production (AEP), providing a detailed discussion of their definitions and modelling
approaches.

Finally, the chapter will define the financial parameters required for the economic evaluation. This section
will cover the discount rate, additional financial parameters, subsidy schemes, and electricity market prices,
leading to the formulation of the nuiels used to calculate profit, Internal Rate of Return (IRR), and Net
Present Value (NPV).

The third chapter will focus on the case studies selected for this research. It will begin by presenting and
describing reaivorld offshore wind farms located across Europe, including both Northern and Southern
regions, and covering projects based fixed-bottom and floating technologies. For each case study, a
comprehensive data collection will be carried out, identifying the main parameters such as CAPEX, OPEX,
wind resource, and financing structure. Each wind farm will then be analysed individualbtaio the
corresponding LCOE model results, which will be presented and discussed.

Subsequently, a comparative analysis will be conducted among the different case studies. The comparison
will focus on LCOE, profit, Net Present Value (NPV), and Internal Rate of Return (IRR), categorized by
geographical area (Northern Europe, Southern gar@and combined) and by technology type (fix®xttom,

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

Finally, the results obtained will be summarized and interpreted, highlighting the key findings derived from
the case study analysis.

A final chapter will then present the conclusions of the research, summarizing the main outcomes and
providing insights for future developments in the offshore wind energy sector.

g
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2. Offshore Wind Energy Market and Trends
2.1 The Role of Offshore Wind Energy in the Energy Transition

2.1.1 7 Introduction to Offshore Wind Energy

Offshore renewable energy is a key component in the transition to a sustainable and -cetbival energy
world Figure 2.16 9 dzN2 LISy | Yy A 2 y @@ongl tReNd&riods yofshone sramewable energy
technologies, as foexample Wavesnergy, Tidal energy, Floating Wind energy, Bottom Fixed Wind energy,
Floating SolagKhurshid et al., 2024dffshore wind is the most advanced and widely deployed.
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The wind energy utilises large turbines situated in marine environments to capture the kinetic energy from
the wind. These turbines are either fixed to the seabed in shallow waters or mounted on floating platforms
in deeper waterFigure 2.JIRENA, 2021).
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The turbines and towers used in fixbdttom offshore wind projects are widely adopted for floating
applications, with minor modifications. Innovations being explored to optimise the performance of floating
systems include cdesigning control systems witthe tower and platform, as well as making turbines
typhoonresistant(Efthimiou L. & Mehta A., 2022)

To maintain and control the position of the foundation, a mooring system is required. A key objective of this
system is to ensure that the structure remains in a fixed position relative to another fixed point within the
site where the foundation is located he key components of the mooring system are the mooring lines (or
tendons) and the anchor, as these elements are responsible for transferring generated forces from the
foundation to the seabed. Keeping the foundation stable at great water depths isalgras unwanted
motions can damage power cabl¢Egfthimiou L. & Mehta A., 2023)

To transport the electrical energy from offshore to the onshore site, it is necessary to have a robust offshore
power transmission system that can handle these significant power fléigsre 2.3BVG Associates, 2023)

Transmission

Wind turbines

Offshore Onshore

. Businesses
substation substation

& homes

% ™ Onshore export cable
— - Al Cable landing location

.
Inter-array Offshore export cable
cables

CA 3 dzNBI 8HKdPONB gAY R (Nl yaviaaizy O02YLRyYySyia

It is supported by the cable network sequence for offshar@nshore power transmission, that could be
subdivide as follows: Brray cablesare used to transfer the power generated from the wind turbine to an
offshore substation; and 2export cablesre used to then transfer the power from the offshore sithtion

to an onshore suistation. A key element must be that the cables are dynamic, so they are designed to follow
and withstand the motion of the floating stdiructure caused by wind, waves aadrent Figure 2.4(BVG
Associates, 2023)
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The configurations for offshor®-onshore power transmission follow two broad categories: radial and
network. In a radial configuration, the power has a single path from the generation to the onshore load,
which has two different topologiegSigure 2.5DOE, 2023)

A Ty
e

RADIAL RADIAL

GENERATION LEAD LINE TOPOLOGY SHARED LINE (PLATFORM) TOPOLOGY
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Instead, a network configuration is based on the radial configuration, but it includes offshore interlinks
between offshore nodes or combining one or more offshore nodes with two or more onshore nodes. This
design allows for the introduction of mudirecional power flows, which can enable different power
rerouting options and also reduce transmission conges{ibQE, 2023)

So, the energy capture process begins as the wind turns the turbine blades, which spin a shaft connected to
a generator. The generator then converts this mechanical energy into electrical energy, which is transmitted
to the shore via underwater cables. $t@nergy can then be used on land.

Offshore wind turbines installed on floaters have access to the strongest and most stable winds. Installed in
more remote maritime areas, they operate whenever the wind blows. They can have average capacity factors
of over 50%(IRENA, 2021)
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2.1.2 7 Global overview of offshore renewable energy

Globally, the offshore renewable energy market is growing rapidly, with substantial investment in offshore
wind capacity. In the offshore market, 10.8 GW of new offshore wind was commissioned in 2023, bringing a
total global offshore wind capacity to 75@W. Offshore wind additions were 24% higher than in 2022,
making 2023 the secordighest year for new offshore wind capacity. Projections indicate that offshore wind
can achieve on¢hird of the necessary power sector emissions reductions to reach nebye2650. To meet

this target, the world will need 380 GW of offshore wind capacity by 2030 and 2000 GW b{iRBBA,
2024b) The world estimates there is over 71000 GW of technical potential globally, with significant growth
expected outside the traditional markets of Europe and Cl@labal wind energy council, 2022)

Offshore wind is a key asset in achieving these goals while promoting economic stability. Over the past two
decades, it has evolved into a mature, competitive, and scalable energy source. Offshore wind offers large
scale, reliable power and addresses catiissues of energy diversification and security by providing a high
capacity factor and substantial power output. It does so without competing for limited land space and can
effectively replace conventional baseload power. The diadgragure 2.6Global wind energy council, 2023)
shows the historic growth of wind energy installations from 2001 to 2023, highlighting a continuous upward
trend with varying growth rates over different periods. Initially, wind energy installations were primarily
onshore, with offshore installation maldnup a very small portion. Over time, the share of offshore
installations has grown significantly, particularly after 2010, due to increased investments and technological
advancements. This shift indicates a growing emphasis on offshore wind energyhatimiyio the overall
substantial increase in wind energy capacity over the past two decé@kxhal wind energy council, 2023)

Historic development of total installations (GW)

# Onshore
* Offshore

24 3 CW

1 2002 2003 2004 2005 2006 ’2007 I‘UDB ?009 2010 20107 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Share of offshore ~1% 3-5% 7%
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Furthermore, offshore wind, along with other offshore renewables, plays a pivotal role in driving a
sustainable Blue Economy. Offshore wind contributes positively to sustainable development ensuring the
equitable use of resources through transparent andatggic planning processes. These include
comprehensive marine spatial planning and systematic ecological and socioeconomic assessments, guided
by social acceptance, celsénefit analyses, and muitiriteria decision analyses, aiming for optimal
outcomes.Through advanced technology and enegdficient practices, offshore wind promotes sustainable
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economic growth. This approach not only sets higher management standards but also enhances
environmental quality, balancing economic development with environmental preservation. The benefits
extended beyond coastal areas, as supply chains and servicelgn®¥iom various countries support this
endeavour.

Ly lylrfeara 2F GKS 9! AYyRAOIFI({Sa GKIFIG GKS 2FFaK2NE
G tdzS F2NJ SYSNEHe yS¢g 3IAAlLgldd AyaialttSR® ¢KAA YSI
the EU economy. By 2030, the economictdbution is projected to be 2.5 times greater that in 2022, with
6AYR SySNHé& SELISOGSR G2 YIF1S dzZld noym: 2F GKS 9! Q&
(IRENA, 2024a)

Beyond large turbine components, offshore wind presents opportunities for domestic manufacturing,
including the production of steel for foundations, substations, and vessels, as well as cables for electricity
transport. Additionally, vessels are needed fimnsport components and workers to and from the project
sites.(Global wind energy council, 2022)

These trends underscore the potential for significant advancements trough learning via Research and
Development (R&D), leading to technological enhancements. Initially, offshore wind farms were situated
closer to shore and shallows depthigure 2. {IRENA2023d, 2023 owever, thanks to stronger and more
consistent wind resources, research, development, and demonstration (RD&D) initiatives have prompted a
shift of wind farms to greater from the coast to the deeper watéiRENA, 2024a)
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2.1.3 1 Sustainability of offshore wind power

The success of floating offshore wind is heavily reliant on the effective manufacturing production of every
component of this technology. The development of robust local supply chains and promoting skills
development among the workforce can result in ppgtsocieeconomic gainflRENA, 2019alHowever, an
important facet of floating offshore wind project development is ensuring that the technological production
and operational impact is sustainable. This section touches on some of the sustainability factors that need to
be considered when puaing floating offshore wind solutionshat for most aspects can also be valid for
fixed bottom with the only difference of a greater impact on the seabed in the latter

Manufacturing considerations and sustainable innovation

While the potential for floating offshore wind is tremendous, it is equally important that increased efforts be
made to reduce, reise, and recycle the raw materials and residues that arise from these projects. Turbine
blades are the component with the thigst sustainability factor, as they are made from composite materials
that allow them to have high performande-weight ratios. According t¢gIRENA, 2019a)lo promote
sustainability in this phase, it is important to explore a wide range of recycling options. Composite materials
can be recycled through either mechanical process (such as cutting the turbine blades into small pieces) or
thermal processes (conuistion or pyrolysisfIRENA, 2019afn overview of the material requirements for a

500 MW offshore wind plant is presenté&dgure 2.§IRENA, 2019a)
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Another important consideration is the fact that rare earths materials (such as neodymium and dysprosium)
are integral materials that are used in the permanent magnets found in generators that employ a direct drive
configuration(IRENA2023d, 2023pne megawatt of direedirive wind turbine capacity requires around 500

kg of permanent magnetéGielen & Lyons, 2022)About the wind industry, innovation and research are
being undertaken to potentially develop rare eafftlee permanent magnets or to replace neodymium with
other rare earth elements, including praseodymium, dysprosium and terfiigien & Lyons, 2022)

Floating foundation environmental considerations

Because floating offshore wind farms are sited in deep waters, it is important to ensure that environmental
AYLI O0da 2y GKS YINAYS $0242aGS8SY INB y20 TEHRENAYSY
(Farr & et al, 2021provides a summary of some of the general and broad environmental impacts that can
occur due to then presence of offshore wind projects at greater water deffdasr & et al, 2021)

ClLoft®SEWI f SYGANRBYYSYyGlf AYLI OG O2yaAiARSNIoazya TNP
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Environmental consideration

Changes in seabed substrate

Invasive species

Wake effects

Sedimentg suspended/deposition

Release of contaminants

Description

The introduction of offshore foundations into the seab
results in the creation of a hasdottom habitat, which in the
absence of the foundation is mostly composed of dmfttom
substrates. The creation of this new habitat can result
displacement of adiments, which can impact sessile spec
that do not have the capacity to find alternative sofbttom
habitats.

For floating foundations, the main contact point with tt
seabed is via the mooring system, particularly the anchor.

Invasive species can be defined as organisms that are not n
to a specific area. The impacts of this risk differ dependinc
whether the components are constructed onshore in port a
then towed to site, or if they occur during operation ar
maintenarce activities.

For floating foundations that are constructed in port, such
semisubs, invasive species can colonise components ani
transported to offshore wind farm sites. During the operatit
and maintenance phase, the vessels that cater to th
requirements canbe conduits for the transport of invasiv
species via their hulls or ballasts.

The presence of floating stdiructures and components in th
belowthe-ocean level can create impediments to water flov
which can result in turbulences as the water accelerates aro
0KSaS & SE( &Wdnn as the vaReSeldtts ¢

During the installation of offshore wind foundations, tf
preparation of the seabed as well as activities from supg
vessels can cause sediments from the seabed to bec
suspended. This can impact the nature of organic matter t
relies on sediment sizand benthic activities.

Floating mooring systems that have deadweight anchors
suction caissons do not impact the seabed significantly and
not result in increased sediment suspension.

Sediments at the seabed can contain harm
chemicals/substances such as arsenic, heavy metals
pesticides originating from human activity. The disturbance
the seabed can result in the discharge of these contamina
Floating foundations that use dmdded anchors, suctior
caissons and deadweight anchors can cause lower
suspension of these substances than their fioedtom
counterparts.

Floating offshore wind projects require a significant amount
cabling to ensure that the power generated can be transmiti
2yakK2NBo® . & Ada GSNE yI (dz
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Electromagnetic field impacts generate electromagnetic fields (EMFs), which potentially h
environmental impacts.

The overall impact of EMFs on marine species appears t
negligible, but more research on their interaction with subs
grid infrastructure is required.

Biodiversity implications

Biodiversity refers to the biological diversity of life on earth in all its forms, from the very smallest organisms
to the largest ones. The global ecosystem is diminishing rapidly due to the impacts of climate change;
however, if preserved it can contribrigreatly to efforts to combat this crisi@rsted, 2023)

A neutral or positive biodiversity impact arising from offshore wind foundations is the potential to serve as
artificial reefs that can foster the creation of new biodiversity habitats. For floating offshorstaudiures,

the mooring anchors and subseabtes (if exposed) can also serve as artificial reefs (atwatdr depths)

for invertebrates and reefssociated fishes. If fishing activity is restricted in these areas, these artificial reefs
Oty &aSNBS | & (BawBBt&IRI)SR I NBI a¢

The noise pollution arising from floating offshore wind farms is much less compared tdotitedh offshore

wind farms due to the absence of higlooustic sound generation processes such as piling, which can disturb
the pre-existing habitat at project s (Horwath & et al, 2020)

According to research bifFarr & et al, 2021)the greenhouse gas emissions across the entire life cycle of
floating offshore wind are around 15.35 kg of G&fiivalent per MWh, with the manufacturing phase being

the largest contributor. Even considering uncertainties, this emission factor issgiiHan ondenth of the

minimum emission estimates for natural gas, and less thantameatieth of the estimates for coal. The
absence of pile driving (which has high noise emissions and greatly displaces marine mammals) as well as the
ability to transpat onshorebuilt components for floating offshore wind projects all contribute to minimising

the biodiversity impact.

Looking at the biodiversity considerations along with the potential environmental impacts presented earlier,
the overall environmental footprint for floating offshore wind projects in deeper waters is lower compared
to fixed-bottom projects. However, mosloating offshore wind projects are still at the demonstration phase,
and these impacts can scale up linearly or fioearly as project capacities increase in the future. More
detailed research and analysis will be required to fully ascertain the enventahand biodiversity footprint

for floating offshore wind farm

2.2 Policy and Regulatory Framework for Offshore Wind Energy

2.2.1-Current policy mechanism T global overview

Thus far, a number of policy mechanisms have been implemented in various markets with the goal of
supporting demand for offshore wind and providing either revenue support guarantees or incentives to
developers.
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Indirect policies

Indirect policies supporting greenhouse gas (GHG) reduction and the implementation of national renewable
energy targets have broadly set the foundation for power generation from renewable energy sources. The
upcoming United Nations Convention on Climateife (UNFCCC 21) to be held in Paris in late 2015 may
very well help guarantee the increasing role of renewable energy sources, particularly in the power
generation sector, should further national commitments for emissions reduction targets be established.

These indirect policies have a trickdewn effect that impacts the national appetite for renewable energy
generation and, by extension, for offshore wind. In many cases private andratajgower suppliers are
now obliged to source a percentage of thewsr they sell to end users from renewable energy sources,
although they typically have the option of which energy to sou@&EN21, 2014)

Direct policies

Direct polices to promote offshore wind generally consist of revenue support mechanisms, typically in the
form of longduration contracts for renewable power generation. There are several different models for this
support structure. Most commonly, as seenEurope, longerm feedin tariffs are offered to developers

either on a fixed or variable basis over a span of ten to 20 years with varying payout niG¥eEEC, 2014)

Asian countries have also started to follow this model, with China, Taiwan, and Japan each implementing
feedin tariffs for offshore wind generation. As an alternative, in the USA, renewable portfolio standards (or
quotas) are imposed on power supplierg btate legislatures, and then mark&ti @ £ S WO INBSy O
renewable power generation are brokered by a state clearing house or public utility commission in a market
exchange format. The main Direct policies are:

Feedin tariff subsides

Feedin tariffs (FITs) are purchase agreements (typically between a government and the power generator)
GKIFIG SaaSyidartte FOG +ta I YSOKIyAaY (G2 AYLNRGS Ay
guarantee on the revenue stream. FITs tyfhiceepresent the maximum price that the government would

pay for power and have thus been criticized in more mature offshore wind markets for not promoting
competition. Nevertheless, in many countries in Europe and Asia, FITs are the preferred mecbanism f
incentivizing project developmenGWEC, 2014)

WSOSNAS &ddzoaARé | dzOiA2ya YR 4GO2yiNYy Ola FT2NJ RATTS

New competition mechanisms such as reverse auctions forfegd G NAFTFAa4S gKSNBoe& (K¢
essentially submits a competitive bid to the government for a tariff price, are aimed at ultimately reducing
the cost of energy by promoting more contjimn amongst project developers.

The new policy framework is largely a response to fatigue over high subsidy prices for offshore wind and
ratepayer burden. We can define a new Contract for Difference (CfD) scheme that acts as a long duration (15
year) contract between a lowarbon electOA & 3ISYSNI G2NJ FyR GKS 3I2FSNYY
provided to generators when the market price for power is below the intended level of total revenue, or the
WAAGNRA]TS LINRAOSQ> GKIG GKS RS@St 2 LISNJ pravRidécertiyfity ah@ NJ G K
stability of revenues to generators by reducing their exposure to volatile wholesale prices, whilst at the same
time protecting consumers from paying higher electricity pri¢BE€£CC, 2015)

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

of electricity sold to customers from renewable energy sources. This policy mechanism seeks to incentivize
investments in largescale renewable energyeneration which are underpinned by guaranteed demand for
electricity from renewable sources. Credits for renewable energy generation are typically sold on markets for
WDNBESY /SNIAFAOIGSAaQT 4 A &KbaseKentdsSmahd f& reiedoddJpdver LINR C
generation.

Despite the simplicity of renewable energy obligation mandates and the corresponding renewable energy
credits, several countries have moved away from this policy framework in recent years, particularly in regard
to offshore wind. This is primarily attribed to uncertainties in future revenues, and the fact that these policy
frameworks often benefit the more mature renewable energy sour{@soss, 2010)

Tax production credits and incentives

Tax production credits and incentives play a crucial role in promoting offshore renewable energy. These
incentives typically include tax credits for production, investment tax credits, accelerated depreciation
schedules, and sometimes direct subsidiesgoants. They're designed to lower the initial costs and
operational expenses of renewable energy projects, making them more financially attractive and competitive
compared to conventional energy sources.

2.2.2-European strategy overview for Offshore Renewable energy sources

Europe was the early adopter of offshore wind technology and quickly emerged as the world leader in
offshore development. The first offshore wind farm, Vindeby, was installed in Denmark in(B#8tbn &

Moe, 2009)Currently, Europe maintains its prominent position, with 45% or 34 GW of total global offshore
wind installed capacity in operation, making in the sectardest region in this sectdfigure 2.9 European

map wind fields 2028European commission, 2023)

On 19 November 2020, the European Commission published and EU strategy to harness the potential of
offshore renewable energy for a climateutral future. This Offshore Renewable Strategy was widely
anticipated as part of the European Green Deal and f@ege Ay GKS [/ 2YYA&aA2y Q& H~N
¢tKS hF¥FFTakK2NB wSySglofS {GNIGS3e IAYa G2 RNIYFGAO
offshore renewable energy sources from 12 gigawatts (GW) at present to over 60 GW by 2030 and 200 GW
by 2050.Whereas wind power is the only offshore renewable technology that currently operates on a
commercial basis. In terms of offshore wind power, the commercial development of floating technologies

will allow the exploitation of a much wider range of potentiffishore locations.
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between now and 2050, by increasing certainty for investors and smoothing the path for investments, easing
bottlenecks, and finding the best combinatiofipublic and private finance. Regional cooperation is essential
to reaching this goal and ensuring that renewables technologies are developed not only in the North Sea
(where most offshore wind projects are currently located) but also in the Baltidvieliterranean Sea, Black
Sea, Atlantic Ocean, and outermost regions and overseas territories. The EU will promot& ar @aean
supply chain involving multiple regions in coastal and inland areas and look to enhance maritime spatial
planning for a succeld largescale deployment of offshore renewable energy. Among the thorny issues to
be resolved is the interaction between offshore energy production and other maritime industries such as
fishing. The EU should provide a predictable legal framework tr@hgies innovative and cosdffective
projects. It is important to strengthen supply chain and support continuous innovation in the offshore
renewable sector, where Europe is the leader in terms of both market size and the development of new
technologies. &ropean leadership in offshore renewables helps to support valuable green jobs across the
EU (and many more to come as an investment is scaled up), yet the EU faces strong competition from China,
the United Kingdom and other countries that are investing\ily in this sector.

In terms of EU financing, the strategy notes the continued importance of mainstream EU programmes such
as the Connecting Europe Facility for crbesder infrastructure, the Horizon Europe programme for
research and innovation, as well as the new Invegiildramme. It also heavily emphasises the importance

of the NextGenerationEU recovery plan, in particular the Recovery and Resilience Facility, which has a total
budget of 672.5 billion Euros of which at least 37% should be spent on cliglated actions The
commission adopted also a legislative proposal to revise the Renewable Energy Diepirec2.1qTang,

2022) The includes a provision that would oblige Member States to cooperate on the amount of offshore
renewable generation to be deployed within each sea basin by 2050 and increase thetbanmabesis
cooperation on renewable energy, inter alia, through offshiouds.(Agnieszka Widuto, 2020)
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The invasion of Ukraine by Russia and its use of gas supplies as a political tool has led to an unprecedented
energy security crisis in the EU, resulting in a sharp rise in prices. The EU has taken decisive actions by
introducing REPowerEU which aims tadicate energy dependence on Russia, enhance energy security,
increase the share of renewables from 40% (1,067 GW) to 45% (1,236 GW) by 2030, ensure overall resilience
through domestically sourced affordable renewables, and reduce prices over time. Wmarddooking

A0NF 0S3IASa AYyGNRRdAzZOSA Ay Hnuo (2 SyKFEyOS SySNBe& :
Renewable Energy (ORE) generation goals across its five sea basins, aiming for approximately 111 GW by
2030, nearly twice the at least 8BW set out in the EU Offshore Renewable Energy Strategy in November
2020(European union Law, 202@nd around 317 GW by 208Buropean Commission, 202#dditionally,

there are plans to build 300 GW in the North Seas by 2025 under the Ostend Declaration. The Baltic Sea
O2dzy i NASa KI @S I GFNBSGO 27F wmdgodc (Cauhcil a Europenanad) dzy RS NJ

Moreover, nine countries of the North Seas Energy Cooperation are collectively planning auctions for around
15 GW annually, aiming to award almost 100 GW between 2023 and(E088pean commission, 2023)

2.2.3-Italian legal framework and policies, national strategy

Legal framework and policies

In Italy the Ministry of Environment and Energy Security (MASE) is the public authority responsible for the
development and regulation of the national energy policy. Among the energy policies, the offshore wind
energy development and regulation is partlé competences of the MASE. In 2019, the National Integrated
Energy and Climate Plan 2030 (PNIEC) was approved through the Council of Ministers Resolution No. 100 of
2020 by the Italian government. The PNIEC serves as the foundation of Italy's eneafjynatel policy for

the 20202030 decade, according to the pathway toward carbon neutrality by 2050. It sets targets for
reducing greenhouse gas emissions, increasing the share of renewable energy, and improving energy
efficiency, in line with Italy's comtments within the European Union. The PNIEC was then reviewed in 2024.

27



The Ministry of Infrastructure and Transport, through its Directoi@eneral for the Supervision of Port
Authorities, Port Infrastructure, and Maritime Transport, manages both the National Maritime Space and
Marine Spatial Planning. Legislative Decree20d. of 17 October 2016 implements the European Directive
2014/89/EU and establishes the legal framework faarMe spatial planningn Italy, which includes the
planning of areas designated for the development of marine renewable energy projects, igohitiihore

wind energy.

lY20KSNJ AYLRNIFY G LI Yy -H@HpikcS @rRAGK, TA2YNE (FKIS LONSRHY
development of the ocean and strengthening the role of the sea. The associated action plan includes
numerous specific measures to implement, with significaetions in the field of marine renewable energy,

with a particular focus on offshore wind power. The government simplified the procedures for the
development of innovative projects through the creation of Special Economic Zones, which include coastal
areas designated for the development of advanced technologies, including marine renewable energy.
DecreeLaw 76/2020 (Simplification Decree) facilitated the establishment of these zones, with a specific focus

on promoting innovation in marine renewable enetgghnologies(Anita Tatti & Sibilla Ferroni, 2023)

National strategies

National integrated Energy and Climate Plan 2030 (PNIEC)

The PNIEC is the strategic document adopted by Italy to guide the country's energy transition and climate
efforts in line with European Union objectives. The plan aims to reduce greenhouse gas emissions, increase
the share of renewable energy in the enermgyx, and improve energy efficiency by 2030, with a et

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

To facilitate offshore renewable energy development, the 2022-EEdfulation requires member states to
cooperate on crosborder offshore renewable energy targets, within their respective maritime corridors,
with intermediate milestones set for 2030 ar&D40. Italy, which borders both the eastern and western
Mediterranean basins, signed two ndninding agreements in January 2023 with other member states,
including Greece, Spain, France, Malta, Croatia, and Slovenia, committing to connect up to 4 GN#ltarthe

grid by 2030 in the "South and West Offshore Grids" priority corridor, and 4.5 GW in the "South and East
Offshore Grids" corridor. The sea basins and involved countries are showigure 2.11(European
commission, 2020)

The PNIEC acknowledges the importance of research and technological development for the success of
offshore wind energy in Italy, promoting investments in innovation to reduce the costs of floating
technologies and enhance the sector's competitiveness.ekpansion of offshore wind will not only help to
increase the share of energy from renewable sources, but also create new economic opportunities,
generating jobs and stimulating growth in the renewable energy industrial s€M&SE, 2024)
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Plan for the Sea 2023025

In the Plan for the Sea document, Italy is described as an ideal candidate to become Southern Europe's energy
hub, particularly in the transition towards clean energy. Offshore wind power plays a significant role in this
strategy. Offshore wind farms, alan ¢ A 0K ¢ @S Sy SNHeésX IINBE 06SO02YAy3a A
NEBySsloftS SySNHE& YAEX (K2dzaAK LilfeQa LINRAINBaa Kl a

In addition to offshore wind development, Italy is moving to establish Exclusive Economic Zones (EEZs), as
authorised by the 2021 law. An EEZ is useful for offshore wind sector as it gives to Italy the exclusive rights
to develop wind farms up to 200 naadl miles from its coast.

This strategy will enhance ltaly's sovereignty over the exploration, exploitation, and management of marine
resources, including renewable energy such as offshore wind and solar power, as well as tidal and wave
energy. Within the EEZs, Italy can exert colnbver installations and structures at sea, including artificial
AdfllyRAE FYR 2FFaK2NB LI FOGF2NX¥ae ¢KS SaidloftAakKYSyl
offshore fields, while also allowing for more sustainable use of marine resoimdene with international
norms.(Fabrizio & Matteo, 2023)

REPowerEU

The REPowerEU plan is a European Commission initiative, and its primary goal is to reduce the European
Union's dependence on fossil fuels, and to accelerate the transition towards renewable energy sources.
Within this framework, offshore wind energy plagsrucial role.

C2NJ LGlrfesr (GKS LIy ONBFGSa 2LILR2NIdzyAGASE F2N) 2F7
aSRAGSNNI ySIy>s OFy AYyONBIFaAS GKS LINBaSyOS 2F 2FFaKk
independence and its climate goalsi&of the key aspects of REPowerEU for offshore wind is the choice of
ambitious targets. The EU aims to have a total offshore wind capacity of 300 GW by 2050, with an
intermediate target of 60 GW by 2030. The development of offshore wind farms slowalhjinhan some

northern European nations, but REPowerEU is expected to change this, accelerating Italy's contribution. The
main focus of this project are the streamline and speed up permitting procedures, the infrastructure
development, and the financing the renewable energy sectofEuropean Commission, 2022)
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2.2.4-Enviromental policy for offshore wind farm

According to Energy Sector Management Assistance Pro@ESWAP, 2020pffshore wind farms are
potentially viable in many emerging countries to be installed in the next few years, followed by industrial
deployment to bring this technology to maturity and justified by the global economy decarbonization targets
andthegreat®ld LJ- NI AOA LI GA2Yy 2F NBYySslo6fS Sy SHMRHERA 2030) (G§KS
The policy implications aim to support countries (new markets) to establish environmental policy framework
for offshore wind development are different.

The first guidelines is th&stablishment of a national offshore wind energy production targen this
manner, new markets should set national goals for Offshore Wind Power (OWP) production, in which,
through them, the strategies and actions for upscaling the offshore wind sector can be ensured, such as it
occurs in the four research cases.

The second guideline is tivapping of marine offshore wind zoned he government of new markets needs

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

development, as part of a prior planning process to facilitate and speed up the environmental licensing
procedure.To this end, countries must invest in innovation solutions and new technologies to investigate the
maritime environment.

The third guideline is the adoption of @nestop-shop procedure For a faster and less bureaucratic
procedure for licensing offshore wind projects it is necessary to define an Operator body for the Offshore
Wind Connection Network, since it is the competent body responsible for the coordination and control of

the opett GA2y&a 2F GKS StSOGUNROAGE ASYSNYXGA2Y |yR Gl
Interconnected System.

The fourth guideline concerns théaritime land concession Regimes: Opdnors and TenderDevelopers

must be able to request specific areas for leasing through an-dpemns procedure. Also, after a strategic
definition of suitable areas for OWP development, considering the environmental aspects involved, the
announcement of a tendering prodare must be available for potential bidders in those new markets.

The fifth guideline concerns the development ddtandard procedure guide in environmental licensing for
offshore wind farms available in an official portal of the regulatory agency. In this way, the developer would
be guided for all procedures and necessary documents for obtaining the environmental licenses. The
procedures guide should be updated with new procedures, as epEs and maturity in the procedures for
implementing OWP in new markets increase.

The sixth guideline is theevelopment of Environmental StudieEnvironmental Impact Assessment (EIA),
Strategic Environmental Assessment (SEA), and Habitats Regulations Assessment (HRA).

According to the criteria for the size of the offshore wind farm to be installed, the scope of the environmental
study to be carried out is defined, as well as the licensing authority. Thus, for pilot projects, which have a
lower degree of impact, a simpéd study, the EIS, may be carried out. For projects with an adverse impact,
a detailed EIA must be accomplished by the developer. For the SEA studies, a competent authority may
investigate future seabed areas to be leased for OWP projects to ensurgeeadagironmental consenting
process and the protection of the marine environment. This strategy represents a general trend in all
research cases. Regarding the HRA studies, the identification of areas must be undertaken in accordance with
nature conservadbn in Economic Exclusive Zone, as determined by law for European countries. As a result, a
competent authority must make an appropriate assessment of the implications of the project for that site
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regarding adverse effects on the integrity of the habitats site. Furthermore, upon the environmental studies,
the developer must clarify in each phase of the project {pmplementation planning, project
implementation and use of pogiroject facilities) he mitigating measures for the negative environmental
impacts of the offshore wind project, in order to achieve the environmental protection goals, since the
majority of GHG emissions from wind energy arise the manufacture of turbines and constructierptertt.

The last guidelineistie dzo t A O | dz K2 NA G A Sa s .IAydReniniine FlISdsmelierRcE ME Q
the research cases, the authorities involved, interest groups and all citizens use the public consultation stage

to make comments that contribute to the final decision regarding the OWP projects. A suggestion for new
markets is the development of an official online portal for this consultation, containing all offshore wind
projects under approval.

(Vasconcelos et al., 2022)

In conclusion it is crucial to establish the environmental licensing regulations for offshore wind power
projects, as the world races to completely decarbonize its power sector in line with the requirements set out

by international policies. The practicesggested can be adopted by any country that aims to develop this
SySNHe& a2dz2NOS>T RdzS 2 AG& 3IANBIFGSNI LI NGAOALI GAZ2Y A
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2.3 Comparison of FixeeBottom and Floating Wind Technologies

2.3.1-Fixed-Bottom Wind Technologies

The general structure of an offshore wind turbine was presented in the previous chapter; therefore, this
section will specifically examine the key difference between fixetiom and floating wind turbines: the
foundation system.

Monopile foundation

A monopile foundation consists of welded steel tubes made of rolled steel plates, and the tower is supported
directly by the foundation pile legs or by connecting the two through a transition section. The structure of a
monopile foundation is shown iRigure 2.14Gao et al., 2024)The pile legs are inserted below the seabed
and the depth of insertion depends on the actual environmental loads and the geological conditions of the
seabed. The typical single foundation diameterg8 B1(X. Wu et al., 201$nd are usually applied to shallow
water depths, ranging fromd30 m.(Jun, 2010)
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Monopile foundation is currently the most widely used type of foundation in offshore wind projects. In
European waters, in 2019, more than 75% of the completed offshore wind power projects are monopile
foundations(Tang et al., 2022}t has the advantages of mature technology, simple structure, convenient
and quick construction, strong adaptability, good economy, and low cost. Monopile foundations are suitable
for areas with a sandy soil or soft clay layer, good bearing capacitytalle seabedShi, 2020)

Gravity foundation

The gravity foundation is one of the main types of offshore wind turbine foundation structures. It mainly
relies on the foundation structure and internal ballast weight to resist the overturning moment and sliding
force generated by the upper unit and ext@l environment, as shown Figure 2.13Gao et al., 2024)This
ensures the stability of the foundation and tower structure. Gravity foundations are suitable for foundation
conditions such as compacted clay and hard rock. However, they are not suitable flmuswofation seabed
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due to the high bearing capacity of the foundation. They are usually applicable to the sea area with water
depths of @10m (Jun, 201Q)
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The advantage of the gravity foundation is that it has well stability, while the pile structure can be
manufactured by prefabrication and other means, reducing the link of offshore piling operations and
reducing construction and installation costShi, 2020)

Multi-Pile Bearing Foundation

Multi-pile bearing foundations consist of a foundation pile and concrete bearing platform, as shbignrie
2.14(Gao et al., 2024)'hey have higher rigidity and better performance in resisting horizontal loads and are
suitable for medium water depth and legemanding geological conditions on the seabed. They require
traditional port construction equipment and construction techniguand are less difficult to construct.
Before being used in offshore wind power, they were a common engineering structure for port terminals.
They are usually welded and manufactured in advance on land and can be applied to water deg8® of 5
m (X. Wu et al., 2019)hey have the advantages of better applicability to soft ground.
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Tripod foundation

Depending on the number of piles, tripod foundations can be categorized into-tegged and multlegged
foundations. The thredegged tripod foundation, characterized by a standard support structure comprising
a main cylinder, three pile casings, anduit, as shown ifrigure 2.15Gao et al., 2024)This foundation
design involves the precise placement of three steel pipe piles, each with a medium diameter, in an
equilateral triangular configuration on the seabed. The adaptability of tripod foundations to varying water
depths further enhances theiversatility and expands their potential deployment in diverse offshore
environments.

oi/\ Wind turbine tower|
-
=

i \| platform

i

=

HEd

g

|

|

Main cylinder
| Pile casmg
| ma
Struts H Steel pipe piles

| e 1V
I_{ E—— —) _(_.?..T - — 0 Surface
I ' I
| |
| |
= =

CAIdzNE NARR FT2dzy Rl a2y

34



The utilization of tripod foundations has demonstrated applicability within water depth rangesc861f

(X. Wu et al., 2019)This foundation type offers several advantages that contribute to its suitability for
offshore installations. Foremost, the inherent stability of the thtegged configuration ensures robust
resistance against external forces. The triangular arrangermtiite steel pipe piles facilitates the uniform
load distribution and effective mitigation of lateral forces, thereby guaranteeing overall structural stability.

Jacket foundation

Jacket foundations are commonly employed in offshore structures and typically consist of three or four pile
legs that are interconnected by spars, forming a spatial truss structure with sufficient strength and stability.
The interconnections between thelgilegs are typically achieved through welding, as illustrateéigare
2.16(Gao et al., 2024)This welding method effectively addresses the challenge of underwater connections.
Jacket foundations can be designed with multiple piles or barrels, providing flexibility in adapting to different
site conditions. They are particularly suitable for watepths ranging from 20 to 50 rdun, 2010)

One of the key advantages of jacket foundations is their robust-bmsaling and overturning resistance.
However, it is important to consider some challenges associated with jacket foundations. The structure of
jacket foundations requires a significant anmb of steel, resulting in higher material costs. The welded joints,
particularly in the node areas of the steel pipes, are more susceptible to fatigue and corrosion due to the
harsh marine environment.

CAIdzN®VIF OPBE F2dzy Rl a2y

Suction cylinder foundation

Suction cylinder foundations, also known as negative pressure cylinder foundations, are a type of foundation
that can be classified into singtylinder or multiplecylinder structures. They consist of two main
components: the lower cylinder body, whichoigen at the bottom and sealed at the top; and the outreach
section, which can be constructed using reinforced concrete prestressed structures or steel structures, as
shown inFigure 2.1{Gao et al., 2024)
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This foundation type is specifically designed for deployment in marine areas characterized by sandy soil or
soft clay seabed. The installation process involves creating a negative pressure environment within the
cylinder, allowing it to sink and stabiliiteelf through seHweight and resistance on the side of the cylinder.

The suction effect generated by the negative pressure facilitates the penetration and anchoring of the
foundation into the seabed. The advantage is that they eliminate the need foitibaal piling methods,

such as driven piles or drilled shafts, which can be challenging andctineiming in certain seabed
conditions. This foundation type is particularly suitable for marine areas with water depths ranging from 30
to 60 m(Bhattacharya, 2019)
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30-35 m Jacket structure

The approximate distribution of different pile foundation types along the water depth is shokigune 2.18
(Gao et al., 2024)

g) Ballast
Stabilized
Buoy with
Suction
Anchor |

b) Mono-
pile

|

ater depth (m)

Water Depth (m]

»50

CAIdzNBAGSONMPBY (I LIAES TFT2dzyRlIoz2zy a0NHZOGdzZNB GeLiSa &adzaidl o

In brief, the gravity foundation is the most suitable for a nearshore water depth2d &, and the monopile
foundation can be applied to a water depth of about 30 m. When the water depth increaseg50 #Q the

tripod foundation and multpile bearingfoundation are more commonly applied. When the water depth
continues to increase, the main pile foundation structures are the jacket foundation and suction cylinder
foundation.bl § K U IJG G ! WAL |+ 6¢T AW=MNZ b
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2.3.2-Floating Wind Technologies

As the depth increases, usually for depths of more than 60 metres, the construction cost of the offshore wind
farm change from the fixed bottom to floating wind technologi€ke floating foundation can be generally
classified into three mainstream configurations based on floating principles adopted to achieve static
stability: a sembsubmersible type, a spar type and a Tension Leg Platform (TLPFigye 2. ZIRENA, 2021)

A series of comparisons among the three abawentioned types have been shownTable 2.QLiu et al.,

2016) In a spatype foundation, a large cylindrical buoy is used to stabilize the spar structure. The heavy
lower part of the buoy, i.e. the ballast, and light upper art are combined to lower the centre of buoyancy,
which leads to are covering moment when theating cylinder declines from the preset afdghanasiaa &
Genachtea, 2013) The TLP, on the other hand, is stabilized by the mooring system. In detail, the TLP is
moored onto the seabed through a set of tension legs. Since the leg-temsed before the foundation is

fully functional, the preset location and posture of the fmlation are recovered by the adjustment of
tensions among legs. Combining the two designs of the spar and the TLP;subamisible foundation is
introduced to achieve the static stability. Usually, the ssoiimersible foundation is composed of three or

four slender columns that are connected to each other through braces. The wetting surface area of a single
column, the height of the buoyance centre and the distance between two columns affect the force acting on
the floating foundation, which recover tlegiginal location and posture of the floating foundation. Moreover,

the increase of wetting surface provides more hydrodynamic stability and more structural stiffness to sustain
the wave load. A typical layout of the sesuibmersible foundation systemssown inFigure 2.19Liu et al.,

2016)
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Comparing to the other two types of foundations, namely the spar and the TLP types, theudemeérsible
foundation is advantageous becaug$toddier & et al, 201Q)

1. The construction, assembly, outfitting and commissioning of the foundation and even the installation
of wind turbines can be done on the dock. The finished foundation, with the wind turbine installed,
can then be towed out and deployed by towboat.

2. The cost associated with the installation of mooring system of a-sabmersible foundation is
relatively lower than the other types of floating foundations.

3. The hydrodynamic behaviours of a sesnbmersible foundation to the wind load excitations are
better due to the deep draft when comparing to the other two types of floating foundation. The
reason is apparent that the natural heave period is longer whendtedt becomes larger. In
particular, the wave exciting force almost disappears at the equilibrium position during the heave
motion.

4. The surge response of a sesuibmersible foundation, which is similar to the responses of a spar
type, is better than TLP. The pitch motion of the semtimersible foundation, on the other hand, is
smaller than the spar typéB. Li & et al, 2011)

Although the semsubmersible foundation is advantageous for supporting offshore floating wind turbines,
the design of a sersubmersible foundation is challenging due to the complex dynamic responses of-a semi
submersible foundation induced by the wiwhve combined loads.

A Front view

Semi-submersible floating wind turbine

Mooring lines

Seabed
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The popular semasubmersible floating foundation design, with some real cases, are listed below:
Threelegged semsubmersible floating foundation

As example of the threkegged floating foundation, the WindFloat designed by Roddier ¢Ralddier D. et

al., 2009)has been tested in the offshore area of Portugal in 2(8tevens RF & Rahim A., 2014The
WindFloat is also based on a threelumn foundation. While the wind turbine is installed at the centre of
the triangle connecting the three floating columns, one column of the WindFloat is employed to support the
wind turbine as shown ifigure 2.2qLiu et al., 2016)A horizontal Water Entrapment Plafelussein K. &

et al, 2013) is added to the base of each column to provide additional hydrodynamic inertia to the
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foundation. Because the plate displaces large volume of water, as reported by RoddigiRetdalier D. et

al., 2009) the horizontal dynamic response of the structure is improved. A permanent water ballast system
is installed at the bottom of each column, which lowers the foundation to reach the target draft. In order to
reduce the rigicbody response induced by the mewind loads acting on the wind turbine, there is an active
water ballast system right above the permanent water ballast to move waters from column to column. Six
catenary lines, comprising common mooring system parts such as chain jack, shacklesnhidignent
anchors, fairleads and chains, moored the foundation to the seabed. Among the six mooring lines, four are
connected to the turbinesupporting tower and the other two lines are moored to the columns without
turbine. The floating hull, tower and tune in the WindFloat project area assembled onshore and the entire
foundation is then towed to the target place and tied to a moored anchor system installed beforehand
(Stevens RF & Rahim A., 2014)

|
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Despite the unprecedented success, there are still short comings associated with the WindFloat project. The
most significant shortcomings can be listed as:

1. The structure of the wind turbines should be modified before installing to sustain some of the floater
induced motions. In other words, the structure commonly used for offshore wind turbine is not suitable for
installing on a floating foundatiofRoddier & et al, 201Q)

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

3. The welding and fabrication costs have been rising along with the rise of the steel cost. Consequently, the
structure optimization is an urgent task before the floating foundation can be massively manufactured at the
industry level.

Ringshaped floating foundation

A customdesigned floating square platform was developed by French wind farm develop per Quadrant and
foundation special list Ideol. The platform provides sufficient space at the base of the wind turbine for the
operation and maintenance work, which usyalequires tugboats anchored alongside with the turbine to
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provide spac€Sunderasan S., 2013 sketch showing the main features of the foundation is presented in
Figure 2.21(Liu et al., 2016)An additional Damping Pool system, which essentially is a moon pool
constructed inside the ring, was introduced by Id@wsssler A., 2012%uch a pool is designed to have specific
natural frequencies making the water entrapped into the damping tool act as a damper to reduce some of
the floater's motions. Thanks to the damping pool, the modifications of the turbine structure are no longer
necessary.

Besides, this design of foundation allows the structure to move along with its mooring lines. The basic version
of the design allows for linear movementsne degree of freedom. The updated version, however, presents

a more complex design. Given that theafling foundation of the updated version is allowed to move in a
certain range, the wind farm layout can be optimized in #@&ak according to the environmental
parameters, such as the wind and tidal directions.

CA 3 dzNG5 Suiidh wAnMra RIFLISNER yFES & A Ty
Compact and haped floating foundation

Fukushima project is a twphase project initialized by the Japanese government in 2011, which deploys
floating windfarms off the Fukushima shore. One of the turbines is supported by the spar platform, and the
other one is installed on a sermsubmersible dundation. As shown ifrigure 2.22Liu et al., 2016)the
Fukushima project proposed that the pontoons can be directly connected to columns without the support of
braces. Krimirad and Michailides proved that the braceless-sabrmersible foundation is less prone to the
fatigue occurred at the welded jointsA series of studies have been conducted to show the technical
feasibility of employing the braceless sesanbmersible foundation to support offshore wind turbines.
(Karimirad M. & Michailides C., 2015)
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2.3.3-Comparison and synergies between Fixed -Bottom and Floating Wind Technologies

Comparison between Fixed and Floating

After a detailed analysis of the various types of foundations used in-figdédm and floating wind
technologies, other important general parameters to consider for comparison include:

Tower and Turbine Design Adaptations

In fixedbottom offshore wind turbines, the tower design typically employs rigid structures adapted from
onshore and conventional offshore standards. In contrast, floating wind turbines require towers that are
integrated with dynamic floating platforms arsde often designed to incorporate weathervane capabilities.
This allows the turbine nacelle to yaw freelgither passively or through modified active yaw systens

reduce gyroscopic coupling effects. Certain floating concepts adopt innovative conbgsrasiuch as
multiple-mast or guyed tower systems. A notable example is the Eolink design, which replaces the traditional
single tower with four inclined masts to support the nacelle. This approach provides enhanced structural
redundancy and greater flexilty in accommodating larger rotor diametefSolink, 2020)

Overall, the turbinenacelle assembtyincluding the generator and bladesemains largely similar across
both fixed and floating wind technologi¢dwards et al., 2023)

Installation and maintenance requirements

The installation process for fixdgbttom offshore wind turbines typically involves intensive offshore
construction activities. Monopiles and jacket foundations are driven or drilled into the seabed, often using
jackup vessels equipped with hydraulic orgact hammers. Jacket structures require accurate placement of
piles or suction caissons and rely on large installation vessels to achieve the necessary precision and stability.
Gravitybased foundations, meanwhile, demand extensive seabed preparatiom, asidevelling or pit
dredging, which can lead to significant environmental disturbance over a wide area. These operations are

highly dependent on favourable weather conditions and are associated with substantial logistical and
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financial costgHorwath et al., 2020n contrast, floating wind platforms offer greater flexibility and reduced
offshore construction requirements. For example, ssuibmersible and bargg/pe floaters can be fully or

partially assembled at partincluding the turbine tower and rotar and thentowed to the installation site.
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reduces the need for complex offshore operations and shortens installation(Bnmoskovics, 2018)

Maintenance strategies differ significantly between fixaattom and floating offshore wind turbines. Fixed
installations typically rely on service operation vessels and, for major repairajjaetssels that provide
stable platforms and gangway accessthe turbine. While foundation maintenance is infrequent, it may
require the use of remotely operated vehicles or divers to inspect cathodic protection systems and scour
mitigation measures. Floating wind turbines, on the other hand, introduce new maintanpossibilities.
Certain floating platform designs allow the entire structure to be disconnected and towed back to port for
extensive repairs or upgrades. According to the Offshore Renewable Energy Catapest)is@misible and
tensionleg platform sygems can be assembled, maintained, or even decommissioned entirely at quayside
facilities, thereby reducing reliance on offshore interventions. However, floating systems introduce unique
maintenance challenges, particularly in the inspection and upkeepaoafring lines and ancharswhether

chain, piled, or syntheticwhich must be monitored for corrosion, fatigue, and tension. Additionally,
dynamic power cables and mooring systems increase operational complexity. Nonetheless, the modularity
and potential foronshore servicing of floating turbines may offer leiegm logistical and economic
advantages despite the higher initial complexity of their O&M regi(fesskovics, 2018)

Environmental and geotechnical considerations

Fixedbottom and floating offshore wind systems differ markedly in their environmental impacts, particularly
during installation. Fixed foundationssuch as monopiles and gravitased structures typically involve
pile-driving or dredging operations that gerate significant underwater noise and sediment disturbance.
Piledriving activities are known to affect marine mammals and fish populations due to intense acoustic
emissions, while seabed dredging for gravity bases can disrupt extensive areas of habttat Among

these, monopile foundations are associated with some of the highest levels of seabed disturbance and
underwater noise pollutiorfHorwath et al., 2020 contrast, floating wind platforms generally require less
invasive anchoring methods. Suction anchors or deadweight blocks, for example, can be installed without
pile-driving, significantly reducing noise and sediment disruption. As a result, floatstgsy are often
regarded as having a lower ecological footprint during the installation phase, with minimal scouring and
negligible acoustic impact. However, floating wind farms introduce other environmental considerations.
Their long mooring lines may pe risks of entanglement for marine fauna and could generate shading or
sweeping effects on the water column and seabed not typically associated with fixed foundations
(PrinciplePower, 2025)

From a geotechnical perspective, fixedttom foundations require detailed site investigations to ensure
adequate bearing and lateral capacity. For monopiles and jackets, it is essential to identify soil layers with
sufficient strength to resist cyclic ldeng. Additionally, scour protection measuresuch as rock dumping or

the installation of protective matsare commonly implemented to mitigate erosion caused by seabed
currents. Floating wind systems, although not entirely free from geotechnical consiraigsent different
requirements. The holding capacity of dragnbedded anchors, such as plates or suction buckets, depends
significantly on the shear strength and density of the surrounding sedimentstétigton mooring systems,
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like those used in tensieleg platforms, may necessitate piled or grouted foundations in competent
substrata. One notable advantage of floating platforms is their siting flexibility: they can be installed over
irregular seabed or very soft soils wheresfifoundations would be unfeasible, using deadweight or suction
caisson anchors that rest on the seabed. Nonetheless, all mooring systems are susceptible to fatigue and
potential soil weakening under cyclic loads, which demands careful engineering of ancbedment depth

and stiffness(Horwath et al., 2020)

Synergies between Fixed and Floating

Even though significant differences exist between the industrialized design of bottom fixed and floating
offshore wind turbine structures, a majority of these are focused on the design of the primary structure and
the controller. Key design element syn@&gican as well be identified and knowledge transfer from the fixed
bottom design will enable a more rapid development towards a mature floating wind industry by adopting
and adapting existing methods. By making use of established best practice expehienearning curve
timescales associated with cost reductions can be reduced. Furthermore, utilizing the expertise, which has
already been established in designing cyclic loaded large diameter flanges, developing corrosion protection
strategies as well asegdigning slim and functional secondary steel structures with inherently as low as
reasonably practical risk and the closely related value engineering, will further add to cost savings and
support the maturing of the floating offshore wind turbine industry.

Beyond numerical design procedures, the floating offshore wind turbine industry can draw on the
developments and experiences from the fixed bottom industry in other aspects, such as the centralization of
production. Utilization of expensive equipment artifities is feasible only with production performed at a
single location, i.e. a harbour/shipyard for a particular region. Such a hub is ideally comprised of a large
turbine assembly plant, a host of manufacturers of ancillary equipment including geattimades, nacelles

and cables alongside a series of installation, logistics and operations and maintenance companies. The
process will thus use the economies of scale with respect to capital investment, management and auxiliary
services. From this centrialcation the product is shipped to the various installation sites.

Regarding mass production, the investment in equipment and facilities associated with an industrialization
process can be justified economically only with a large production volume. Such volume allows a distribution
of the fixed investment charge over ade number of product units without unduly inflating their ultimate

cost. For fixed structures, particularly monopiles, large volume mass production is already existing instead
for floating substructures in contrast have been produced only in single @rise larger volume floating
offshore wind turbine projects will be developed, synergies with filzettom structure fabricators will be a

way forward to exploit existing infrastructure. Through standardization, production resources can be used in
the most efficient manner if the output is standardized. Then the production process, machinery, and
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wind turbines, within single design teams the workeady has reached some degree of specialization.
However overall across the different involved partners including yards, banks etc., such standardization is
still very limited.

Further areas of synergy include establishing of an organization capable of a high quality of planning,
coordination, and control functions with respect to design, production and distribution of the products. This
includes incorporation of wellefined andcomprehensive risk and asset management strategies, as well as
quality assurance procedures and a high degree of coordination between design, production, and marketing
of the product.(Matha et al., 2016)
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2.4 Grid Infrastructure, Submarine Cables, and Protections

2.4.1- Grid and transmission
Grid

One of the most striking examples of using sea space to integrate transnational (andtsuial) economies

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

the seabed is a means of expandingdaconnecting landbased electricity supply systems around the
peripheries of coastal nations and even across entire sea basins. This has allowed terrestrial electricity
systems, including those of different nations, to be linked, allowing centres of ptioduand demand to be
inter-connected across longer distances and with greater opportunities for interchange. Offshore grids are
now also being used to connect centres of offshore supply, in particular wind arrays, to terrestrial grids.
(Orths et al., 2013The potency of this use of the seabed lies not just in the economic possibilities that it
presents, but also in the makeup and presence of the infrastructure involved, namely networks of linear
cables and other structures physically linking differensgigtions, channelling electricity between them and
embodying increasing energy interdependen@&'atson & Venne, 2012)

To support the renewable energy plans the Projects of Common Interest is developing in EU as shown in
Figure 2.23Jay & Toonen, 2015which shows offshore grids already developed or to be developed.
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Comprehensive electricity networks now serve the great majority of populated areas in developed nations.
However, they are now extending their reach offshore. The manner in which marine regionalization is
happening in relation to grid systems is shapedhs general features and trends described above. It is
reflected in five stages which can be identified in the evolution of offshore grid development.

1- Offshore sections of conventional grid systems. Some grids must traverse sea areas in order to
connect with islands and peninsulas. These links are developed by grid companies as part of their
responsibility to supply electricity to their national or sntional area of operation.

2- Transnational offshore interconnectors. Some of the bilateral arrangements between neighbouring
countries referred to above involve sea crossings. These connect national transmission grids in the
interests of balancing supply and demand, where, for exapp#aks of demand are experienced at
different times of day in different countries.

3- Individual connections to offshore renewable electricity generators. These connections have been
developed either by the wind array company or the grid company, according to the regulatory regime
in place.

4- Networks serving groups of offshore wind arrays. These generally involve much bigger wind arrays
than previously, with a combined output of a higher order, so that larger scale offshore transformers
will be needed as part of the network, delivering elegityi at transmissiofevel voltage. At this
scale, DC becomes a viable option and is being proposed in some settings. These networks are being
developed by specialist offshore grid companies.

5- Transnational offshore networks for renewable electricity supply and grid interconnection. Firstly,
one country's wind arrays to supply the other country, and secondly, interconnection between the
two countries' terrestrial grids. This is being developethtly by the relevant transmission
companies(Meeus & Saguan, 2011)

The extension of grids into the marine environment in the interests of national and transnational
connections, accelerated by the expansion of wind power into the sea, sets the scene for much more
ambitious offshore grid intentions in Europe, frequentlpmessed in terms of supergrids. Its development is
based upon recurring objectiveSecurity of supplyby improving connectivity between load centres,
reducing dependency on gas and oil imports, transmitting offshore renewable electricity to areas ofdjema
and bypassing transmission bottlenecks onsh@empetition and marketby developing interconnection
between countries and power systems, thus facilitating arbitrage and control of prices, and providing market
incentives to developmentntegration of renewable energypy enabling largscale wind and other marine
renewables, smoothing their output across regions, connecting to Scandinavian hydropower output and
storage capacity, thus contributing to EuropeanZB20 targets(De Decker & Woyte, 2013)

However, there is also acknowledgement of the barriers or challenges involved in turning aspirations into
reality. These are generally understood as follows:

Technicalthe need for further technological advance, such as design of DC breakers; inadequate capacity
and bottlenecks in terrestrial grids; offshore construction, operation and maintenance difficulties; and
addressing the difficulties of balancing variable neable energy output.

Economic/marketsecuring investment for highsk projects; uncertain effect of wind arrays on electricity
markets; high costs, such as of interconnector development, uneven market structure and prices.

Regulation unclear allocation of costs to the industry and allowed profit margins; varying regulatory regimes
between jurisdictions for consenting and operating; lengthy and complex licensing procedures.
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Strategic spatial plannindack of a coordinated approach, development driven by national interests, and
uncertainty regarding wind array development and the locations of offshore interconnectorspyasese
approach, questionable level of public acceptan(@attaglini et al., 2012)

Transmission

The controllability, flexibility, and redundancy of offshore transmission systems depend on the topology and
technology utilized, primarily High Voltage Alternating Current (HVAC) and High Voltage Direct Current
(HVDC). The HVAC transmission is widely deedo its technological maturity and effectiveness for short
distances (tens of kilometres). However, depending on the project, HVAC could face limitations in meeting
substantial power capacity and lowlistance transmission requirements mainly due te thigh cable
reactivecapacitive losses. To mitigate these, shunt reactors placed at the HVAC cable ends are generally the
first adopted solution. However, compensation is associated with higher platform costs, HVAC cable
interruption, high inrush currentsand potential converter saturatiofVaretsky & Gajdzica, 2023)

In addition, static VAR compensators, synchronous condensers, or Static synchronous compensators
(STATCOMS) can be installed at the onshore end to control the voltage and manage the reactive power
generated by HVAC cables. Another proposed method to redabke charging currents involves using a
lower-frequency transmission system known as the Fractional Frequency Transmission System (FFTS). This
approach employs an AC/AC converter at the onshore station to transform the lower frequency back to grid
frequency. While promising, FFTS remains at the research stage, facing challenges such as the need to
redesign components to operate at lower frequencies.

When these solutions are no longer technically or economically feasible, opting for thetggqiaint HYDC
topology is possible. The HVYDC can ameliorate some challenges connected with HVAC topology in evacuating
large amounts of power from large offshonénd power plants in deep waters. Therefore, depending on the
project requirements, the technology can be shifted to another if neceggarWu et al., 2024)

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

Each project requires a dedicated offshore platform and transmission infrastructure to an onshore substation
as illustrated inFigure 2.24Mugambi et al., 2025)The need for dedicated infrastructure for each project

may cause delays due to, e.g., public acceptance, which may lead to increased costs for large OWPP projects.
Additionally, having several cables laid on the seabed could lead to loss of biodiedityegative
environmental impactgCutululis et al., 2021)The topology is also limited to flexibility in expansion.
Integrating additional power plants will require significant modifications or additional infrastructure, leading

to higher costs and complexity. Therefore, when the project necessities for OVMPRig¥ier wind power
productions, it needs a consequent reliability requirement from the interconnection safety point of view and
newer topologies such as the HVDC migtiminal could provide the required conditions according to the
literature.
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Potential future topologies

To ameliorate the challenges of poitt-point topology, future topologies will see the interconnection of
OWPP clusters. Different topologies can be realized depending on whether the OWPPs arerinested

on the AC or DC sides. The choice of interection type relies heavily on various factors, including capital
investment, potential for future expansion, availability of technology, and other pertinent considerations.
The core Intellectual propertffP)of power converter manufacturers is the convericontrol algorithm and
interconnected OWPP clusters will typically be mudthdor multiconverter systems. The main challenge
will then be the interoperability of the converters. This will threaten the dynamic stability of the offshore AC
grid, which iharacterized by weaker sources.

¢tKS O2y@SNISNDRA ReylIYAO O0SKIF@A2dzZNJ Ad KAIKE& RSLISY
multi-vendor OWPP clusters in operation, but new wind farm cluster is being developed with the possibility

of the three wind farms being from diffené manufacturers sharing an offshore converter platfaifenneT,

2023) The basic pointo-point HVDC structure is not typically regarded as nrudtidor. However, at the

offshore level, the Typd wind turbine converters Revel) are all connected to an offshore Modular Multi

level Converter (MMC), which usually comes frandifferent manufacturer. In the case of HVAC, where
turbines can interact with the STATCOM, the same concept applies here, with the relevant IP issues linked to
tuning accuracy.

The different interconnections of OWPP clusters and HVDC transmission are:
1-Multi-infeed topology

This topology interconnects multiple OWPPs on the AC side, allowing for shared utilization of the converter
platform. The HVDC converters are directly linked to the onshore converters. The control and protection
(C&P) involved in this configuration coule fsom the same or different vendors. When OWPP clusters C&P
are from different vendors, the topology is referred to as minlfeed multivendor topology. The topologies

are illustrated inFigure 2.28Mugambi et al., 2025)

47



OWPP1 OWF
transformer

(L P

RGO 24 7 o

CAIdNGa dafilef PSSR 204K2NB |1 5+/ {(2LRf238

The C&P from a single vendor ensures uniformity in their control characteristics. Despite the C&P being from
the same vendor, there could be the challenge of technological interoperability. For example, operational
compatibility between Zevel Voltage Sage Converter and MMCs from the same manufacturer.
Conversely, the interconnection of clusters with different controller characteristics can lead to manufacturer
interoperability issues due to possible negative interactions between convefEeNS S, 2021) This
implies that the technology could be the same, e.glex&l or modular multilevel, but from different
manufacturers. In addition, in Europe, the common practice is to have different manufacturers for the
offshoreMMC and Wind turbines (WTs) in tkame OWPP. When a single HVDC line is used, the topology is
considered the most economical solution for the standard 2 GW OWPP clusters.

2-Multi terminal topology

The interconnection of OWPP clusters on the DC side leads totematiinal HVDC, as shownkigure 2.26
(Mugambi et al., 2025)The control and protection systems for the clusters could be from the same vendor
or different vendors. If they are the latter, the topology is mukndor multiterminal HVDC. The
development of multterminal HYDC/DC grids is expected to acceleragegitowth of offshore wind. They

are expected to offer more redundancy and increased reliability than their fotpbint counterpart. In
addition, interconnecting the same OWPP on different synchronous areas with hybrid AC/DC connections
may be possibleThe next connection requirements for HVDC take into account the possibility of having both
HVAC and HVDC branches departing from the same OWPP, allowing the synchronization of the WTs, with a
specific synchronous area. Concurrently, it sends the powentfivahe HVDC link towards a different
synchronous area. This topology may facilitate the bktekt of the plant from the HVAC connected area,

for example, by energizing the offshore components and launching the offdib€ converter cooling
systems.

While multiterminal HVDC offers numerous advantages, it is also faced with coordination complexity. In
multi-vendor multi-terminal systems, the issue of interoperability among Power electronic devices (PED)
from different manufacturers whose control characteristics are different is a hot topic in industry and
academia. At least in Europe, offshore wind is seen as one of the comesstif achieving net zero
emissions, meaning that components with PED, such as wind turbine converters, HVDC converters, etc., must
be interoperable to achieve the mugteeded installations. The issues of interactions and stability found in
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the simple HVAC and HVDC case are exacerbated here due to the large number-oémdolticonverters
and various componeni@nfrastructure and Enviroment executive Agency European Climate,.2023)
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2.4.2- Submarine cables

Understanding the unique challenges and design considerations of these dynamic cables is crucial for the
successful development and operation of floating offshore wind farms. In the context of marine renewable
energy systems, power cables can be categdree interarray, interplatform, or export cables. The term
YYREYIFYAO OFofSQQ KFa SYSNHSR Ay NBOSyd @&SINam
continuous motion and cyclical loading, distinguishing them from static or gtets cablesDynamic

sections can be present in any of these cable categories, depending on the specific application and
environmental conditions. In floating offshore wind applications, dynamic cables typically experience the
most challenging conditions, being sulig to continuous motion due to waves, currents, and platform
movements.

A critical challenge lies in ensuring the reliability and integrity of power cables that transmit electricity to the
onshore grid(Thies et al., 2012)in offshore wind farms, subsea cable development focuses on two key
technological advancements: the implementation of higher voltage levels in both-antay and export

cables, and the design refinement of dynamic iraeray and export cables for floag offshore wind
applications. Unlike static cables, dynamic irderay and export cables are subjected to increased loadings
Rdz8 (2 SELRAMNBE (2 ReylLYAO (8yarzys o68yRAy3IZ FyR
environmental loadingo waves, wind and currents, which can lead to fatigue failure. Fatigue is a major
concern for dynamic power cables as it can ultimately lead to failure in long fedditionally, insulation

fl @SN FlILAfdZNE L)2asSa | aA3ayATAOryd GKNBIG Fa Ada O
ultimate strength of cables under extreme bending conditions, often characterised by the minimum bending
radius, is mucial for ensuring cable integrity during installation and extreme environmental eYEhters et

al., 2023)

Power cable failures have substantial financial implications for offshore wind energy projects. Approximately
80% of offshore windelated financial losses and insurance claims are attributed to cable failures, including
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both static and dynamic cabldde Wild, 2018) With repairrelated downtimes averaging 60 days, these
failures can result in significant revenue losses and increased maintenance costs. Moreover, dynamic cables
for floating offshore wind applications typically incur higher costs compared to traditgiatic cables due

to their more complex design and manufacturing requirements. Therefore, improving the mechanical design
and analysis of dynamic power cables is essential to mitigate failure risks and enste#eaxiate operations

in the growing floing offshore wind sector.

Cable internal structure components

Dynamic power cables are heterogeneous, complex structures specifically designed for floating offshore wind
farms, while static power cables are sufficient for fbexttom wind farms (and some tidal turbine systems).

The terms static and dynamic here daminterpreted literally: the former is laid on the seabed and remains
still, while the latter is left hanging and subject to frequent dynamic motions caused by turbine movement,
wave loading, or sea currents. As showirigure 2.2{Lerch et al., 2021gynamic power cables are mainly
utilised as interarray/inter-platform or export cables. As evident, array cables are used to deliver power from
the wind turbines to the offshore substation, and export cables to deliver power from the offshore substation
to the onshore substation

Floating wind turbine

Onshore
substation

Offshore substation

Dynamic section

Buoyancy

Static section

Inter-array cable Export cable
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Dynamic power cables are composed of conductive metal cores, surrounded by insulation and armouring
material, all bound by a sheath. Fibre optic cables can also be incorporated into the cable to facilitate
communications and data transfer between the shattee wind farm, and for cable condition monitoring.
Figure 2.28Cerik & Huang, 2024)llustrates the design structure and sgbmponents of a typical three

LK &S ReylFYAO LI ¢S NIKOIASIOS INBEFISNAG SiNY (UWISK NBRIS o SNJ 2 F
a cable with one core would be referred to as a sifgjlase power cable. Thrgghase cables are normally

used for floating offshore wind turbines to maintain the high voltagéiernating current being transmitted

and avoid any transmission losses.

The conductors, located at the centre of each core, are the principal components of the power cable. They
conduct and transmit the electricity generated from the floating renewable energy platforms to the
onshore/offshore substation. Copper and aluminiume a&ommonly used as conductor materials, with
aluminium cores and cables needing to be larger to transmit the same power. However, in general copper is
more expensive than aluminium and its price is volgtarcollo & Efthimiou, 2024)
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Each conductor is protected by an insulator, with a screen placed on both the inner and outer sides of each
insulator. These two screens, combined with the insulator, make up the dielectric system of the cable. The
dielectric system prevents electrical lfaies or leakage of currents during transmission and, together with
the conductor and conductor sheath, forms a single core. However, the insulation material in the dielectric
system of dynamic power cables for floating offshore wind turbines is susaeptibthe formation of
electrical trees and water trees. Electrical trees are microscopic;litkeestructures that grow within the
insulation material when subjected to high electrical stress, while water trees are similar structures that form
due to the presence of moisture and electric fieldg. Li et al.,, 2022)They can create an insulation
breakdown.

Armour, arguably the most essential part of dynamic cables, provides mechanical protection against external
loadings and carries the axial and bending forces acting on the cable. The presence of this armour is crucial
4 Ad RANBOUGfe KFyE8O0ha ©@LKNBLIONDAS®DIE FEOOK Ay (0 dzN
performance and fatigue life. The armour consists of multiple steel wires (stainless steel or nonmagnetic
galvanised steel), which are wrapped around the cable at a specific lay angle (defgithe lay length).

Dynamic power cables have two layers of armour laid in opposite directions, as sh&iguia 2.292H
Offshore/ORE Catapult, 2022)is enhances the torsional stability of the cable.

As mentioned earlier, dynamic power cables in floating offshore wind applications are subjected to a variety

of mechanical loads that can lead to potential failure modes. These cables experience dynamic loading
conditions such as bending and axial tensang possibly torsion, due to the motion of the floating platform,

g @S YR OdzZNNByld | OlA2yd ¢KS OFofSQa FN¥Yz2dzNJ £ &80
these mechanical loads and protect the internal components. However, the repegtéid loading can lead

to fatigue damage accumulation mainly in the armour wires over time (particularly in the segments
experiencing large curvature, such as hog and sag segments in a lazy wave profile), potentially resulting in
wire breakage or corrosjp® ¢ KA a OlFy O2YLINRYAAS (GKS OFof SQa aidND
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stresses and can be prone to fatigue damage. The insulation material and conductor are also susceptible to
mechanical damage, such as abrasion, indéngaty > 2 NJ ONHza KAy 33X KA OK Ol y 20¢
YR 02y il Ol ¢AGK GKS aSIFIoSR 2NJ 2GKSNJ &aidNUzO(G dzNB & @
conductor) may experience relative movement and friction, leading to fretting and.\Wéde mechanical

design of dynamic power cables for floating offshore wind applications must take into account these complex
f2FRAY3 O2yRAGAZ2YA YR LJGSy (A -tefm refidbifity adeNBrfornanseS & G 2
Thisrequires athora K dzy RSNARGF YRAY3I 2F GKS OlFoftSQa YSOKIYyAO
Y2RStfAYy3 YR aAvydZ FGA2y (GSOKyAljdzSa G2 LINBRAOG
Furthermore, careful selection of materials, design optimisation, @ist manufacturing processes are
essential to minimise the risk of mechanical failure in dynamic power cables.

Cable global configuration

2 KSy AG O2YSa G2 TFt2lGAy3 2FFAK2NB GAYR FILENXaz ¢
compared to their counterparts in fixeloottom installations. This is because these cables are suspended in

the water column, extending from the fleer or the floating substation, often assuming a lazgve
configurationFigure 2.3@a)(Srinil, 2016)The primary purpose of this shape is to accommodate the floating

ddzo a0 NHzZOG dzZNB Qa Ryl YAO Y20A2y> AyOfdzZRAYy3I Ada K2NA
configuration also exposes the dynamic section to the challenges of withstaimgingads imposed by the

entire water column and the abrasion caused by the seabed. To ensure the cable maintains its shape, the
connection points are protected, and the installation process is carried out smoothly, a variety of ancillary
components are employed. These include bend stiffeners, buoyancy and ballast modules, tether and anchor
systems, touch down and abrasion protection, and bend restrictors. Once the cable reaches the seabed, it is
either buried or anchored using rocks or protective mattidigwever, in most existing installations, the cable

is left unburied.
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There are three primary ways to incorporate the dynamic section of array cables in floating offshore wind
farms. The first approach involves using a single length of dynamic cable to connect the turbines directly. The
second method utilises dynamic caldafths at each turbine, which are then connected to a static length in
between using either field joints or connectors. The third option is to create a single cable assembly that
features dynamic cable at each end, with a length of static cable in betw#gnined together using factory

joints. The decision to choose one configuration over another is influenced by several factors, such as the
relative costs of static and dynamic cables, the additional expenses associated with using field joints or
connedors, and the potential risks of introducing additional points of failure at these joints or connectors.

For installations in very deep waters, engineers are exploring the usesbiy)ed configurations to minimise

the cost of running the cable all the way to the seabed and back up Bgpire 2.3@b) (Srinil, 2016)In this

setup, the cable is suspended between the floating offshore wind turbines (FOWTS) at a higher position in
the water column, which is made possible by using clamped buoyancy and ballast modules. Another
approach that is being considered for deepter applications is to suspend the array cables across their
entire length. While this method could potentially reduce the overall cable length required, it would also
subject the cables to increased loading due to the movement induced by water curfdtiteugh this
approach has not been implemented in any floating projects thus far, it is believed to become an attractive
option for water depths of around 500 m or more.

2.4.3 - Protection

Structural Protection

Offshore Wind Structure (OWS) are subjected to several structural damage mechanisms such as corrosion,
fatigue, thermal stress, wave and wind loading, fire and lightning strikes. Corrosion and fatigue are the main
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mechanisms of deterioration of OWS. Adedipe et al. published a review focused on corrosion fatigue in OWS
where the mean stress effects on fatigue crack growth as well as the influence of materials and test
environments were discuss€@®. Adedipe et al., 2016n sea water, an increase in stress ratio can influence
crack growth rates regarding the interaction of the environment and loading frequency. The fatagle

growth behaviour in weldments was found to be material dependent and influenced by the environment,
loading conditions, microstructure, welding procedure and residual stresses.

The use of corrosion protection systems is essential to reach the expected service life for which a structure
was designed. Different protection systems can be used to delay and mitigate corrosion initiation and its
related consequences such as safetyystural integrity and service life. A passive approach to corrosion
protection involves depositing a barrier layer that prevents contact of a material with the corrosive
environment. Active approaches reduce the corrosion rate when the protective basréreiady damaged

and corrosive agents come into contact with the metal substrate. Only the combination of both approaches
can provide reliable protection against corrosion of metallic structures in harsh environments for the entire
design life.

The application of coating systems is the most common method used to control corrosion. Coatings also offer
a more pleasant visual appearance when compared to bare steel surfaces. Coating offshore is more expensive
than onshore due to several factors inding the logistics of transporting manpower and materials to the job

site and limited access to the offshore structures due to weather condi{idiisiberg, 2010) The corrosion

rate of the steel tower of a wind platform is variable, based on access of both oxygen and humidity,
influenced by the level of the water on the structure. Elevated salt concentration, mechanical load (e.g., ice
drifts or floating objects)current speeds, biological stress, temperature variation, irregular inspection
intervals, maintenance and repair costs, and design life should all be considered when planning the
specification of a corrosion protection system.

Corrosion

The most probable failure and degradation mechanisms for steel structures are corrosion and fatigue. The
tower and foundation of the OWS can experience a combination of these two mechanisms due to the coupled
action of wind and wave loading in harsh enwiments. Stress corrosion cracking is a major operational issue
for OWSs and is highly dependent on which zone the stress residguire 2.31(Momber, 2011) Four

zones are usually considered in an OWS: Submerged-zbtmezone where the structure is permanently
submerged. Cathodic protection (CP) is generally used in this zone, often in conjunction with coating; Tidal
zone-the zone between the minimum anie maximum level of tides and governed by their variations. This
region is subjected to wetting and drying cycles. Degradation occurs due to chemical attack, abrasive action
of waves and other substances in suspension (ice drift or floating objects)ethsasvthe attack of
microorganisms. This zone is often coated. Splash ztheezone immediately above the maximum level of
intertidal variation. In this zone the substrate is directly affected by water splash. This zone is often coated
using a multlayer scheme involving a glass flake polymer to help protect against mechanical damage.
Atmospheric zone the zone above the splash zone where the steel tower and topside structure suffers
actions from marine aerosol, however, unlike the splash zone thetsirel is not directly attacked by water
splashes. The winds carry the salts in the form of solid particles or as droplets of saline solution. The quantity
of salt present decreases as a function of height distance from the mean water line. The wind sgeed a
direction will influence the quantity of salt. This zone is typically coated.
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Fundamental corrosion protection measures for OWS include protective coatings and/or CP, corrosion
allowance, inspection/monitoring systems, material and weld design decisions, and control of environment
for internal zones. Corrosion protection of an OWjcally consists of two or three epoxy based coatings
with a polyurethane top coat, however, this can vary according to exposure and location. CP is commonly
used in submerged and tidal areas; nevertheless, coating systems are also typically appiéese inones.

CP by sacrificial galvanic anodes for OWS is generally the preferential CP system used in industry nowadays.
Impressed current cathodic protection is an alternative CP system option; however, it is uncommon today
because it is more susceptibie environmental damage and thigarty mechanical damage than galvanic
anodes systems. Impressed current cathodic protection typically requires more maintenance and inspection
which is costly to provide for umanned OWSs. Also, there are currently noustdy designs standards
detailing requirements for impressed current systems as there currently are for the galvanic anode systems.
Table 2.3(DNVOSJ101, 20145hows the corrosion zones of an OWS, applicable methods for corrosion
control and the most likely forms of corrosion for each zone.

¢ ofté& HNMRAAZ2Y [T 2ySas YSUiK2R&a F2NJ O2NNRaAz2y O2yiNRft

Corrosion Zones Corrosion control Form of corrosion

Atmospheric Zone

External and internal areas of steel Coating systems Uniform and erosioftorrosion, Stress
structures corrosion cracking (SCC)
Internal surfaces without control of Corrosion allowance Uniform and pitting corrosion, SCC
humidity
Internal surfaces of structural parts suc Corrosion allowance should be based ( Uniform and pitting corrosion, SCC
as Uniform and pitting corrosion, SCC a corrosion rate higher than 0.10
design of girders and columns mm/year
Critical components (e.g., bolting and Corrosion resistant materials are Crevice, pitting and galvanic corrosior
other fastening devices) applicable such as stainless steel SCC

Splash and Tidal Zones
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External and internal surfaces of stee Coating systems Uniform, crevice and pitting corrosion,

structures Microbially Influenced Corrosion (MIC
Critical structures and components Coatings systems combined with Uniform, crevice and pitting corrosion,
MIC

corrosion allowance.

Internal surfaces of critical structures Corrosion allowance and the use of  Uniform, crevice and pitting corrosion
coating systems is optional

Structures and components below mee CP Uniform, crevice and pitting corrosion
water level (MWL)

Structures and components below 1.0 Coating systems Uniform corrosion, MIC
of the MWL

External surfaces in the splash zone CP Uniform corrosion, MIC
below MWL

Submerged Zone

External surfaces of steel structures CP, the use of coating systems is Uniform corrosion and erosien
optional and these should be compatib corrosion, MIC
with the CP
Internal surfaces of steel structures CP or corrosion allowance (with or =~ Uniform, crevice and pitting corrosion,
without coating systems in combinatior MIC

Critical structures and components | Corrosion allowance should be based ¢ Uniform and/or pitting corrosion, MIC,
a corrosion rate higher than 0.10 SCC
mm/year. Marine growth (bacteria) may
cause a mean corrosion rate higher
than 0.10 mm/year, and the applicatior
of a coating system should be
considered

Fatigue

Fatigue consists of a process of localized, cumulative and permanent damage resulting from the action of
cyclic loading. Repeated loading and unloading of a member, primarily in tension, may eventually result in
failure. This failure can occur even if ffield stress is never exceeded. The permanent action of cyclic loading
can lead to failures such as crack initiation. Fatigue is a progressive failure in that further cyclic loading will
lead to subsequent propagation. The crack propagation can ultimkgati/to partial or complete failure of
structural elements. Fatigue strength is primarily governed by the number of cycles of loading, the range of
the service load stresses, and initial size of a flaw if it exists. Fatigue cracking often initiatesrig vétji

high stress concentrations where the localized stress exceeds the yield strength of the material used or in
areas where a discontinuity is more like to be found such as a weld or bolt hole.

Fatigue failure in OWSs often occurs due to the cyclic loading on the structure from harsh offshore
environments. The constant action of wave and wind forces on the foundation coupled with the turbine loads
often produce fatigue load cases which govern ttesign of the structure. Recently, Adedipe et (8.
Adedipe et al., 201§)ublished a review of corrosion fatigue in offshore structures concerning the effects of

YSOKI yAOFt t2FRAYy3IT aSIglriSNI YR SYy@ANRBYYSyYyldod CI i
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may be introduced into structures during manufacturing, fabrication, transportation and installation. Welded
structures are very susceptible to fatigue cracking. The most common defects in weldedrjgines 2.32
(Yusof & Jamaluddin, 2014are cracks, undercut, and lack of fusion, lack of penetration, porosity and slag
inclusions. These common defects are descripted below:

- Cracks are ruptures that generally occur in the weld or in the metallic base with slight apparent
deformation. Three classes are generally recognized, namely: Hiastwe, cold and hot cracks.

- Undercut is a groove formed at the weld toe or weld root, or at the edge of a layer or a bead and it
represents a stress concentration region. This problem is generally linked to the parameters of
welding process and to poor execution.

- Lack of fusion is a discontinuity formed due to failure of fusion between the weld and the metallic
base. This may occur due to the contamination of the surface or due to insufficient heating.

- Lack of penetration occurs when the weld metal fails to penetrate into the joint root due to
inadequate joint design, improper electrode or low welding current.

- Porosity consists of the formation of cavities (discontinuities) due to gas entrapment during
solidification of weld metal. Possible causes include lack of deoxidisers, high sulphur content of the
metallic base, contamination of the surface and weldingcpss parameters.

- Slag inclusions are nanetallic solid inclusions that are entrapped in the weld metal during welding.
These, generally, arise from the composition of the materials used in the process of from the
contamination of the weld metal. It may be minimized bytallie surface and groove preparation
between successive steps.

Welded joints are generally critical due to their susceptibility to stress concentration and residual stresses.
Discontinuities linked to the execution of welding, particularly induced defects and heterogeneities in the
microstructure. Therefore, weldedijuts are preferential areas for the development of fatigue cracking which

is expressed in several types of cracking. The typical causes for fatigue failure in welded structures are: poor
welded or welded defect, deficiency of fusion, cold cracks, vibratestraint, and geometrical changes.

Porosity Hot cracks (solidification)

Toe crack / / Undercut
O/ 5

z3

Root crack
Micro-fissures

Lack of fusion
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After fatigue crack initiation, cyclic loading may further crack propagation into primary or secondary
structural elements. Crack propagation is determined by the actual service load state of stress in the localized
area. If not controlled, propagation caasult into failure of the structural element with severe consequences

to the safety of the structure. Collapse of the structure is a possibility when an unstable stage of the crack
growth is reached in a critical area. For that reason, cracks or defe€®/S need to be reliably inspected

and monitored to ensure that the structures meet the service design life. Cracks may derive restraint relief
by propagating into low stress areas or, when possible, artificially creating a penetration to terminate the
crack.
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Environmental Protection

The development of Offshore Wind Energy (OWE) is not only challenging from the perspective of the ongoing
European Marine Spatial Planning processes, but it is also not entirely clear what impacts the construction,
operation, and decommissioning of OffskdVind Farms (OWF) and their related infrastructure might have

2y GKS YINARYyS S0O2aeaidiSvya FyR GKSAN) FdzyOQliAz2yAy3Io
renewable energy technologies (including OWE) have ecological costs that are often ove(ldbkeid &
Magagna, 2016) Thus, the increasing development of laigpale projects raises environmental concerns
about their cumulative effect, along with other anthropogenic maritime activities.

In this sense, OWE projects need to comply with the EU Environmental Impact Assessment (EIA) Directive,
which is the most widely used EIA tool in Europ&/2 a A Y 2 @A 6 ThiS riggullatibrdalns to astalish the
minimum requirements to be considered in an EIA, while guiding the process of arbitration between the
projects’ promoters and the administrations to ensure the common interest of society, by preserving
biodiversity ad fighting climate change. After several studies, the main parameters with relative protections

in the environmental contest are:

Biodiversity

Marine speciesvVarious species of birds and marine animals may be particularly vulnerable to environmental
pressure related to the OWF. The type and degree of impact are dependent on a range of factors, such as
the location and type of OWF and the species present in tata. Wind farms, especially large
establishments with tens of wind turbines, may force birds, mammals, and sea turtles to change direction,
both during migrations and more locally during regular foraging activities. This barrier effect interfering with
the distribution range and pattern of birds has been particularly explored. On the one hand, such
disturbances can lead to displacement and exclusion, and thus, loss of habitat use. On the other, marine
species can be attracted to the OWF area due to tleé effect. Besides, OWF may increase the mortality of
seabirds through collisions with turbines A proper location of OWF based on the study of the species present
in the project area can avoid most impacts. It is recommended to avoid important areaseéaitg and
foraging activities and areas with high densities of wintering or migratory spégiesschke et al., 2016)

Thus, for OWE projects, mitigation measures comprise the proper location of the turbines, away from the
species' key habitats. Moreover, mitigation measures can also involve design modifications to the size of
blades, the height of turbines, and configumat of the WF and associated infrastructure during the
construction phase, as well as the temporal stoppage of turbines during operation.

Benthic and Pelagic habitafBhe foundations of OWE facilities act as a new type of habitat, presenting higher
biodiversity of benthic organisms, which may in turn increase the use of the area by pelagic species such as
fish, marine mammals, and even some seabird species. Tushimeerged constructions can be colonized

by several marine species, resulting in an additional source of food for higher trophic level. Generally known
4 GKS aNBST STF¥SOGézr SELISOGSR K lortant éffects orfthemgdring | & O
environment generated by the construction O/WHDe Mesel et al., 20157 he reef effect commences with

the colonization and aggregation of species close to the foundations, increasing the specie abundances closer
to OWF foundations. For soft substrate habitats, we consider OWE facilities as having a positive impact due
to the expected artificial reef effect, while for hard ones, we envisage a significant negative impact, especially

in the construction phase. Further, the type of benthic habitats listed in the Habitat Directive 92/43/EEC are

considered sensitive and vulneralgke g., seagrass beds) and should be restricted for OWF constructions, to
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avoid habitat loss, degradation, and smothering of the local ecosystems with direct impact during the
construction phase.

Commercial fish species

OWE may have both negative and positive impacts on fish and shellfish. Positively, OWF foundations may
increase habitat complexity, enhancing certain fish species and communities. They may be compatible with
the creation of fishery exclusion zones or tmiti the usage of harmful fishing gear such as trawling and
gillnetting. These lead to higher sizes and fish stocks of commercially exploited species, as well as overall fish
species within the ecosystem. Negatively, OWF foundatiivedd to the sea floor ofloatingcact as fish
aggregating devices that concentrate fish species facilitating their capture. Thus, in the absence of specific
management responses, combining cumulatively OWF with fisheries can be expected to increase local
mortality rates of fistpopulations(Reubens et al., 2013Further, as stress due to noise and electromagnetic

field emissions is believed to potentially have an impact on the growth, migration, survival, and/or
reproductive capacity of commercially exploited fish species. Further scientific evidence is neededds

the magnitude of these cumulative impacts.

Eutrophication

OWF foundation and structures generate a turbulent wake that contributes to a localized vertical mixing and
induces nutrient concentration. However, there is evidence for both an increase and decrease in the primary
production due to micro upwelling/dowsvelling processes. According to JanRen efJainRen et al., 2015)

the development of large OWF in areas already sensitive to eutrophication (i.e., with poor oxygen conditions
and significant stratification of different salinity layers) can lead to anoxia, due to changes in the currents
regime (mixing dilutions and cumnt velocities) and accumulation of biomass (in particular, biofouling
organisms such as blue mussels with high oxygen consumption rates). The risk of suffering eutrophication is
particularly relevant in serénclosed water bodies, to solve this problem agese to adjusting site location

to ensure enough renewal of the water bodies.

Seafloor integrity

The construction of OWF modifies the seafloor integrity in diverse ways, depending on the configuration,
dimension, and design of the wind turbine fixation structures. Thus, the anchoring methods would determine
the extent of the permanent physical losstbe seabed, but also the increase of habitat complexity that
would affect communities positively. During the construction phase, impacts from the foundations can be
minimized by the adequate selection of the marine substrate (e.g., sand, gravel, mydO®W= constructed
nearshore up to 20 m in depth have shown to enhance suspended sediments, interfering with the
sedimentation rates and the longshore sediment transportation in shallow waters. Thus, the spatial extent
of changes in the sedimentation rateneeds to be considered, especially regarding geomorphological
changes in soft substrates. Further, processes such as cutting, water jetting, and/ or explosives can be used
during the construction and decommissioning of the turbine's foundations (paatigufor the monopile
type), which will lead to wider and more significant impacts on the segbepham & McMillan, 2017a)

Concentrations of contaminants in the environment, fish, and other seafood

Although OWF structures are not per se considered sources of contaminants, during the construction phase,
the contaminants contained in the remobilized sediments can betreduced in the water column
(Zaborska, 2017Yhis impact is directly linked to the influence of riverine inputs and land sources, with higher
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influences in seménclosed marine areas. Additionally, during the construction phase and maintenance
activities, an increase in oil spill risk resulting from the collision of vessels with wind farms was observed.
However, this risk can be reduced by ajppdythe commonly required safety and security measures. It is
recommended to determine baseline levels of contaminants in marine species for future studies near OWF.

Marine litter

Marine litter is a global concern affecting all the oceans of the world. Every year, millions of tons of litter end
up in the ocean worldwide, posing all environmental, economic, health, and aesthetic problems. Regarding
the life cycle of the OWF, only deomissioning processes have been identified as possible direct sources of
marine litter, though it will depend on the type of foundation and whether appropriate preventive measures
are taken. Further(Wang et al., 2018howed that hydrodynamic changes due to OWF structures reduced
microplastic abundance in the water and sediment in shallow sea areas (maximum 8 m in depth).

Underwater noise

Construction often includes an array of activities, including profiling, shippingdiilieg, trenching, and
dredging. Noise and vibration from pitgiving and other works may affect species over large areas,
displacing them or interfering with theiranmal behaviour. Extreme noise from OWF monopiles or jacket
foundations piledriving can cause significant behaviour disruption and hearing loss under extreme
circumstances in marine mammals and lead to larval mortality of fish. OWF using gravity fonseagidd

have a lower acoustic impact than monopiles, and if the generated noise is temporary and not loud enough
to cause hearing impairment, the alterations of species' behaviour can be minor. Additionally, during the
planning and construction period, @dance of biologically sensitive seasons can significantly reduce animal
disturbance. Nevertheless, mitigation measures can be deployed using acoustic (bubble) curtains to
attenuate noise from OWF construction and reduce temporary habitat loss. Duringtagre underwater

sound levels are unlikely to reach dangerously detrimental levels for species or mask the acoustic
communication of marine mammals. Marine renewable energy devices showed the potential to impact
marine sessile organisms through letegm exposure to constant low noise. Thus, despite being very limited

to a few meters around the cables, electromagnetic fields affected the prey detection ability of
elasmobranchs and disturb the migration patterns of the European eel. Impacts from theoeiaginetic

field, though, can be mitigated by an appropriate design and deployment of ciddegstrom et al., 2014)

to avoid sensitive species.
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2.5 Key Cost Drivers in Offshore Wind Projects

2.5.1 1 Introduction to Key Cost Drivers
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The modern wind industry has matured substantially since its beginnings in the 1970s. Expert survey results
show an expectation of continued reductions in the levelized cost of wind energy (I[FRDE).2.33Wiser

& Jenni, 2016summarizes LCOEB RdzOG A2y SELISOGEF A2y & F2NJ 6KS YSRA
scenario, focusing on the median value of expert responses. Across all three wind applications, the LCOE is
anticipated to decline by 24€80% in 2030 and by 35%i% in2050, relative to 2014 baseline values. Though
percentage changes from the baseline are the most broadly applicable approach to presenting survey
findings because each region and expert might have different baseline values, depicting the relativeeabsolut
value for experspecified LCOE is also relevaigure 2.34Wiser & Jenni, 2016)In these terms, onshore

wind is expected to remain less expensive than offshaad fixedbottom offshore less expensive than
floating. However, there are greater absolute reductions (and more uncertainty) in the LCOE of offshore wind
compared with onshe wind, and a narrowing gap between fixbdttom and floating offshore, with
especially sizable, anticipated reductions in the LCOE of floating offshore wind between 2020 and 2030.
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Lines/markers indicate the median expert response for the median LCOE scenario
Shaded areas show the 1st-3rd quartiles of expert responses
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Figure 2.33Wiser & Jenni, 20163ummarizes expert views on how the median scenario LCOE reductions
between 2014 and 2030 might be achieved, in terms of upfront capital costs (CapEXx), operating costs (OpEX),
capacity factors, project design life, and cost of finance (weighted averagefaasgiital, WACCIrigure 2.35

(Wiser & Jenni, 2016)meanwhile, highlights theelativeimpact of the changes in each driver in achieving

the median scenario LCOE in 2030, wRkigure 2.3§Wiser & Jenni, 20163ummarizes expected turbine
characteristics in 2030 for typical projects, relative to selected 2014 baseline valueashkore wingdCapEx

and capacity factor improvements constitute the largest drivers of LCOE reduction in the median scenario.
The importance of higher capacity factors is consistent with expert views on turbine characteristics, with
scaling expected not only in turkdrncapacity ratings but also rotor diameters and hub heights. Higher hub
heights result in higher wind speeds, and therefore capacity factors. Experts also predict greater scaling in
rotor swept area than in turbine capacity (leading to a reduction in §pgmwer, defined as turbine capacity
divided by rotor swept area), at least globally, also yielding higher capacity factofixelddrottom offshore

wind, CapEx and financing cost improvements are the largest contributors to LCOE reduction. The relatively
higher importance of CapEx and lower importance of capacity factor is consistent with expert opinions on
future offshore turbine size: expected turbinamacity ratings (and hub heights) grow significantly in order

to minimize CapEx, but specific powier expected to remain roughly at recent levels. Capacity factor
improvements play a larger role féloating offshore windrelative to the 2014 baseline for fixdzbttom),

perhaps reflecting a belief that floating technology will tend to be deployed in windier sites as enabled by
the ability to access deeper water locations. Financing cost reductions are more importarfsfarrefthan

for onshore wind, presumably due to its lower level of market maturity.
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2.5.2 - Fixed bottom cost drivers

The main cost drivers that ensure to define a correct Levelized Cost of Energy for Fixed Bottom Offshore Wind
Farms (OWFs) arepresented below. We have to take in account that the price is related to the monetary
value of 2016, andhie values given are related to several projects developed and.cited

Design and project management

This activity consists of a variety of items: geophysical and bathymetric surveys, meteorological mast and
wind monitoring, insurance, cost of finance, licences, public relations and marketing, environingpeaat
assessment, design engineering, and cargton management. Detailed costs for them can be found in
(ODE, 2007)where the general cost is 8®k 70 w8

Turbine and foundations
Turbine cost

As represented iiDouglas, 2010the overall turbine cost consists of: acquisition cost (AC = 85%); shipping
and assembling (SA = 5%); and electrical installation (El = 10%). Shipping depends on the distance to the wind
farm, although it constitutes the least significant item. Aboutyotile acquisition cost, a trended cost (in

GBP) for turbines as a function of their capacity is givé@DE, 200Avhich for 3.6 MW, results in 2.7 ME,

s0 1437KKO  /MW.

Foundation cost

This cost includes transport, installation, and scour protection to prevent the erosion of sediment around the
foundation. The cost is strongly dependent on the type of foundation (gravity, monopile, jacket, or tripod),
and in the case of steel solutiorm the price of this commodity. The type of foundation depends, in turn,
on the water depth and the seabed characteristics, and to a minor extent, on the turbine capacity and the
wave conditions(ODE, 2007ighlights that the increase per m of additional water depth is roughly 2%. A
general costis 44HF0  /MW.

Electrical infrastructure
Cables

Inner array cablesA general indicator is defined (Douglas, 2010)ith a cost of 189D  /m for copper
sections of 25@ & , or a cost of 51®  /m for coppersections of 38@ & .

Installation cost of inner array cablé3able lay activity is one of the most challenging aspects of construction.
Except in bedrock seafloors, this cost can be lower than in the case of export cables, because, thanks to a
lower shipping transit cost, the burial depth is lower. However, insustatistics show that cables are
responsible for over fifty percent of damages péBlengesol & Birch, 2010)General price is around 331

O /m.

Other cost driverdn (GonzaleRodriguez, 2017ye can find other relevant cost drivers related to the cables
as Export cable (60D /m), Installation cost of export cables @@  7a ), Acquisition cost of onshore
| + OlotS d6onnekYOX 9EOF@IGAZ2Y OQyR)LyadGlttriAzy 27F

Substation
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Offshore substationa costeffective grid connection at medium voltage to existing onshore substations is
possible if the OWF is small, or it is close to the shore. Otherwise, an offshore substation must be included
with the electrical equipment to transform the medium intarray voltage (typically 384 kV) to the
transmission network high voltage. This equipment will be supported on a jacket or monopile (for smaller
platforms) foundation. The substation capacity determines the cost and weight of theieé¢ equipment
(mainly transformer and gas insulated switchgears), and in turn the weight and cost of the substructure,
which also depends on the water depth. The cost for both components, electrical equipment and platform,
are approximately equal for VAC substations. In the case of HV@®uglas, 2010ncreases the former

cost in 50%, obtaining 980 10 ®.

Power factor compensating devicétsmay be necessary to include HVAC shunt reactors in three core cables
to compensate for the reactive power of AC transmission networks. Its price is not significantd2556
(ODIS, 2009).

HV connectionRegulations in some countries like Denmark and Germany dictate that the acquisition and
installation of export cable supply, as well as the onshore grid connection is covered by the grid operator.
Consequently, these costs are frequently gathered in glsiitem.

Shoreline transitionsA barge of around 1.3M£ (166@k ) is given in(ODIS, 2009)mainly for the
horizontal directional drilling, from land to sea.

Onshore substatiorfrom (ODE 2007) we obtain @D 70 .

Connection to the gridsrid connection can be highly variable, depending on whether the grid is sufficiently
strong or if it needs reinforcement. It can be covered by subsidies or by the grid operator. The expression
relating the cost of the connection to the grid and the paakacity is around 314D 70 & (ODE, 2007)

Yearly cash flow
Operation and maintenance costs

A general value is 20 70 w"Q(ODE, 2007)and include insurance, regular maintenance, repair, spare
parts and administration. This value is usually given as per MWh, and they increase as the equipment is aging.
In the case that it is given in currency per MW, it can be translated to currendy\pér by multiplying by

8766 h/year, and by a load factor (typically 0.35). Depending on the source, they can include land rent and
internal electricity consumption. Although its increase throughout the lifespan is not linear, an annual slope
of 5% can bessumed.

Price of MW and expected increase

The selling price of energy greatly depends on the environmental policy of the country and the energy price

in the general market. The type of support mechanisms established in Europe (mainly feed in tariff and quota
obligations based on green certificajeand the current subsidies to be applied are liste(Dauglas, 2010)

t NAOS OFly S@2ft@dS 20SNI GKS tAFSGAYS 2F GKS 6AyR LI
Ay GKS FTANRG ¢ @SIFNRBRI prteka2K Ay GKS F2tt2gAy3a p ¢

Subsides, depreciation and annual taxes

Other data such as investment subsidies, depreciation allowances and taxes on the cash flows, must also be
computed in an accounting analysis, although this inclusion has not been carried out due to either
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unavailability or because certain data remains unspecified for every country: fiscal policy, preferential
courses of action, and capital amortization tables. Particularly, with regard to the grants, the revenues for
different wind farms are listed i(Slengesol & Birch, 2010 3ISY SN} f @I f dzS Aa HT ace.

Decommissioning costs and residual price

Offshore decommissioning relates to removal of the superstructure (i.e. blades, nacelle, towers and
transition piece), foundation, scour protection and offshore cables. Residual price depends on whether the
foundations are made of concrete or steel, altlgtn) in general, this is a minor value in comparison to the
decommissioning cost (around 10%). A general cost isB2 T0 & (ODE, 2007)which includes the
distance to the nearest port and the type of foundation.

Factor affecting the economic data
Evolution of commodities

The rolled steel is the main raw material used in the manufacture of towers, but also monopile and tripod
foundations, and transition pieces. Copper is used in cabling, and to a lesser extent in generators and
transformers. These metals make up approxinha@®o and 5% of total LCOE respectii@tpwnState, 2012)

and their price have significantly fluctuated in the past years due to the infrastructure growth in China, and,
on the other hand, by the recent economic downturn.

High demand and lack of competitiveness

VesselsThe oil price is also an important factor, not only as a commaodity influencing the travelling costs of
vessels, but mainly because a high oil price increases the demand of vessels used in the gas and oil sector.
The rental price of vessels had doubledha past years resulting from a lack of competition among vessel
owners/ operators as well as a lack of fit for purpose vessels. The recent collapse in crude oil prices has
triggered a decline in offshore oil and gas exploration and constructitivitees, which has led to reduced

vessel day rates, albeit a significant vessel demand is maintained for retrofit work and maintenance activities.

Meteorological conditions and weather downtim®letocean conditions play an important role in the
schedule of the installation works and scour protection. In general, locations with good wind conditions are
more likely to be unavailable for assembling, laying, or installation. As noted by some ojeets
(Slengesol & Birch, 201030me tasks like cable installation or pile driving should be avoided in winter due

to high waves. Maintenance plans must also design accordingly to the location accessibility. In the North Sea,
the high waves complicate the access by boat, and some (eske laying, pile driving) should be avoided

in the weather window in which these conditions are expected. A more approximated estimation of the
necessary foundation weight and the scour protection should then include the soil type, turbine capacity,
depth, wave height, maximum wind speed, or the tidal curr6@DE, 2007)

DistanceWhen analysing the investment cost, four distances must be considered: distance from the OWF
to the shore; distance to the grid; distance to the holding port; and distance travelled by the vessels for their
mobilization and demobilization. The first onetdrmines the visual impact, influences the water depth, and
serves as a proxy for the length of export cable requifée second one refers to the distance to a nearby
harbour with enough manufacturing facilities, and staging area for the turbine asgemtile gravitybased
foundation construction. This distance determines the time for marine vessels teupickaterial and
equipment at port and return to the work site. Therefore, it affects the installation time/cost and is an
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important factor for the estimation of the vessel rental cost. General cost is defined @D
QQi 0 O & '?%km) (Kaiser MJ & Snyder, 2010)

2.5.3 - Floating cost drivers

To better understand the main cost drivers for the Floating Offshore Wind Farm we subdivide the analysis in
five main categoriefigure 2.3{Sykes et al., 2023)

Development
CAPEX Manufacturing

Installation

Total Wind Farm Cost

OPEX
DECEX
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Preliminary works

In the preliminary cost such as market study, legislative factors, farm design, management and engineering
were included. These costs are the same for all three platform typologies and are calculated based on the
wind farm power capacity. The reason fixethd farm site data is used is because there is no real data for
floating platforms yet, due to the lack of operational sites. The cost models presenteigtim et al., 2014a)

have similar categories to those listed above but also include GBP/MW values for human impact studies and
insurance and contingency. An improvement on a GBP/MW estimate would be to include cost information
on the surveys carried out. It would be relativaimple to implement, considering installation cost models
already including a variety of vessels and their related costs. It is estimated that survey costs account for
around 34% of the developmental cost phase.

Manufacturing
Wind turbine cost

Wind turbine costs have previously been estimated using a linear regression approach, fitting a gihe to 2
MW wind turbine cost information from a data s@¥laienza et al., 2020)The most common approach to

find the wind turbine cost was to use a GBP/MW valuglMghr et al., 2014ajhe AC turbine cost was
calculated using a formula related to wind turbine power, while the DC turbine cost was calculated as a
percentage of the AC turbine because it does not require a-tiblack power converter.

Platform cost

Few basic cost models available used a generic GBP/MW value to cover all floating platform types. Such
models can create a good benchmark value, however, it is important to consider platform variation and more
detailed cost estimates, particularly as wifadm owners proceed further into the project design. Platform

cost was expressed simply as material cost in terms of steel, concrete, and ballast used for the different
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platforms. (Maienza et al., 2020produced a fair estimate of the floating platform cost, detailing its
dependency on platform type. They calculated the platform cost including material cost based on the
platform mass, painting, corrosion protection, salaries, and engineering equipnentafter is taken as 5%

of the sum of the other manufacturing costs.

Transmission system cost

The transmission system (Naienza et al., 202@)efines export and array cable costs for the given distance

and water depth, considering the voltage rating and whether high voltage AC (HVAC) or DC (HVDC) is used.
There is a general rule that around 50 km offshore, HYAC becomes more expensive, sogtoitelvDC is

more costeffective due to lower losses. The most detailed transmission cost for HVDC is presefided in
Prada Gil et al., 2015Yhis work presented four different collection grids, highlighting the parallel HYDC
configuration to be the most comparable to the traditional radial layout used for HVAC. Rather than using
the GBP/m value to find the cost of cables, authors implemetteddifferent formulae for both AC and DC
cables which consider: length, current, and coefficients related to voltage rating. Other components
considered in are AC/DC & DC/DC power converters and switchgear. Platform (substation) costs vary rapidly
depending on whether AC or DC is used. To represent this cost they used a simplistic formula for the AC
platform, and a more complex formula for the DC case, including feeder and collector platforms.

Mooring and anchors cost

The station keeping costs were expressed considering the different platform types and the requirement of
different material types for each mooring line configuratigflaienza et al., 202@)sed a GBP/kg estimate

for the anchors. It is straightforward to find the cost of different anchor types for each configuration,
however, two set values were used here for catenary and taut mooring. His work considered wind, wave,
and current forces in aer to determine the required mass of the mooring line and anchor, where the cost
was calculated in terms of GBP/Kgeidari, 2017)ised a similar approach considering the minimum breaking
load of the mooring line within empirical formulae to find the cost for both mooring and anchors. The cost is
represented as the price per anchor and price per meter of mooring line. Mooring pes tonsidered are
chain, wire, fibre rope, and pipe. The stiffness of the mooring line and the appropriate diameter is also
selected for the upper and lower section of the line to ensure it does not exceed the minimum breaking load.

Installation

(Maienza et al., 202@eveloped an installation model discussing a range of different vessels within the text,

it has however been noted that for the calculation of time to transport from port to farm, only two vessel
speeds are available: tug and crane speed. It is impottaaccount for fuel costs due to its volatility and

since there are limitations on which fuels can be used due to the sulphur cap in place, pushing consumers to
use more expensive marine diesel oil compared to traditional heavy fuel oil. The instaltzdtomas broken
R2gy Ayid2 (dzNDBAYSIT LI GF2NNVI Y22NAY3AI [ YOK2NERI Y
major systems. A range of different installation methods has been well explained {lflaienza et al.,

2020) highlighting that a single lift is generally the best for a floating platf¢@astreSantos et al., 2018)
considered different methods for installation of each system, i.e mooring and anchors installed via a tug and
barge or specialised anchor handling vessel, and a similar procedure is carried out for the other systems. This
research is probably the most daked account of installation costs, with the inclusion of a very high level of
detail including vessel type, speed, range of installation methods for each system, range of lifting methods,
time to carry out all tasks and comprehensive equations and taifldata used within the calculation.
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Operations and maintenance

O&M captured within(Maienza et al., 2020hcluded insurance and seabed rental, along with preventative
and corrective maintenance. Both maintenance types include the probability failure rates of each component
and the related downtime to carry out the repair. Indirect costs such as port stokegsel hire, and
maintenance planning were also included. One parameter which is not included is availability, which is a
considerable factor which can affect the length of downtime and therefore revenue. This is however not a
simple task to include andauld require a model in itsel{Myhr et al., 2014ajtilised a preexisting cost
model for O&M called OMCECalculator. This is generic and does not use wind farm data, it is based on past
experience and engineering judgement. Unplanned, condition and caldredsd maintenance is
considered for floating andXed, detailing the number of maintenance events for each. Downtime, time to
repair, number of crew, vessel hire, port fees, inspections each year, and spare parts are all considered in
this work. Alongside the maintenance insurance costs were also coediGBP/MW.

Decommissioning

The decommissioning costs were expressed as a percentage of the installation cost, which leads the author
to determine that any uncertainty is carried over from the installation cost to the decommissioning cost.
(Maienza et al., 202Qlso included the cost related to site clearance represented as a cost per(@rea.
Adedipe & Shafiee, 2021)proke the Decommissioning Expenditure (DECEX) into four main categories:
planning and regulatory approval, execution, logistics and waste management, andgooshmissioning.

This is the only work to have considered regulatory approval, currentlyndtisecessary for wind farms,
however, it could be in the future, hence the cost was based on approval needed for oil and gas projects.
Engineering and management costs, contingency, and insurance were considered within this subcategory as
a percentage ofotal decommissioning. The execution phases included: disconnection of wind turbines from
the grid, cost of wind turbine preparation for removal, cost of lifting and removal of wind turbines, tower,
foundations and scour protection, cost of decommissionioigy offshore substations, and cost of
decommissioning of all cables. The cost related to logistics which considers how the decommissioning will
take place, and the organisation of transport and recycling/scrapping is calculated and includes the same
paramders as the execution phase which was previously described. Thedpostnmissioning cost in
includes: site survey, site clearance, site monitoring, site remediation, and miscellaneous costs, but the
details on the calculation are not given.

2.5.4 - Future cost drivers

A variety of wind development, technology, design, manufacturing, construction, operational, and market
changes might contribute to reducing the LCOE for wind projects. To gauge the relative importance of the
many possible drivers, we asked respondentdifferent changes on a foyvoint scale based on their
expectedmpact onreducingLCOE by 2030, for offshore wind applications. Specificallyi,abke 2.4Wiser

& Jenni, 2016%or fixed-bottom wind turbine andTable 2.5Wiser & Jenni, 2016for floating wind turbine
ddzYYlI NAT Sa GKS LISNOSyidl3IS 2F SELISNIE K2 &FAR SIO
Hnon |y alF @SN 3IS¢ NI GAy3I F2N SdpdhkscalefoBfmerical sc&dr. 2 y

Figure 2.3§Wiser & Jenni, 20163ummarizes the findings at a superficial level, including also the results of

the onshore wind energy.
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___'____: Onshore: rotor-related
- | advancements viewed as
especially important

Major Fixed-bottom offshore:
elo]== upscaling, foundations,

Reduction 5 lower financing costs
Drivers '

Floating offshore: support
structures, more efficient
installation processes
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Wind technology, market, or other chang« Percentage of experts ratin¢ Main rating:
AGSY a[ I NBS _
AYLI Of ¢ 3 ¢ large impact

2 ¢ median impact
1 ¢ small impact

0 ¢ no impact

Increased turbine capacity and rotor diamet 55% 2.4
(thereby maintaining specific power)

Foundation and support structure desic 53% 2.4
advancements
Reduced financing costs and project contingenc 49% 2.4

due to lower risk profile, greater accuracy in ener
production estimates, improved risk managemel
and increased industry  experience  al

standardization

Economies of scale through increased project size 48% 2.3
Improved component durability and reliability 48% 2.3
Installation process efficiencies 46% 2.4
Installation ~ and  transportation  equipmen 44%, 2.3
advancements

Foundation and support structure manufacturir 43% 2.2

standardization, efficiencies, and volume
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Extended turbine design lifetime 36% 2.2

Turbine and component manufacturin 36% 21
standardization, efficiencies, and volume
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Wind technology, market, or other chang: Percentage of experts ratin¢ Main rating:
AGSY al I NBS _
AY LI OG ¢ 3 ¢ large impact

2 ¢ median impact

1 ¢ small impact

0 ¢ no impact

Foundation and support structure desic 80% 2.8
advancements

Installation process efficiencies 78% 27
Foundation and support structure manufacturir 68% 2.6

standardization, efficiencies, and volume

Economies of scale through increased project size 65% 2.6
Installation ~ and  transportation  equipmen 63% 25
advancements

Increased turbine capacity and rotor diamet 59% 2.4

(thereby maintaining specific power)
Improved component durability and reliability 58% 25

Reduced financing costs and project contingenc 46% 2.3
due to lower risk profile, greater accuracy in ener

production estimates, improved risk managemel

and increased  industry  experience  al

standardization

Increased competition among suppliers 46% 2.2
components, turbines, balance of plan servici
installation, and operations and maintenance

Rotor design advancements 45% 2.1

The relative ranking of the various drivers differs for offshore wind, and many more items were given higher
ratings for offshore than for onshore. Starting with fixeottom offshore wind, the most highly rated
advancements include increased turbine caparatings, design advancements for foundations and support
structures, and reduced financing costs and project contingencies. Each of these is fully consistent with the
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findings noted earlier in terms of industry expectations for growth in turbine nameplate capacity ratings, and
the relatively high importance of CapEx improvements and reducing financing costs, along with the relatively
lower stated importance of capacitiactor and OpEx improvements. Other highly rated items are also
consistent with these themes, including larger project size and installation equipment and process
advancements. Finally, turning to floating offshore wind, many of the themes here are goniterse for
fixed-bottom technology, except with an even greater emphasis on foundations and support structures as
well as turbine installatiofWiser & Jenni, 2016)

71



3. Offshore Wind LCOE Calculation Model
3.1 Levelized Cost of Energy (LCOE): Concept and Calculation Methods

3.1.1 7 Initial concept to define LCOE

Introduction

Offshore wind development is hampered by the complexity erdense of setting up a new site. Water
depth, which determineshe type of foundations required, and the distance from the sharkich adds to
commissioning complexity are two of the substantismber of elements that contribute to the difficulties
for developmentf an offshore wind array. Individually, each of theagiables can have a significant impact
on installation and/or thaunning costs of an offshore wind array and thereby, on the econ@eaisibility.
These variables therefore need to be fulipderstood and accurately costed to determine site viability.
Beyond the costs for installing and running an offshore wgimey, contract structures, differing government
incentives andongterm wholesale electricity price need to be considere@@mnomic analyses. Offshore
wind allocation auctions are analysbg (Welisch & Poudineh, 2020Where concerns are raised about the
possibility of Contract for Differences (CfDs) leading to speculaitiing in capacity auctions. Considering
the complexity and theapid development of the offshore wind energy industry, a flexdohel complete
costing metric with sufficient fluidity to cope witthese variables, is requiredespite some annual
fluctuation, investment in renewable energyer the past decade has increased significantly. However,
investmentin wind has dropped from a high in 2015jsttslowdownlikely results from the saturation of
onshore wind, while scaling hast fully started with offshore wind.

Installation costs for offshore wind have been Horear, withreductions seen as technologies develop in
components such asonopile foundations. Reductions are also seen in the cost of turbih@sever, the
rapid introduction of new technologies such fisating foundations means these reductions can get lost in
the overall cost. Increased installation costs can be offset by greeited speeds, larger turbines and the
potential to locate near demandentres. Indeed, recent work has shown that the mankaue of offshore
wind typically exceeds that of onshore wirdecommissioning and recycling strategies for offshore wind
turbines are variable. Options for end of life include repowerivigere existing foundations and towers are
used with the installatiorof a new nacelle and rotor, replacement of complete turbemed all support
structures on an existing site, or removal and stoivn of site. Each of these options incur differing costs
and thecost of removing turbines is subject to geographic and weatibaditions and fluctuations in the
value of recovered materia{dopham et al., 2019)

The spread of auction prices demonstrates the differing viewboth the longterm production costs from
offshore wind andvholesale costs of electricity. Offshore wind farm developetgire an accurate way of
determining returns on investment tattract more investors to the sector. The approach used by maseis
levelized cost of energy (or levelized cost of electricity when relating to the electricity market specifically)
(LCOE), which isfanction of the total lifecycle costs relative to the amawf energyproduced. Lifecycle
costs are normally split into different componerdemprising the initial nomecurring costs and recurring
operational costs. Norrecurring costs include setup, planning adévelopment, build, commission,
decommission costs etc. In thease of offshore wind farms, also called arrays development costs
significant and include feasibility studies, permits, legal andth#r costs associated with establishing an
offshore wind farmRecurring costs include fuel and maintenance. Levelized cadedficity constitutes
the average cost per unit that the generatoeeds to receive to break even over the lifetime of the site
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(Ueckerdt et al., 2013)These life cycle costs estimate become more stable and accuraa axlustry
matures and gathers real world data for modelling.

Levelized cost of electricity

In the energy sector, LCOE is the most common way of calcutatthgiscussing the cost of electricity. At
the most basic levehis can be expressed IBquation(l)

W wom O

Vou O—O p
where C is the total lifetime costs expressed in selected curr@rsnally either £, $ of) and E is the total
electrical energy produceith kWh orMWh from initiation (year 0) to end of life (year )COE is expressed
as currency/kWh or MWh.

Levelized cost of electricity is applied when comparing castsss differing technologies, determining price
trends in singléechnologies, feedn tariff requirements and calculating theability of an energy producing
technology. ThereforgEquation(1)s overly simplified. A neaxhaustive, qualitativeverview of LCOE inputs
and market interactions is shown igure 3.1(Johnston et al., 2020&piven the complexity of LCOE inputs,
the large investment sumsnd relatively long lifecycle of offshore wind arrays, an importamsideration
for LCOE is the influence of monetary inflation oviene. Therefore, a more detailed and complete
Equation(2for renewable LCOE is as follows (taken f((RENA, 201})

O 0 "O
i
p 5 c
p 1

D60 O

where LCOE is the average lifetime levelized cost of electyieitgration,Ois the investment in year t)

is the operations andnaintenance expenditures in the year@is the fuel expenditures the year t,0
electricity generation in the year t in kWh or MWHhsithe discount rate as %, and n is the life of the system
in years. Theesult is expressed as a currency/kWh or MWh, for examplgkivvh.
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Nonrecurring costs

Nonrecurring costs influencing LCOE encompass all celstted to the development of an offshore wind
site. This includes feasibility and planning, physical infrastructure and instaltasts Additionally, contract
structures, subsidies with consideratiom duration and operational costs such as capacity facteed to

be considered and costed. Importantly however, inpdif§er for norntrecurring costs from one country to
another. The International Renewable Energy Association (IRENAJldmasied five primary drivers in
installation costs for developing wind array: turbine costs, structural costs, foundation costsd gri
connectioncosts and planning andproject costs. The approaches to managing these costs vary across
different countries and is often informed by regional differencesgeographical features, regulatory
frameworks and ownership of skad (Ernest Orlando Lawrence Berkeley National Laboratory, 2012)

Recurring costs

Operations and maintenance (O&M) costs are recognisedsabstantial component of LCOE for offshore
wind turbines. Howeverdata is not readily available, costs associated with O&Mtlaeeefore not well
defined with significant variance in the valugsoted. Approximately 2@5% of the total lifecycle costs are
attributed to O&M costs. Using this value, it is possiblestimate lower and upper values for the lifetime
O&M costs. Potential sites for offshore wind arrays are identified in part by wind energy potential models.
Therefore, wind variability is a majeomponent of any economic case for an offshore wind aaag is
subject to significant debate. Estimations of wind enepggduction are heavily reliant on wind energy
potential modelswith variation in the results of these models cited as a potential figskinaccurate
estimates. Variation in wind supply has been cited as a reason that L@ & good metric when comparing
wind and variable renewablenergies in general, against traditional dispatchable energy generaiiany
calculations of LCOE do not factor in operational efficiermmesones that do have different assumptions
about theamount of time across a year in which the turbines will beparation and generating electricity.
This concept is developeirther by Milligan et al(National Renewable Energy Laboratory, 20@4p
discuss the interaction betweattispatchable and intermittent energy sources.

Impact of LCOE in uncertainty

Some studies detail limitations with LCOE for renewable ensogyces, including lack of sensitivity to
fluctuations in power supply. The expert underlines the need to include electricity prianigtion in the
calculation. Traditionally LCOE ignores variallig integration costs. Othersers of LCOE note the regional
variances between the calculatiamputs, for example connections charges are paid by wind &swelopers,
but in other part of Europe they are covered as natidné&iastructure proje&ts, so the costs lie elsewhere.
These variances in calculation inputs combined with differegfional auction and contract structures
partially explain variancén auction prices across different countrids/hile the LCOE calculation is an
important consideration for determining the strike price, itingportant to note that LCOE and strike price
are not the same, anthat strike price is a composite number comprising LCOE, miancets and a number
of other factors(Department of buisness, 2016)

Since LCOE is expressed in varying currencies and as a dostper MWh, it can be difficult to accurately
compare LCOE frorane region to another. While conversion from kWh to MWhsigightforward,
fluctuations in exchange rates mean that convertmgrencies can have a significant impact on the final
valuefor LCOE.
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Excell implementation

In this chapter, an LCOE model for offshore wind farms will be presented, highlighting the substantial
differences between fixethottom and floating wind turbines. In the following chapter, this model will be
implemented in an Excel spreadsheet, makirgppplicable to real case studies of offshore wind farms, both
fixed-bottom and floating.

3.1.2 1 Calculation method for fixed -bottom offshore wind farm

Targeted subsidies, progress in marine spatial planning, incentives in the form of grid connections & site
development have increased the deployments of fekedtom offshore wind (FBOW) in the Bdd unlocked

cost reductionsThis momentum is expected to increase technology's market growth and facilitate further
cost reduction opportunitiesFigure 3.2 (4cOffshore, 2020)Offshore wind technology costs, Capital
Expenditure (CAPEX) and Levelized Cost of Enei@)(Llad steadily increased in the &ttil early 2010.

After that, a sharp decline was obsedveSubsidies awarded and strike prices/taréithieved in offshore

wind auctions showed a similar development trend, with recent auction outcomes indicating offshore wind
technology as socto-be fully subsidyfree. (Santhakumar et al., 202fjovided a detailed review of offshore

wind cost developments from literature and concluded that studies have commonly followed aggregated
applications of experience curve approach by assuming LRs from analogous technologies. Such applications
have failedo consider the risks and factors that were specific to offshore wind technology, resulting in over
optimistic cost outlooks.
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Research, Development, Demonstration, and Deployment paradigm is commonly used to explain the energy
technology development procegierr et al., 2021)In literature, few studies have applied such models to
describe the development and diffusion of offshore wilid.detail the development process and understand

the learning mechanisms involved, we followed a ft@ge energy technology development process
described by(Santhakumar et al., 20213eeFigure 3.3(Santhakumar et al., 2021The five phases are
prototype & demonstration, initial buildip, upscaling, growth, and maturity

Data Availability

+ Performance and market price data
Maricet Maturity covering the life-cycle of the technology
. development
« Profit margin (Price-Cost) developments

A Saturation

Leaming-by-doing
Industry up-scaling
Spillover and Cluster effects

Growth phase » Performance and market price data

(Incl. component level information)
+ Detailed project cost estimates with
high confidence

Leaming-by-doing

2 Unit up-scaling
@ Upscaling phase Market pull effects shore « Performance and market price data
§ Spillover and Cluster effects Wind (Incl. component level information)
g « Detailed project cost estimates with
[ high confidence
R&D effects
Initial build-up phase Learning-by-doing )
Marlcet creation + Performance and market price data
Knowledge exchange = Project cost assumptions (incl. cost
overrun assumptions)
Prototype & High level R&D

Demonstration Demonstrations + Performance and cost assumptions

Knowledge exchange from analogous technologies
= + Cost estimates of demonstration
) i projects
Time
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To define our study, we define thexperience curve approach, one of the widely adopted methodologies to
anticipate technology cost developments, was applied to quantify the learning effects observed for offshore
wind CAPEX and LCOE. Compared to CAPEX, LCOE provides a holistic painmdogfitelevelopments in

the market by considering the CAPEX, Operational Expenditures (OPEX), cost of capital, project lifetime,
Decommissioning Expenditures (DECOMinual Energy Production (AERYiscount rate,and all other
expenditures essential for generating energy. It is also a critical metric that significantly impacts investment,
and policy actions and compares different technologies' competitiveness in the market; however, it neglects
systemlevel valueglEA, 2020)The LCOE of offshofized-bottom wind projects was estimated as shown in
Equation(3)

55500 uﬁu'od) '0‘0"660
06060 p o p 0
0OV
p Q

All the element used in the LCOE calculation are describe better in the next chapters.

The cost model is described kigure 3.4(Santhakumar et al., 2022\hich comprehensively illustrates the
cost components of the technology investment cost and the factors impacting the LCOE. Moreover, the cost
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modelling approach in this study did not consider market effects in its compdaeat cost assumptions,
i.e., excludes profit assumptions resulting from market concentration and dersapply constraints. The
benefit is that the model outcomes helped w#y the cost impact of technological developments and site
characteristics alone, which was the objective.

Wind farm Inputs
(wind farm size, turbine rated power, water depth, distance to shore, foundation type, inter-array cable voltage
export cable voltage, etc.,)

S S |

CAPEX Module

Electrical

i1 infrastructure cost | | COfenGAREX

Development cost | Turbine supply Foundation supply Installation cost
Other Inputs
(cost of capital, wind farm lifetime, O&M costs, decommissioning
cost, tax rate, etc.),

:  Financial inputs & OPEX : i Key performance

CAPEX i1 projecttimeline 1 i i ' indicator's

v

CAPEX LCOE AEP Other result
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3.1.3 1 Calculation method for floating offshore wind farm

In order to reactcommercial application, floating offshore wind turbines (FOWTSs) teedlve not only the
technological challenges faced by its bottdixed counterparts but also provide an economic alternative.
FOWTs possess the potential to provide competitive LCOE vallesvimg the ability to harness the best
possible wind resources withowtepth constraints and applying larger wind turbines to increase power
generation. Furthermore, the ability to mount the turbine on theating substructure dockside and to tow
the fully assembled structurby tugboats to the offshore site provides a significant potential for cost
reduction along the life cycle, because expensive heavy liftjpalessels are avoided. However, since only
a few prototypes havdeen constructed so far, there is a lack of information on the LCQdtgef scale
floating offshore wind farms (FOWF&)lyhr et al., 2014bhaveestimated in 2013 the LCOE for a number of
different FOWT conceptaade of steel and supporting a 5SMW wind turbifide findings have shown LCOE
@t dzSa NI y3IAY 3a20KS (loySRS yH ymrndeyd oe keak? KX g KA OK | LihdS | NI dz
cost of current bottordfixed offshore wind farms. Further researths been proposed to investigate possible
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cost reductions and to study the impact of different site conditiorfise high LCOE value may has been due
to the lack ofinformation on the cost structure of FOWFs and several assumptatdave been made in
the LCOE estimation. For instance, the operatind maintenance costs have been based on estimations for
bottom fixedoffshore wind farms and the decommissioning cost has lwessidered as a percentage of the
capital expenses. Hence, the advantaties FOWTs provide to reduce costs in these life cycle phHases

not been taken into account. Besides that, the energy generaiwhlosses in the system have been based
on gross load factorand efficiency rates from literature and ¥& not been optimized for thepecific
location.

The LCOE calculation is a method used to obtain the cost of onenamgy produced and is typically applied
to compare the cost competitivenes$ power generation technologies. The LCOE model segtation the
life cycle costs (LCCs) to the electrical energy providedijEl Equation(4)IRENA, 2018)

60000 OO 006D
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The LCCs include all costs occurring in the lifetime of the FDWiFRas the capital expense (CAPEX), the cost
during the operation anthe maintenance phase (OPEX) as well as the decommissioning eXp&&EX) at
the end of lifetime. CAPEX includes the costs relatedetcelopment, manufacturing, transportation and
installation of thewind farm. These costs are also defined as investment costs sinceotioely at the
beginning of the project before the wind farm startsgenerate energyOPEX contains ¢hcosts related to
operation and maintenance (Q48) activities during the lifetime of the project and DECEX represtets
costs occurring at the end of the lifetime for the decommissioningpefwind farm.

The total LCCs are obtained as the sum of all phases and as stiequration(5]Benveniste & Lerch, 2016)
D00 O 0 0 0 6o O v

The development phase ( ) includes all activities related to thaitial development and design of the
FOWEF up to the point at whighe official orders for production and purchasing are made. fitsisphase is
highly important for the projects outcomes since a ws#Hdnned design and schedule will enable a
construction on time andvith low added cost¢Bjerkseter & Agotnes, 2013a)The development costs are
considered in the.CC calculation as a percentage of the CAPEX

The manufacturing cogd ) includes the expenses for either the acquisit@mproduction of each of
the components of the FOWF suchtlas turbines, floating substructures, anchor and moorings, substations
and power cables.

Transportation is considered between the fabrication site, the assepuityand the offshore site. The total
transportation cost(® ) is dependent on vessel specific parameters such as theateyand fuel
consumption, the rental time and usage of the vesselal as mobilization and demobilization c§&aiser

& Snyder, 2012) No transportation isonsidered for delivering the components from the supplier to the
port, because this cost is included in the purchasing price. However, aostsinting for port activities such
as the utilization of cranes araixiliary means as well as the lease of area for storage and lopdipgses
are considered.
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The total installation cost( ) consists of the individual cost for the installatiortlodé offshore turbine
and the floating substructure, thpre-installation of the anchor and mooring system as weltresinter-
array and export cable laying. Besides that, ¢iffshore and onshore substation cost are also considered in
the installation phase as well as the commissigrihthe complete wind farm(Benveniste & Lerch, 2016)
The installation costs of each component are based on the vassédl for the installation as well auxiliary
means and diverfKaiser & Snyder, 2012)

The O&Mbegins after the commissioning of the FOWF and the assoaiat#d occur annually. The operation
expenses include, for example, insurandegsmission charges and leag8erkseter & Agotnes, 2013a)
The maintenance igsed to ensure a high availability of the FOWF and to reducddhatime. It includes
preventive and corrective maintenance. Preventiraintenance cost covers all activities that aim to avoid a
failure of a machine such as inspections and replacements of wear padbricants. An accurate planning
of the maintenance activities is cructallimit maintenance costs and prevent breakdowns of the machines.
Corrective maintenance, on the other hand, responds to the failure adraponent of the wind farm. In
contrast to preventive maintenanceprrective maintenance igarried out after a failure has happened and
includes the repair or replacement of a component. The total O&ddts 6 o ) consist of the sum of
operation cost, preventivand corrective maintenance co@enveniste & Lerch, 2016)

The decommissioning of the FOWF is performed after the lifeéme In general, the offshore wind farm
owner is obligated to remove altructures that were built and to clear the site. However, it also depemnds
national regulations and in some cases a decommissioning cdralbonents might not be required when
associated risks are too hightbie impact of remaining structures is not significéiaiser & Snyder, 2012)
Decommissioningan be considered as a reversed installation procesdraiddes the disassembly of the
wind farm as well as the transportatidrack to the port. Besides that, the final treatment of the different
components of the FOWF is considered as well as the clearance esft¢hwith its associated costsf
treatment and Clear respectively

Since the LCCs occur in different years (t), they have to be discowntbeir present value by applying a
discount rate (r). Theliscount rate has a large influence on the LCOE and representadhet value of
equity and debt. Furthermore, the project risk and retwysield are considered. The rate is, therefore, also
known as weightedverage cost of capital (WACC) and has typically a value betweamdi822% for offshore
wind farm investmentgMyhr et al., 2014h)

(6]

w0003 o 0 O

Equation(6)Ylisplayshe WACC calculation, where E is the equity oftpany, D is the debQ represents

the cost of equity andQ the costof debt. The energy provided is the denominator of the LEQtion. It

refers to total energy generate® ) during thelifetime minus the energy losses | that occur in generation,
collectionand transmission of the energfigure 3.5(Lerch et al., 2018)isplays the losses in theystem

that are considered in the model
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3.2 CAPEX Breakdown: Turbines, Foundations, Substations, and Installation

3.2.1 1 CAPEX FixedBottom Wind Turbine

To define CAPEX in our study we decide to usestiggneering cost model§he mean value of CAPEX is
evaluated by the conventional engineering cost models, while the model parameters are updated to reflect
the recent technological advances. In addition, the number of input variables is reduced for validation and
scenario studyThe cost breakdown structure for the offshore wind farms was define{Shafiee et al.,
2016) The cost structure used in this study is describeBijgure 3.6(Santhakumar et al., 2022LAPEX
consists of three main items: the development and consenting@ast, the production and acquisition cost

0 o , and the installation and commissioning cOs} as shown irEquation(7)

The development and consenting cost consist of project managemenbcost , legal authorization cost
0 , the engineering cosi , the contingencie® and the survey® . The production
and acquisition cost consists of the wind turbine cost , the support structure cosd and the power
transmission system coét . The installation and commissioning cost consists of the vesseb ¢psgt

the port costd o ,  and other cosb g including insurance
Section 2.2.1 Section 2.2.2 Section 2,2.3
Development & Production & Installation &
Consenting CD&C Acquisition CP&A Commissioning C‘i&c
Project Management Cp,o ju Wind Turbines Cyyr Vessels Cigc,pesser

Substructure installation
Wind turbine installation
Power transmission system installation

Legal Authorization Cregqr Support Structures Cs

Power Transmission System

Engineering C,
g g Leng Cprs Port Crac port

. i Export Cable Cpe
Contingencies Ceontigencies Array Cable Cac
Onshore Cable Cy
Offshore Substation  Cypr—sups
Onshore Substation C,,—cuns

Others Cac others
Surveys Csm'veys
[ RNz DO @Bl et T Ys UL ql eHqgel JIOnYIl IOYoL 6 Y1 1J10s RUT |

Development and consenting cost

The development and consenting cést, is evaluated usingquation(8ps defined byShafiee et al., 2016)
It is related to the project managemeat , the legal authorizatiod , the engineering activitied
the contingencie® and the conducted surveys

6o © o} 0 o} 0 U]

In this study, the summation &f B M B is estimated as a constant valdieg
in Equation(8.1gven though these items for each project are slightly difficult. is proportional to the
wind farm capacity as shown Equation(8.2)

6o O o} o} 0 up
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whered s the wind turbine rated powerj s the number of turbinesp is the survey cost per
MW.

Production and acquisition cost

The production and acquisition cost includes all costs associated with the procurement of wind tdrbines
the support structure or foundatio® , and the power transmission systeth , as you can see in
Equation(9)

6o O 6 © w

The total cost of wind turbin@ is expressed as a function of thember of wind turbines and the wind
turbine rated power.(Shafiee et al., 2016)odelled the wind turbine cost for 2 MW to 5 MW wind turbines,
which does not cover the recent turbines larger than 6 MW. Physically, the mass of wind turbine is the cube
of the length, and the power is the square of the length, so that the ratio of togsswer is proportional to

the length. However, the technological improvement suppresses the mass and leads the mass to be
proportional to the rated power as mentioned f$ieros et al., 2012)p to 6 MW, the cost per MW increases

in proportion to rated power. On the other hand, for recent turbines larger than 7 MW, the industry practice
shows that the wind turbine cost per kW becomes constant. This is because the further technological
innovation occurs in the lighter blade material, the advanced generator and gearbox. It also relates with the
business model shift in the turbine manufactures. Currently the manufactures contract not only turbine
supplies but also operation of turbines for steaatyd predictable cash flow, which leads the turbine cost
reduction as shown irequation(9.1)

@ {0 ©r0 0 hO e ®
0 ® {0 R0 0 hedw O X0 0 o
w0 0 hxbw 0

All the coefficients are presented {Banthakumar et al., 2022)

For the substructure codttisinvestigated the sensitivity of substructure cost to the water depth. WINDSPEED
project (Jacquemin & Butterworth, 2011kvaluated the substructure cost using the engineering model as
shown inEquation®.2).

o] “Qoar” 0 0 F 0 F o8

All the elements could be shownfigure 3.7(Santhakumaretal., 2022) KA & & (dzReé F2fft 264
(van der Tempel, 2023)The diameterQ is calculated as the function of water depth. The minimum
diameter is set as 4 m due to the restriction of the size of commercial offshore wind turbines. The thickness
0 is thought to be proportional to the water depth due to the static pressure. The length of mortopile
consists of the water deptlf2 , the embedded length and the upper part from the water level, and it is also
modeled as a function of the water depth.

For the power transmission system cast , it is composed of the export cable cdst , the offshore

substation cosb , the array cable cost , the onshore cable cogt and the onshore substation
costo as shown irEquation(9.3)
0 0 0 0 0 0 (@)
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Figure 3.8(Santhakumar et al., 2022)ustrates the structure of power transmission system cost models
used in this studyln this study, the input variables are limited to distance from shore, capacity, number of
turbines, water depth, rated power and used to calculate the export cable cost. The export cable length is
modelled depending on whether the landing point is nearfar The offshore substation cost model is
proposedto consider the cable length gap defined as the difference in the length of export cable with and
without offshore substation in this studWhen the cable length gap is larger than 30 km per one turbine
and windfarm capacity is larger than 500 MW, the offshore substation will be luilhis study, the distance

from shore and the wind farm capacity are used as the input variables to calculate the array cable cost.

The length of one export
cable

Distance from shore Export cable length

Cost balance between
offshore substation and
cables

Length per cable
Number of cable

Number of export cable

Power
. . Offshore substation ..
Capacity substation transmission
. Number
cxistence - system cost
) Capacity
Offshore substation/Cable
unit cost
Number of array cable | Array cable length —
Capacity Number, Water depth, Turbine number, Rated

power, Offshore substation existence
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The export cable cost is evaluated as the product of the length of export cable the unit export cable
cost and the number of export cablés as shown irfEquation(9.3.1)

o) ad o 0 &)

The export cable lengthh depends on whether the land fall point is near or far from the shore point as
shown inFigure 3.9(Santhakumar et al., 202ZJhe export cable requires the extra length to allow the cable
displacement due to the wave and earthquake and to maintain ease of installation. The extra length is
generally about 10 % of the total cable length. The other extra length is also needwssl sthitting and the
ending part of the cableThe number of export cables is calculated by dividing the wind farm capacity

by the distributiorends voltage of export cable. Note that the number of export cables should be the number
of offshore substations in the case of wind farms with substations and the export cable cost should be the
array cable cost in the case of wind farms without substations.

Wind farm

Offshore
substation

v

Distance from
landfall point Distance from shore

diandfail - dshore
¥
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The offshore substation cost is evaluated byEquation(9.3.2) The number of array cablis
calculated by dividing the wind farm capacity by the distribusmas voltage of array cable. The
transmission capacity of the array cable is generally proportional to the distribetids voltage of array
cable. The distribution ends voltage is mdddlas 33 kV for the/9 MW wind turbines and 66 kV for the
wind turbine larger than 9 MW.

0 0 @ (A5
where 0 is the number of substations) is the cost of offshore substation. The number of
offshore substations) is evaluated from the breakeven point where the offshore substation cost

equals to the reduced export cable cost. The schematic of the export cables with and without the offshore
substation are depicted iRigure 3.10(a) and (bYSanthakumar et al., 2022espectively.
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The array cable cost is evaluated by multiplying the cable lengih by the cable cost per und as
shown inEquation(9.3.3)The schematics of array cable for the radial and ring topologies are sh&iguie
3.1 (a) and (b)YSanthakumar et al., 2022)

o] ad W o

whered is the length of array cable and the unit is met@r, is the cost of array cable per meter

B"_‘Srotor X

e | S

@ Turbine @® Turbine

Substation Substation
(a) Radial topology (b) Ring topology
[ RNz | HBGRPGITATE q REOY NIOC | | ¢! oHe AT 1)

The onshore cable cost is evaluated as shown iquation(9.3.4)In this study, the length of onshore
cable lengthtx is considered as a constant value and the coefficient is identified from the database.

6 a & w8
The onshore substation coét is expressed as proportional to the wind farm capacity and evaluated
as shown irEquation(9.3.5)

o} o} 0 0 (A

Installation and commissioning cost

As mentioned in the previous studiggacquemin & Butterworth, 2011)the installation costé o is
composed of the vessel coétg , the port costd o  , and other costd g as shown in
Equation(10)
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The vessel co% ¢ is composed of mobilization cost, fuel cost, installation cost for each installation
phasei as shown irEquation(10.1)

r 06 5 m O
v O p®B

0
0

Oonh O ®» A O R A O

= - Y

The port cosb o ,  is assumed to be proportional to the turbimeimbers as shown iEquation(10.2)
The other cosb ¢ is alscestimated as a function of the turbine numbers as showdnation(10.3)
Since this cost component involves insurance and construgiioject management, it is assumed to be
proportional to the projecscale, reflected with the number of turbines.

0o h Wofp U p R

)
C:

3.2.2 T CAPEX Floating Wind Turbine

Capital expenditures encompass the costs related to the development phase, materials and installation
process, which depend on site variables such as distance to the coast or wateFiyrih 3.12(Martinez

& Iglesias, 2022) The distance from the wind farm to the coast also affects the operational and maintenance
costs, mainly due to travelling times. The annual energy production, conversely, depends mostly on the
available wind speed, which varies spatially.

Certain assumptions are made. First of all, the technology considered in this work is not without limitations
regarding water depth. A semubmersible platform can be deployed in water depths in the rangd @00

m. As for the distance to shore, a minimaiistance is assumed to reduce visual impacts and noise nuisance.
Theoretically, the curvature of the Earth precludes the visibility of the wind turbines from distances greater
than 45 km. Nonetheless, different criteria and preferences are proposed sciiived for certain countries.

In this work, a minimum distance of 15 km to the shore is appkathther aspect where jurisdictional
differences arise is tax regimes, regional subsidies and local pollgip&ally, these inconsistencies in
regional policies are excluded from the computation of the LCOE, following the International Renewable
Energy Agenc{fiRENA 1., 2018\nother factor depending on the specific country is labour costs, which are
outside of the scope of this work. In particular, it is worth mentioning that labour costs may be lower in
certain countriesFinally, due to the scale of this work, exclusion sites such as fishing areas, ship routes or
natural reserves are not considered. Incidentally, these areas may not preclude the development of offshore
wind, and there are precedents of offshore wind faimprotected areas. Furthermore, the current marigm

law landscape may be subject to change in the stearnh future due to the development of this technology.
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Capital expenditures are the costs incurred prior to the operation of an energy farm. It involves the costs
related to environmental surveys, seabed and climate analysis on site, development and consent services,
the turbine and substructure, mooring andl the electrical components needed to transport the electricity

to shore (submarine cabling, onshore platforms and required substations). In this work, capital costs are
calculated without considering the financing of the costs.

Development and consenting

This phase of the project includes the environmental, seabed and met station surveys, project management
and development services. Data for the development and consenting phase (D&C) are typically derived from
data on bottomfixed wind turbines. Some auth® estimate this value to be around 4% of the total CAPEX.

A breakdown of the costs for offshore projects has been made available by the UK government, where an
allocation of the different activities of this phase is presented. The total costs for D&Gearat

F LILINREAYLF 0SSt & Hmn 1 ek &iguke 3.R30chisA a alzpBb) | & &dK246y AY
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Turbine and substructure

In bottom-fixed offshore wind, the combination of the turbine and substructure accounts for 55% of the total
CAPEXJohnston et al., 2020bYhe substructure cost may also include the foundation, thus being greatly
dependent on water depth. By contrast, in floating offshore wind the cost of the substructure does not
depend on water depth, given that mooring costs are normally considered aharBased on data from
RAFTFTSNEBY (O a2dz2NOSasz GKS | @SNF IS 02 a ((BjerkIetel & AgoingsS NA O
2013b). The lack of data on floating structures hinders the accurate estimation of costs for the substructure.
Even though pilots such as WindFloat or Hywind have been deployedssizafgeproduction is still needed

in order to reach cost competitiveness. Asfirapproximation may be obtained following ratios of the
manufacturing costs to the material costs in a lasgale, automated production scenario from bottefired.

Based on the material consumption and an estimation of the manufacturing process, @®tali. 2 F y ace
turbine for the WindFloat substructure has been reportfjerkseter & Agotnes, 2013b)lt is worth
mentioning that labour costs, which vary across countries, also play a role in the cost of the turbine and
substructure.

Transmission

Highvoltage, alternating current (HVAC) is a widely adopted solution for the transmission of the electricity
produced in offshore wind projects. This is a esi$¢ctive solution for current offshore wind farms situated

in shallow waters relatively close the shore (2@60 km). However, the HVAC technology experiences
several power losses, such as corona losses, skin effects or radiation losses. Current trends in research are
pointing towards the use of higioltage, direct current (HVDC) for wind farrasdted further offshoreX80

km). The uniformity of both the current distribution and the magnetic field makes losses much less of an
issue in HYDC. Skin losses and radiation and induction losses do not occur with this technology; there is still
a corona effect, though less sigodnt. Furthermore, in AC transmissions, the peak voltage and current is 1.4
times larger than its average, i.e. the equivalent transmission in DC; hence, a conductor of the same size can
carry more HVDC power than HVAC. The aasupit length of the transmission cables is smaller with HVDC.

On the minus side, the AC current generated by the turbines must be converted to DC and back to AC
onshore, resulting in greater costs for the termirshtions. To sum up, even though HVAC is a-cost
competitive solution for energy projects relatively close to the shore, there is a feneak distance beyond

which HVDC technology becomes more appropriate. This lreak distance has been reported to bg 5

km and 80 km. The energy transmisspocess is as follows. The wind turbine typically generates power at

a voltage of up to 1 kV of AC, which is increased to 11 kV or 33 kV in a transformer that may be located in the
nacelle. After that, the power is transmitted to an offshore substationicitsteps the voltage up for the

final transmission to shore. In the case of the HVDC, the voltage can be converted in an HVDC converter
situated in the offshore platform, and later converted back to AC onshore. In this work, the costs of both
HVDC and H\@Q\are considered. An estimation of the costs is presented considering the substations needed
and the length of the export cables. The cabling cost for the transmission of the power to the&haray

be expressed as Equation(11)

0 & i 0 j € 7 0 j € R ORr PP

whered is the distance to the coast. The variabfesnd Care the number and costs per unit of distance of

the export cable, offshore substation and onshore substation (with subingixeab, off,suband on,sub
respectively). Their values for the exemplar wind farm are based on a study considering UK labour costs
(Martinez & Iglesias, 2022)The costs of the power transmission to shore for HYDC and HVAC technologies
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are represented as functions to the distance to shorEigure 3.14(Martinez & Iglesias, 2022)where the
breakeven distance is estimated at 56 km. To obtain the total transmission costs, the cost of tharraier
cables must be added to the elementd&Hquation(11) The optimisation of the layout of the turbines involves

a complex procedure that is specific for each site. However, to be able to consider all the sites in the study
area, the interarray cable is assumed to be divided into 20 strands, each accommgdatiarbines,
following other dispositions seen literature (Myhr et al., 2014c)
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Mooring

The mooring of a sersubmersible platform like that considered in this work consists of several catenary
mooring lines (four in the case of WindFloat) connected horizontally to an anchor. The anchoring options for
the floating structure depend on the saibnditions; generally speaking, Drag Embedment Anchors (DEA) are
the preferred choice in catenary mooring systems. Designed to penetrate the seabed, this type of anchoring
system is capable of withstanding large horizontal loads transmitted by the mdmnlying on the seabed.

Ly GKAA g2N] X GKS Oz2ad 2F +y AYRAGARAZf | yOK2NI A
(Bjerkseter & Agotnes, 2013b)However, other technologies such as deeeight anchors could also be
considered, which may potentially reduce the costs of the anchoring systems to a tenth of the costs relative
to DEAAs for the mooring lines, WindFloat utilises a combination of steel wire and chains. Values for the
mooring line consumption are the result of extensive simulations and depend largely on water depth. In the
case of a spabuoy catenary system, a line letgdf approximately 500 m for a 100 m depth and additional
150 m evey 100 m of depth is assumed in R@jerkseter & Agotnes, 2013b)To account for draught
differences, an additional 60 m length is assumed. Furthermore, some chain is required to create sufficient
friction and withstand longerm contact with the seabed. For this reason, 50 m of chain is estimated for each
mooring line(Myhr et al., 2014c)With the above assumptions, a general expression for the mooring costs
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(6 ) of a semsubmersible platform with a catenary mooring system as a function of the water dejsth is
Equation(12)

0 € € 0 P® QT p 1 VT P C

where¢ s the total number of turbines angl is the number of lines per turbine (four in the case of
WindFloat). The variablerepresents the water depth and, the costs of the individual anchor. Firally,

ando are the costs of the mooring line and chain per unit length, respectively, which are estimated at
nyl/Ye Iy R /mi(Myhr ekal., 2014c)To assess the mooring cost off the Atlantic European coast using
Equation(12)the bathymetry was obtained from the ETOPO Global Relief Model of the NOAA database at
one areminute resolutionFigure 3.15(Benabadiji et al., 2025)he mooring costs thus obtained are mapped

in Figure 3.16(Benabadji et al., 2025)
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Installation

The installation of a floating offshore wind farm is a challenging prodésscosts related to this process are
at present somewhat uncertain because the technologies and equipment for the installation are still at an
early stage of development, which leaves room for improvement and cost reductions. In this work, a
simplifiedalgorithm is used to evaluate the costs of the installation of a wind turbine, assuming the use of a
GdzZ3o62F G FT2N GKS LINE OS a@yht di al. F2018cyThelcos® ®f instafabign of{tte LIS N
turbines 0, ) can be expressegavazzi & Dutton, 2016asEquation(13)

cQ o
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where¢ s the total number of turbinesyY andd account for the time of installation of the turbines
and distance to coast, respectively. represents the charter costs of the vessel and , its
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average speed. Finally,  is the number of turbines carried per trigosts for the installation of the
electrical infrastructure are subdivided into export cables, irgeaay cables and substations. The cost for the
installation of the export cable varies to a great extent. An estimation of these costs for an indivethchied
OFrotS Aa NBLRZNISR Ay (KS NI y(Eydreral, 2@l4c)Given ¢he fréat G 2y
RAFFSNBYOS 06SiGoeSSy 020K 02adaz |y AYUGSNNSRAIFIGS ¢
estimations of this parameter can be considered and incorporated in the method used. As for thariaier

cable, an estimate of onthird of the export cable installation costs is made. The installation cost of an
offshore substation for a serdi dz0 YSNE A0t S a0 NHzOGdzNS A& aSié (G2 wn a
the total installation costs, including the installation of the turbin®oring and electrical infrastructure, for

the wind farm studied were computed and mapped off tlediterranean MapFigure 3.17(Benabad;ji et

al., 2025)
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3.3 OPEX Breakdown: Maintenance and Operations

3.3.1 T OPEX initial concepts

After a set number of years, O&M companies are becomingractice in charge of running the offshore
windfarm. They are supposed to do that for as long as the windfgithibe operational and as the lifetime

of a windfarm is usuallpetween 20 and 25 years, the Operation & Maintenance (O&hkBse is very
important for the windfarm. Operational efficiency will increase the maximum outpiuthe offshore
windfarm, this because he has a contribution of a 19% of total cost of a wind farms, that could be varying
depending on the type of the proje(tRENA, 2019b)

Ly 2dzNJ Y2RStX 6S O2yaAiARSNI Fy lyydzaf 2LISNIIGA2YL§
Additionally, we include a transmissioalated cost, which is assumed to be equivalent to 1% of the capital
expenditure (CAPEX) associated with the transomssnfrastructure, as previously evaluated in the
preceding chapter.

The main aspects of the OPEX is tmaintenarce, that is characterize in different types, with different
economic impact:

Reactive (or breakdown) maintenanisethe simplest O&Mi G NI 1 S3& FyR OFy | faz2z o8
ONBI1aQad LG Aa Of SI NI with & btdBen ardafmatieGraatdhing ehdNidy offghdre wing i S N.
industry is the least wanted. Site visits are not as easy as in the onstiadfarms and are much more
weatherdependent. These delaysn have a serious impact on the profitability of the projectthalong

run.

Predictive maintenancis based heavily on machine learnaigiing to predict when the equipment is more

likely to fail. This gives the opportunitytothe seric& 'Y G2 2 NRSNJ G KS aLJ NB LJ NI
the crew to plan the site visit depending on the weather and otb@nstraints and therefore save time and
resources

Corrective maintenands the kind of maintenance when a problesicorrected before it leads to failure or
when certain partare repaired the moment they break dowA clear advantage is that all components are
used as long as thdifetime is. Also, there are no ineffective unnecessary replacemént®wnside is that
you should always have all spgrarts available at any moment. Alsbteam needs to be on standby every
moment to replace partsvhen necessary. These standby teams need to have altetitfkinds of skillsets
since no one is able to perform all repaB&sides these teams, transportation vessels and their crew should
also be available when needed. Since thisverg costly process, corrective maintenance is usually only used
for parts that are not crucial for the functioning of the wind turbine.

Preventivemaintenancehas two kinds of strategies. These are predetermined neaimice where the
componentsare replaced atmoments when they are still functioning, and conditibased (predictive)
maintenance wherecomponents ar@eplaced when their condition changes.

The optimal O&M strategy is defined per componbéygtanalysing the advantages and disadvantages from

the viewpointof investors, wind turbine manufacturers and windfarm operat@ome research shows that

bz 2F SldALIYSYyd TFFAfdz2NBE OF &S a orindidations linB fAISIRISJRIng & O
G2 2 @andt® Fisher, 2015)Conditionbased maintenance should therefore haaestrong focus,

since as the sizes and stakes of modern windfaanesincreasing significantly, more effort is put into this

most costefficientform of maintenance. It should be pointed out here theihd turbines do not suffer the
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same strain year after year, and seasfter season. The loading changes and the fatigue cycles am® not
matter of mathematical predictions or probabilistic predictions. Innovations are keyttzrgfore many
companies are focusing on changing this fielchafntenance.

3.3.2 T OPEX FixedBottom Wind Turbine

O&M on an offshore windfarm are specificatlycialfor two main reasons:

The first and most obvious one is corrosion. Corrosion oamuis metal surface when atoms are oxidising.
An example is internal corrosion, where seawater geapped inside the foundation. External corrosion
happens on the outside of the foundation where more sater is exposed. Corrosion on the leading edge
of the blade occursften. Even a little bit of leadingdge corrosion can lead to a 5% decrease in annual
energy production. Luckily research has shown #djtistments can lead to less leadiedge corrosion. A
goodexample is that reducing the tip speed during heavy rainfall redoleele corrosionBesides corrosion,
fatigue is crucial. Fatigue occurs in eveoynponent of the turbine and the structure as a whole. How the
power from the blades impacts the structure as a whole, depdmedsdes the size of the blades, also on the
composition of the seabedNormally fatigue occurs when a material is subjected to repe&dading and
unloading of a certain power. Faffshore wind, the causes of fgtie are the continuous loadingnd
unloading of cyclic winds and waves.

Where corrosion and fatigue on components are measurahbktherefore suitable for predetermined and
condition-basedmaintenance, certain events can occur that are unpredictablecamthot be calculated and
that therefore need direct corrective maintenandgesides corrosion and fatigue, wind turbines encounter
a numberof different issues that are connected to their structural stren@hveral of these include:

- Dynamic loads: Wind turbines are vulnerable to dynamic Idadsch cause vibrations) because of the
gAYy RQa O2y anlspeydiand@ikettignd Thése loads have the potential to wedand strain the
GdZNDAYSQa LI NIa 20SN) GAYSo

- Extreme weather conditions, such as hurricanes, typhoons, aiiaigharsh winter conditions can affect
wind turbines since thegre frequently placed in isolated and exposed locations. These occurrences could
cause structural damage to the turbine townamnd blades by applying strong forces or even unbalanced loads
(in the icing case) and reduced aerodynamic performance.

- Tall wind turbine towers may suffer resonance, in which ifigerent frequency of the tower and the
frequency of gustsoincide.

- Lightning Strikes: Because they are frequently the tallest structareand, wind turbines are more
vulnerable to lightningstrikes. Critical parts may be damaged by lightning, whidght compromise the
GdZNDAYSQa &aidNHzOGdzNI £ adGloAtAGe®

- Wind Shear and Turbulence: Wind shear, or the change in eiedtion and speed with height, can put
undue strainonthél 2 6 SNRa o0f F RSa® 2 Ay R (i dzND dziurStebie Sorc€s| whichl- £ a 2
can affect how durable its structural integrity

- Geotechnical and tower foundation challenges: The total struciatabrity of the wind turbine depends
on the stability andtrength of the tower base. It is crucial to make sure the foundatamhandle the loads.
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We have to define th@arious technologies of condition monitoring detect potential equipment failures.
The condition monitoringpproach involves the use of sensors and other instruments to calégaton the

overall condition of the system. Examples of th@senitoring techniques are according {Rinaldi et al.,
2021a)listedbelow:

- Vibration analysis: used for the gearbox and to test the bearings

- Oil quality analysis: to test the lubrication status in the mechanics

- Acoustics: mechanical flaws or possible cracks can be found by listening

- Ultrasonic testing: check for cracks and look at the inside of the hlades

- Temperature testing: check mechanical and electrical components for excessive heat

- Humidity analysis: corrosion hazards can be found by evaluating the moisture in.the air
- Strain measurements: test the blades on bending variations

- Electric signals measurements: to test whether the energy transmission is.stable

For these conditionmonitoring processes to be successfuhadistic maintenance strategy is crucial. Luckily
the quality of themeasurement techniques is improving rapidly. Due to the criticafitygood O&M strategy
and optimal monitoring, many differergarties are entering the field of O&M to come up with interruptive
ideas that might shape the future of O&M in the offshore wind markeducing the total LCOE.

Although monitoring all components can be challenging, it is a crasipéct of the conditiofbased
maintenance strategy, which ihe second type of preventive maintenance. If executed correchlis
approach has the potential to be the most effective. Desfite fact that monitoring everything can be
resourceintense anddl Yy RSYlF YR KAIK Ay@SaldySyida GAl Ayy20F aGa
can save in the long ternsjnce it prioritises the continuous operation of the wind turbiffe@ftaker et al.,

2022)

Conditionbased maintenance strategy

Looking at corrective maintenance, predetermined maintenanaed conditionbased maintenance,
monitoring innovations wilmainly change the strategy of conditidrased maintenanceConditionbased
maintenance consists of data collectiamliability monitoring, and a decisiemaking moment. For data
collection, information is used from the behaviaircertain components at different turbines or even from
knowledge acquired from other windfarms. All this informatisicollected and compared to the infortian
the sensors are offering.he second step is to use these data to predict the malfunctioofidgcomponent.
This step improves as more and more data emlected (it is an iterative process with machine learning
algorithmsinvolved and even with the use, in cases, of digital twifig last step is to decide to replace a
certain component before ibreaks down. Costs and other constraints for replacingrtiosiel need to be
assessed in advance. If the process of replattiegcomponent is much morexpensive than the loss of
energy outputcaused by the malfunctioning component over a certain peribdan be decided not to
replace the component and let it brealown. Conditionbased monitoring i$ocused on components. The
dependence on components is differeabhd can be placed in four categories accordingRmmaldi et al.,
2021a)

- Structural dependence: the wind turbine will stop functioning after the failure of a structurally
dependent component.
- Stochastic dependence: The failure of one component has an impact on the next component. If one
component breaks down, it is more than likely that other components will suffer from it.
- Economic dependence: Maintaining more components at the same time is cheaper than maintaining
them one by one.
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- Resource dependence: Maintenance is difficult due to the limited availability of the specific
component. This can also be limited availability of the technician that needs to do the maintenance
or replacement, or it can simply be logistics dependent.

All four categories are handled differently. Sensors are placethdaitor these specific components.

W/ 2y OSNY Ay 3 i KnBmbef bf(sezduls, tHerg B cleafy S traoké between the accuracyf

damage detection and the drawbacks of additional sensoterms of cost, reliability and computational
0dzNRSYy Qd Lyy2@1 GA2y A A ythonghtaFindrg yhe light D&M dirategy @ khesg 3 S |
different typesof components is the core of conditidrased maintenance.

Innovations

Looking at data collection, reliability monitoring, and decisiaakingduring conditionbased monitoring,
robotics is impactinghis a lot. It is impacting the data collection phase and relialilignitoring phase.
Extensive data mining issed to discover patterns in the created large datasets. These patterns will increase
the effectiveness of thalecisiormaking process a lot. Machine learniggas already mentioned links
certain characteristics of measured componentseach other to predict a certai outcome Atrtificial
Intelligenceé ! LO At [ dzi2YlFGAOFffe& 2LIAYNRS NRKSzZA2 2582 O
detection systems, in a way that false alarensd alarms are recognisedhere have been significant
technological innovations in wind turbin@onitoring in recent years. Some of the technologies include
conditionmonitoring systems which involve using sensors to mordtamponents inside a wind turbine in
order to detect potentialfaults. Vibration monitoring is another key tedlogy used andogether with
acoustic monitoring; which is a norinvasive technology the focus on vibrations and noise emissions from
the turbine,both extremely useful for gearboxes and rotor blades. Oveddsefew years, Al technologies

are used to analyse large volumedata from sensors and other monitoring systems identifying treamts
trends in the data. As there are many types of innovatiorthigfield The first onamentioned is the Blade

Bug thatis ableto crawl up and down a blade for inspections and repair purpésgsre 3.18(BladeBug,
2021) instead he Arthbot does internal crawlenspections to collect data from the inside of the blades
Figure 3.19 (Bladelnsight, 2021)

Drones are another example of innovation. Rope accedddde repairs is very expensive and therefore not
the best way foiinspections. There are already parties that offer fully automatszhe inspections. These
automated drones colleaata from blades. They use lasers and Al to find potedtislage and reduce the
possibility of accidents during inspectiopsrformed by teams with rope accedsast, another innovative
technology is the introduction of thinternet of Things in wind turbine monitoring via attentilistening.
Through a collaboration betweenirlg Monitor, LattechSystems, and -blox, acoustic sensor data is
transmitted to the cloud for ongoing monitoring of wind turbine blade health. Thigakthrough is a
significant contribution to the promotion aflean energy.

Furthermore, the development of sdliealing or seffepairingmaterials for wind turbine parts has been
studied by researchersThese materials can automatically fix minor flaws like crackshges, which
eliminates the need for regular manual repairs. Also, by utilising big data and machine ledgainthms,
wind farm managers may enhance overall efficiency dptimising maintenance plans, reviewing
performance informationand spotting patterns and abnormalities.
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3.3.3 T OPEX Floating Wind Turbine

FOW has the advantage of being able to learn from the growth of BFW technology. With technology and
supply chain development there is a clear and credible trajectory to delivering commercial FOW sites.
However, the introduction of floating systems introdisc new challenges and constraints. Logistical
problems, such as the increase in the distance to the shore and the harsher environment, are key areas of
concern from an O&M perspective. The key challenges faced are wave sensitivity, maintainability, anchor
cost/complexity, mooring cost/complexity, and turbine motion as identified by NR&terfield & Musial,
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2005), all of which have a direct impact on O&M. Other operational challenges include a lack of available
data due to the infancy of the industry.

Environmental condition&ike BFW, FOW concepts will still be affected by access restrictions caused by poor
weather. Weather conditions such as wind speed, wind turbulence, wave height and sea condition,
temperature and humidity can all have significant impact on the relialglity maintainability otonstant

wind to be used to its benefit, due to the anticipated increase in distance to shore. However, an increased
distance from shore results in harsher weather conditions leading to a decrease in laitibessisite. This,
combined with the increase in travel time, makes the use of access and weather windows vital to efficient
and profitable operation. One of the main costs associated with operational expenditure (OpEX) is the
opportunity cost from dowtime. An opportunity cost is defined as the revenue which could have been
generated, had the turbine been operational. Exposure to harsher and more challenging environmental
conditions also has the potential to result in a rapid progression of the dedeedat the asset, increasing

the requirement for maintenance visits to site.

Major component replacemenDue to the expected depths of FOW sites, the use of conventional major
component replacement vessels will not be viable. This creates an interesting challenge of how major
component replacements will be conducted. New solutions have been considered mgchreite solutions

such as floatingo-floating transfer, floating cranes, and shlbisting equipment, and ofite methods such

as T2S. Some FOW configurations offer the opportunity to be towed to shore for extensive maintenance
activities. This mainteance activity is only applicable to shallow draft structure types and those FOW
structures able to satisfy the intact stability requirements even when not moored, such as a tension leg
platform (TLP). The viability of this strategy also depends on thefgilities. The port must have sufficient
water depth, equipment (such as an onsite crane), and general scale to meet the maintenance needs of
FE2F0Ay3 GdINDAYySad ¢KSNB Aa Ffaz2 |y FRFLIGSR @SNA.
turbine is towed to shallow water for maintenance at depths suitable feay Lift Vesselnd AckUp Vessel
assistance. The overall uptake of FOW is limited by the availability of suitable port and grids infrastructure.
Most European ports and harbours are not equipped to deal with the scale of operations required for
installation and maintenance of such assétds becomes an increasing issue due to the pace of installation

of new BFW and FOW sites.

Turbine motionThe motion of the turbine will have a significant impact on O&M, making access and egress
by personnel more challenging, as the process moves from a fleftied transition to a floatingloating
system. This could increase the difficulty of performimgsde inspections and repairs, due to the inherent
dynamics of floating wind turbines, and raises concern about the safety of technicians performing
maintenance on the floating structure. It is vital that future works regarding O&M madehiave an
appreciation of this additional factor when considering the health and safety parameters and limitations
required for safe working conditions for technicians. It is expected that additional weather and
environmental factors such as peak waveipdrand wave direction will be required to assess the workability

of the asset. The motion of the asset is also expected to have an impact on the rate of degradation of the
components, particularly within the drivetrain.

Despite the lack of commercial sites operating, several literature reviews on the technology have been
carried out. At present, efforts have been focused on optimisation of thessuizcture and the advantages

and disadvantages of existing technologiessdgbon the literature, spar, TLP, and semisubmersible {(semi
sub) support structures are the most advanced technolodisst of the FOW reviews conducted thus far
provide recommendations/details of O&M requirements for the technologyis agreed in the aview
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literature that TLP will be the most effective for O&M, both in terms of cost and ease of maintenance, despite
the fact that no TLPs have been installed at the commercial iRiekldi et al., 2021lshowed that condition
monitoring is not currently widely used for FOW. This is due to several factors, the main being the infancy of
the technology/industry. However, the floating nature of the platform will bring about a series of new
requirements, suclas additional environmental parameters to monitor, e.g., hydrodynamic loadings and
platform motions. Although corrosion is expected to cause problems, fatigue due to wave and wind, loadings
must be assessed due to platform motion. Increased use of caystéms to monitor platform motions can

lead to a higher number of electriesdlated failures. These additional challenges reinforce the need for
accurate O&M modelling of the technology and highlights the need for dedicated modelling of failure rates
of such systems. The deployment of FOW is in line with the uptake of new technologies discussed in Ref.
(Rinaldi et al., 2021bjherefore, it is likely that the overall maintenance strategy of the site will change due

to these technological advancements. The expected challenging environmental conditions of FOW sites are
likely to benefit from unmanned inspections through the wéelrones due to issues with accessibility.

FOW O&M model
Adaptations of existing model

Example of applications could §Rinaldi & Thies, 2020adapts the model used i(Rinaldi & Johanning,
2016)for offshore wind, wave and tidal energy applications. This model is based on the Markov Chain Monte
Carlo approach, which combines random processes representing a sequence of events with repeated
sampling of the same scenario subject to random variati&®y changes were required to make it suitable

for FOW applications, including the addition of a T2S option for maintenance. Two T2S options are
implemented, the first requiring a continuous weather window from failure to repair and the second being
split into sections where the onshore repair does not require a weather window. While details are not
provided, it is likely the continuous weather window for T2S is modelled as a major component failure with
a large associated time to repair.

New models for FOWT

Example of applications could If§lartini et al., 2018 have one of the most complex models. They used
three separate models to map out the O&M logistics of a site and the impact of downtime. The first is a
discrete event model, the second a floating turbine model, and finally a wind farm model which are then
integrated into a single simulator. Failure and reparation times are simulated stochastically and referred to
a4 a4S@Syliaédod ¢KS 2LISNFX A2yl f Sy@St2L5 F2NJ . C2 Aa
FOW, this is much more complex. This wasks a simplified FOW model frqiikarimirad & Moan, 2012)
considering both the environment loads (wind, currents, waves) and the reaction of the system
(displacements, accelerations). Structural, mechanical, and electrical components are designed to withstand
specific loads, which are often related to the platfomotions. Rigid body dynamics is solved considering
first-order wave loads, quasistatic mooring loads, and getic aerodynamic loads providing statistical
information, such as mean and standard deviation, of displacement, velocity or accelerasion pbint in

the structure. When any of these parameters is above a specific operational threshold, it is assumed that the
wind turbine must be shut down.

Maintenance strategies

Maintenance activity across a site is typically split for modelling. This can be preventive and corrective,
planned and unplanned, major or minor, repair or replaceméRinaldi & Thies, 2020yompare two T2S
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approaches with a traditional fixed turbine maintenance strategy. The T2S strategies are split into continuous
and discontinuous. Continuous T2S requires a single continuous weather window for the duration of the
maintenance activity (towing the structureepair and return to sea). Discontinuous allows the weather
windows to be split. Smaller weather windows are required to transport the turbine to and from shore,

without weather limits restricting repair on shore. The structure is towed to shore for e@amice on 8 of

the 16 components. This is one of the most in depth analysis on T2S operations with details given about

towing time, towing limits and time allocated for disconnection and¢woanection of the structure. However,
this methodology is applied 2 + 3ISYSNAO aGNUzOGdzZNBo LGQa adlk aSR

vessel towing the device is 30% higher than transit without the de{Riraldi & Thies, 20203lso state that

the metocean limits that constrain the vessels for ttaport operations (i.e., to bring the device to the
onshore port for maintenance) are 70% lower than the ordinary significant wave height (Hs), wind speed,

and current speed limits fahe same vesselslowever, these values are not provided.
FOW modelling influential factors

Based on the existing FOW O&M literature, the following key inputs have been identified:

Metocean conditionsall weather data needed for analysis, typically inputted to the model as a time
series. Typically includegve heightand mean wind speed.

Taxonomy and Reliabilitgletails of the turbine structures and substructures, including associated
failure rate and repair times. This section is particularly important within FOW modelling due to the
increase in components, e.g. support structure, mooring system.

Maintenance the type of maintenance (corrective/preventive, onsite/offshore) and the general
maintenance schedule.

Transport details relating to all vessels/transport needed to perform O&M activities, including cost,
speed, capacity, and operational limits.

Site logisticsturbine and site modelling with details such as power curves, distance to shore, number
of turbines, depth of site, etc.

Cost datacost of repair, electricity price and other direct O&M costs such as spare parts, tax, rent &
rates and balance of plant

Crew crew availability and capacity. Some models state this as an independent input and others
included within their cost data as a direct cost.

The key factors identified are in line with those identified (8eyr & Muskulus, 2019for BFW O&M

modelling Areas such as vessel routing and availability of spare parts are not included in the majority existing
FOW studies. This is likely due to the infancy of the technology and lack of operational expdtiénce.

expected that more specific issues such as routing and transportation fleet optimisation will become areas
of research specific to FOW in the future. Other potential inputs are specific to the modelling technique such

as GIS parameters, acceptancegmaeters, hoisting, and lifig limits.
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3.4 Decommissioning & Annual Energy Production

3.4.1 T Decommissioning

Along with increasing wind power generation globathere will be a substantial number of wind turbines
reachingtheir endof-life (EOL). In principle, there are three strategidepted for EOL management of wind
farms, which arshown inFigure 3.20(Shafiee & Animah, 2017)These include the following: life extension,
repowering and decommissioning. Life extension involves prolongingagiset lifespan, whereas the
repowering involves replacemendf the original wind turbines with new and improved wirdrbine
components. Decommissioning is the last phasewinal farm project lifecycle which is applied when other
EOLstrategies are not feasible. Decommissioning includes all the activities perfdoefede, during and
after dismantling of wind turbineand their supporting assets and equipment. The wind fageets are
disconnected from the grid, dismantled, the iteret-in-place are buried or marked, and the site will be
returnedto its original state.

The decommissioning process of wind farm assets adegends on several factors such as time to end of
leasing permit, age of the fleet, operation and maintenance (O&Bst of assets and availability of
specialised tools. Offshowind turbine decommissioning is still in its infancy in wWarld and there are only
limited data available in wind energiatabases. The amount of decommissioning activities in Europe is
anticipated to increase significantly within the next few yearg] the wind energy industry will be better off
preparing forthe financial liability, production deficit in the grid, remowaptions and strategies and
environmental remediation. In orddéo ensure that decommissioning activities are well managieel high

cost areas need to be effectively identified atite opportunities and priorities for cost savings to be
established in a safe manner. Therefore, the financial implicaBomshe main focus of this study; including
the cost andimplications of differat tasks and activities and the cost pfoduction deficit in the overall
energy supplyAlthough decommissioning in the wind energy industifierent than that in the oil and gas
and nuclear sectors, somessons can be learned and transferred to the wind enesggtor. Accurate
estimation of the potential costs to operatoasnd regulators is crucial, so as to make provisions early on in
the life of the wind farms and make adequate resource planniinghis aim, the wind energy operators and
regulatois must design safe and cesffective decommissioning plans and procedures for assets before they
reach the end of theiuseful life. Attention has to be paid at the early stages of i@moh decommissioning

to close the knowledge gap and fosierproved procedures and processes in the wind enémgustry.
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The cost estimation of the entire decommissioning prodassffshore wind farms is subject to numerous
uncertainties.The estimated cost of decommissioning is usually accoufuedt the early developmental
stages of an offshore wind farproject, so as to calculate the levelized cost of electriflif¢OE) more
accurately. These cost estimates are laden wgmy assumptions and approximations as there are several
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factors involved in calculations, such as the project size, préjeetion (water depth and distance from
port), decommissioning duration, cost and supply of vessels atithe of decommissioning, type of wind
turbines foundationthe cutting and removal equipment, tools and techniques andumulated skills and
experience. Although these estimatemake provisions for the initial investment required for
decommissioning projects, they often provide a gross underestinoétthe actual costs at the time of
execution. For 240MWwind farm, the decommissioning cost was estimatedccount for about 3% of the
overall project cost; however,was concluded that these cost estimates were not true representatighe
actual costgTopham & McMillan, 2017h)

Offshore wind farm decommissioning projects are composkd range of activities from the planning and
documentationphase to the site cleanp, surveying and monitoring phasehese activities are all shown in
Figure 3.21(Gjgdvad & Ibsen, 2016) Thedecommissioning activities must be planned for, as mash
reasonably practicable, well in advance before the offshwired farm is commissioned at the initial phase
of the projectlifecycle. The transportation methods for the removed componehting decommissioning
should be factored into the engineerinigsign, layout and installation of offshore wind turbines. Due to the
relatively long time betweemommissioning and decommissioning of an offshore wind fanamy factors
relating to the design and engineering, regulatagmpliance, costs, time to decommission and disposal
optionsmay change over time, and the modeised for the initial estimationmust be flexible enough to
accommodate such changes.

The decommissioning strategy for offshore wind farms is chdmesed on a number of financial, safety,
sociceconomic,environmental and technological factors. The currdatommissioning strategies include
removal (complete or partiafpr reuse, recycling and repurposing (e.g. reef) ofdéhére wind turbines or
the componentsPartial removal involves removing some components laagling some others in place like
the foundation piles anghower cables. However, only certain components can beinefiiace because of
reasons such as excessive cost to decommissnhpotential environmental impacts. Different removal
options, including single lift, piece small or piece éamgquire different types of vessels and cranes like
lifeboats, jackup barges and seffropelled installation vessels.

Mobilization of
equipment and
personnel

Disconnection of
cables from wind
turbines

Planning and
documentation
phase

Wind turbine
preparation

Regulatory
approval

Transportation to Power cable Foundation Wind turbine and

Materials handlin | . e
8 port/quayside decommissioning removal tower removal

Site clean-up,
Cuttings handling surveying and
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Proposal framework

In our model, the decommissioning cost is assumed to be equal to 65% of the installation cost previously
presented in the CAPEX evaluation. This assumption provides a reasonable approximation for the purposes
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of our analysis. Nevertheless, a moreadigpth discussion on decommissioning is provided below, although a
precise modelling approach cannot be implemented due to the significant lack of reliable and applicable data.

A costbreakdown structure (CBS) is develogeddecommissioning of offshore wind farms. To this aim, a
work breakdown structure (WBS) is presented to identify th&jor cost drivers during decommissioning
execution in asystematic manner. The main difference between cost estimatiba decommissioning
project and that of other engineeringpnstruction projects is that decommissioning is not primaniignded

for profitability. Thus, much attention must hmaid to ensure safety while minimising the decorasioning
cost. Therefore, our analysis will be useful not only to iderdifg analyse the cost elements involved in
decommissioningprocess of offshore wind farms but also to provide solutionshow to reduce cost of
decommissioning activitieIhe proposed framework covers all phases withindeeommissioning process
that contribute to the totaldecommissioning cost estimate. The costs can be either direictdirect, fixed

or variable. Direct costs are those accruedaadirect result of the activiéis or tasks performed, whereas
indirect costs arise from other overhead expenditures necegsasypport decommissioning activities. Fixed
costs arethose that remain unchanged regardless of amendments dutiegproject execution, whereas
variable costs are flexiblend change with the level of activity. The major cost driears also be updated in
our framework so as to considehe changes in decommissioning cost factors at the timfigoroject
execution. The CBS developed for the decommissioningsifa#wind farms is represented fRigure 3.22

(T. Adedipe & Shafiee, 2021 As can be seen, the wirldrm decommissioning process is divided into four
primary phases, namely planning and regulatory approval, execukigistics and waste management and
postdecommissioningThese phases are broken down further into several subtamkd,then, the cost

information of phases and subtasks are use@stimate the total decommissioning cqst ).
Therefore Equation(14)

0 0o 0 0 o 0 pT
where6 o ,0 ,0 o ando represent theplanning and regulatory approval cost, execution

cost, logisticend waste management cost and pa@Ecommissioningost.
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Planning and requlatory approval phase

The planning and regulatory approval phase consists of teudtasks, namely, engineering planning and
project managementiegulatory approval and contingency planning.

Engineering planninfipr offshore wind farm decommissioning includes organising technical, contractual, and
procurement aspects, alongside comprehensive project management to ensure timely execution and risk
mitigation. It involves environmental risk assessments, task schnggudbst allocation, and coordination
among contractors and suppliers. Project management integrates scope, resources, costs, and quality
planning into updated project documentation.

Regulatory approvafor offshore wind farm decommissioning involves compliance with national and
international guidelines, though specific regulations for marine installations are limited. In the UK, a
structured severstage approval process requires early planning, stakemaldnsultation, and submission

of documents including environmental impact assessments and decommissioning schedules. Approvals must
detail removal methods, resources, safety, and cost estimates, with revisions required if initiahtpp$

are rejected.

Contingency planning offshore wind farm decommissioning accounts for unforeseen schedule changes or
additional work, with costs typically ranging from¢B0% of the total budget. It includes work contingencies
(around 10%) and waiin-weather allowances (about 20%), whiabver risks like vessel cost changes and
adverse weather. As experience increases, the need for large contingencies may decrease.

The total cost of engineering planning and project managerpéase is given bigquation(15)

0 o 0 0 0 o) o) 0 o) 0
0 pu

where 6 .6 0] b 6 ,6 Rt 30) represent the costs
associated withengineering planning, contingency, consultation, facility audityironmental impact
assessment survey, amendment expensegjulatory approval, permit and insuranceespectively.(T.
Adedipe & Shafiee, 2021)

Execution phase

When the decommissioning plan is approved and all contractondllegal documentations are signed, the
decommissioningxecution will start. Project management will be ongaingughout this stage to ensure

that tasks are completed to budgetchedule and quality. The contingency plan and budgetalit be
continuously revisited at different milestones during theecution phase. Some activities are spaced out
months apartdepending on the schedule and availability of removal facilities. The cost of decommissioning
execution is equal to summatiaf the cost of activities involved. Therefoiequation(16)

) ) o} 6o © 6 i (S0

where6 M 1o Mo 2 IS representthe cost of disconnection of wind turbines
from the grid,cost of wind turbine preparation for removal, cost of liftingd removal of wind turbines,
tower, foundations and scouprotection, cost of decommissioning of offshore substati@msl cost of
decommissioning of cables (intarray and export)respectively(T. Adedipe & Shafiee, 2021 hese costs
are better explained:
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Disconnectiomf wind turbinedrom the grid is the first activity in the decommissioning execution phase. It
ensures that transmission of power from the wind turbines to the substation is stopped, the turbines-are de
energised and electrically isolated and the intgray cables areigconnected. This task involves costs of
personnel and workboat.

Wind turbine decommissionimyeparationinvolves removing hazardous materials, such as lubricants, from
the nacelle for proper onshore disposal, ensuring safety and compliance. Additional steps include rotor
reorientation, ventilation, removal of equipment and marine growth, draining offshobsttion platforms,

and installing lift points and navigational markers to minimise risks and ensure visibility during and after
operations.

Wind turbineremovalinvolves cutting and lifting components like blades, hub, nacelle, tower, foundation,
and cables using various vessels. Techniques include abrasive water jetting, flame cutting, diamond wire,
explosives, and laser cutting, with some methods allowing désalsly without specialised vessels. Lifting
strategies may replicate installation methods, such as removing the tower and hub in single or combined lifts.

Offshore substation decommissioningolves removing the topsides and foundation and transporting them

to port. Key cost factors include vessel needs, water depth, distance to shore, pile dimensions, removal
duration, and navigational marking requirements. Foundations are cut below theedda avoid hazards,

and all activities must be clearly communicated to sea users to ensure safety.

Power cablesn offshore wind farms are either fully removed or buried in place, depending on regulatory
requirements and project specifics. Decommissioning methods and costs depend on vessel type, equipment,
weather, water depth, and removal strategy. Most cableslarged rather than removed, though recycled
copper makes full removal economically viable. Accurate cost estimates are challenging due to limited data,
but past installation data can help reduce uncertainty in removal planning.

Loqgistic and waste management phase

Depending on the removal option adopted for offshore whadn installations, the removed components
will be transported to a port where some preparations are carried @t component reuse, recycling,
incineration or scrapping (e.disposal in a landfill). The components may be sorteddifterent categories,

for example, metals (aluminium, steetppper from cables, etc.), electrical components, mechanical
components, hydraulic waste and concrete waste. This systemagimach makes it possible to manage all
componentseconomically, safely and environmentally. The main inventodi@sng offshore wind farm
decommissioning projects includgeel, concrete, plastic, neferrous (e.g. carbon fibregoncrete), drill
cuttings and hazardous substances. Each invermtargt have a preapproved mode of transportatioand
disposal. The costs incurred in this phase include logstistst ) and waste management cost ( ).
Therefore Equation(17)

0 o 0 0 P X
Since logistics costs are margensitive, their estimationvill be subject to uncertainty until it is closer to

the time whenthe decommissioning project star(3. Adedipe & Shafiee, 2021 hese costs are better
explained:

Logistics planning essential for offshore wind farm decommissioning, encompassing the transport, storage,
and processing of materials. It involves complex coordination with the maritime supply chain and selection

of costeffective transportation strategies based on faddike vessel type, project scale, and component
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size. Various vessel types may be used, and costs are influenced by port access, vessel contracts, weather
conditions, and operational durations. Simulation tools and logistical models help optimise time and cost
efficiency in planning.

Waste managementAs offshore wind installations increase, so does the volume of decommissioning waste,
which must be managed through sustainable onshore practices due to regulatory restrictions. Waste
handling methods include reuse, recycling, repurposing, incineratiahjaardfill disposal. Components are
sorted and processed at port, though certain materials like turbine blades remain difficult to recycle and are
often incinerated for energy recovery. Further research is needed to improve recyclgialiticularly for
complex or hazardous materials.

Post decommissioning phase

Postdecommissioning is the last phase of offshore wind fdeoommissioning projects. This phase consists
of all activitiescarried out to ensure that the site condition is returned,nasch as is possible, to its original
state. This involves perpetuahonitoring and management of the offshore wind sif@uring the post
decommissioning phase, the seabed soil ballallowed to settle naturally. Also, any items lefiplace(e.g.
buried cable ends and pile ends) will be monitore@génpetuity. There arseveral factors affecting the cost
of post decommissionind=or example, the distance from shore isrdical factor for the logistics related
activities/tasks. Othefactors like length of mooring lines, size of anchors and lenfttables also need to
be considered. In general, the post decommissiogivgts are divided into cost of surveying, colktleaning

up the site and cost of hiring vessels, personnel/crew and equipment. It is difficult to quantify the cost of
post decommissioningnonitoring as it is dependent on the typasd number of items left in place. This
becomes a liability ofhe government if the former operator goes out of businessthar liability is not
transferred to the new business ownerdgbld. Other activities that are categorised under miscellaneous
include notifying the appropriate bodies for map updates witthia reguldory requested period. The cost
of postdecommissioningd( ) is calculatedby the followingEquation(18)

0 0 6 0 0 0 oY

where6 M B B ©& & represent the costs diite survey, site clearance, site monitoring, site
remediation (ifrequired) and miscellaneous, respectivély Adedipe & Shafiee, 2021)

3.4.2 T Annual Energy Production

Annual Energy Production (AEP) is the total electrical energy a wind turbine (or farm) generates over one
8SINE (GeLmOlftfeé SELINBAEASR Ay a2K 2NJ D2K® Ly LINI OF
output over the wind climate at the site. Farsingle turbine, thgrossAEP assumes continuous operation

(100% availability) with no losses and is given by the sum (or integral) of instantaneous power over a full year.
Equivalently, AEP can be writtenEquation(19)

600 O 00Q0 QU p w

whereb @& @ are the cutin and cutout velocity respectively;=8760h P{)is the turbine power curve
(power vs wind speed), and f) is the probability density of wind speed at hub heiRttocumentation,
2025)
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This formulation is explicitly stated in IEC40012-mY G KS ! 9t A& 20GFAYySR o6& a4t
OdzNBS (2 NBFTSNBYOS 6AYR aLISSR T NBEIlj(BedyatisdoRR25) NA 0 dzi
simpler terms, one multiplies the power at each wind speed by the fraction of time the wind blows at that
speed, summed (or integrated) over all speeds and scaled by the total hours in a year.

In our model we decide to utilise a simplified statistical model, that is the classical approach, utilising the
probability Weibull distributiorEquation(20Figure 3.23(UniPD, 2024 2 (i KS -fe/miwt@sheed 2 y 3

data.
~ . QU 0

where s is the scale parametéquation(21ps a function of gamma functian and k is the shape parameter:
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Similarly, the energy production curve can be derived by considering the same number of utilization hours
and multiplying them by the power corresponding to a specific wind speed.

Another inportant parameter that we compute is the mean wind speed evaluate in Equation(22):
of 0 Q@ ¢¢

where 0 is the mean wind speed at 100m of altitud®, is the altitude of the hub, and is the
exponent of open water equal to 0.1.

The discrete form that we use in our model to define the Annual energy productitouistion(23)
6 @ O ®L 0L ¢oOo

where H=8760hqis the range of wind speed that we take in account with an interval everyan/s, is
the probability (frequency) of wind speed hin, 0 U is the power at that speed.

In our calculation we have considers different loss factor assumptions:
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- Turbine availability & performance loss: 2.00%
- Wake loss: 9.00%
- Array cable loss: 2.00%

that give us a define efficiency evaluatebyuation(24)
- p aéii Qir
The real AEP that we take in account after all losses is evalEatgation(25)
(0] -0 qu

Another parameter that we have to take in account is the Capacity Factor (CF), that is defiaga®tbf
actual annual energy produced to the theoretical maximum (rated power c rEquition(26)

50 600 ;
5 uxer?
that we can consider for the ideal case, considering AEP without efficiency, or in the real case, considering

all the losses.
Knowing the gross capacity fact we can evaluate the gross AEP per ye&quaation(27)
R0 0 060 ¢ X

where'O is the energy that the wind farm can produce, H=8760lQ)  is the capacity factor in the
ideal case.

And the Net Annual Energy Production considering the losses, asHyttesion(28)
00 -6 '@ C Y
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primary factors are:

Wind resource characteristiche mean wind speed and its distribution at the site are by far the biggest
factors. Higher average wind speeds yield more energy (simgeis¥s roughly with below rated speed).

The shape of the distribution (often quantified by a Weilsllbpeparameter) also matters: a broader
distribution means more extreme winds but also more {speed hours. Variability and intermittency
(seasonal and diurnal cycles) will cause the actual annual yield to fluctuate from year to year. In offshore
settings, winds are typically stronger and more consistent than onshore, leading to higdqgacity Factors
(Pryor et al., 2018ind shear (variation of speed with height) affects the effective-height speed.

Turbine Power curve and specificatiohsk S (i dzND A Yy S,Qdior Mipti ekeR, andzantfoNdettings
directly determine R(). Key parameters include the cut speed (below which P=0), the rated speed (above
which P is capped), and the eotit speed (above which the turbine shuts off for safety). A larger rotor or
higher rotor efficiency (e.g. higher peak power coefficién} will increase energy capture at a given wind
speed. Variablspeed operation and pitch control tend to allow more flexible capture of varying winds. The
hub height is important: a higher hub intercepts faster winds on average (due to shear), raising AEP
(Rdocumentation, 2025)inally, turbine availability is part of net AEP. Wedintained offshore turbines
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typically aim for 295¢98% availability. Indeed, studies report onshore availabiifB8%(Pryor et al., 2018)
and offshore may be slightly lower due to harsher conditions (maintenance at sea).

Wake effects and farm layouln multi-turbine offshore wind farms, upstream turbines create wakes that
at2¢6 YR AYONBIFAS (dzaNbdzZ SyO0S Ay (GKS Ft2¢ NBI OKAYS3
wind speed at downstream rotors is lower, reducing total farm AEP. Wakesloegend on layout and

spacing: tightly packed arrays can lose on the order @2@% of energy. (By contrast, widely spaced or
staggered layouts have smaller losses.) Analytical wake models (Jensen, Frandsen, Ainslie, etbgsadCFD

tools (e.g. FLORIBES simulations) are used to estimate these losses when computing fanadret al.,

2018) In practice, farm developers include wake factors or use simulation to derate the ideal AEP from a
single turbine to account for array effects.

System losses and availabiliBeyond wake losses, various other losses reduce net AEP from the gross ideal.
Electrical losses in transformers and cables (often a few percent), blade soiling or icing, and parasitic losses
(drive-train friction, yaw motors, etc.) all subtract a smalldiian of energy. Curtailments (due to grid limits

or storms) also reduce output. The turbine availability fagocounts for downtime (planned maintenance

or unexpected faults). Highuality offshore operations target €98% availability, meaning loss af526 of
hours(Pryor et al., 2018)

Enviremental and climatic factorFinally, sitespecific environmental factors matter. Extreme winds (gusts,
hurricanes) may lead to more frequent eotits offshore. Marine atmospheric conditions (low surface
roughness over water) tend to create lower turbulence but higher wind shearghahore. Some advanced

AEP models even account for ocean waves and icing likelihood. In practice, these are smaller effects
compared to the ones above but can be important for accurate forecasting.
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3.5- Financial parameters

3.5.1 - Discount rate

Definitions

Cash flows n periods the future (future valueor FV) are worth leshan cashflowstoday (presentvalueor
PV), andhe discount rate r is useth makethe comparisonaccordingo the followingEquation(29)Brealey
et al., 2010)

0w "Owp | Cw

Net Present Value (NPV) is the sum of present values calculated for many periods, in this model annually.
Both LCOE and Breakeven Price are calculated such that the NPV of benefits equals the NPV of costs
Equation(30)

6 p i OO0 6 p i o

where foreachperiod n,0 is totalcashexpendituregincluding debt serviceaymentswhere appropriate),
0 '@ is energyproduction,6 represents othebenefitssuchastax benefits,capacity payments, etcand
0 (which isthe resultingLCOEs the hypothetical energpricein that period.

The discountate r reflects therisk adjustedopportunity cost of capital. Many analystsassumea single
WYz eeddarded 2 s theQliscountate for anytechnologyin their LCOEalculationin order tocompare
technologieswithout influence from what may be seeras judgmentsfrom financial markets that are
irrelevantto the technologies. Thimaybe appropriate forcalculatingLCOEbut for Breakeven Pricean
understanding of market rates is needed. Thus, here we prefer to use the razaket cost of capital as a
basis for our discount rate, even for our LCOE calculation. Cost of capital is a measure of the equivalent
constant annual return required by capitabrkets for investment in a project; it varies according to financial
structure and riskThere aregenerallytwo typesof capital:debt and equity. Debt securities usuallgromise
fixed paymentsover a predetermined term, whileequity securitiesgivetheir holdersan indefinite claim to
residualprofits; debtrepresentsaloan,andequity represents an owneshipstake.(See(PREFa, 2009por a
discussiorof the role ofdebt and equity in renewableenergyprojects.)The required rateof return is the
minimum rate of return required by investor$o compensatethem for the riskinessof the investment. The
requiredreturn on debt is generallylower than the required returnon equity, asthe former haslower risk
dueto its fixed paymenschedule priority right to free cashflows, and other measuredesignedo reduce
risk.

In corporate finance, both debt and equity are raised at the corporate level and are allocated by the
YIEYEFEASYSyld 2F GKS O2NLRNIGA2Y FY2y3a GKS FANNQA AY
a WeightedAverage Cost of Capital (or WACC) thdahe weighted average of the required returns on the
FANYQa RS0l FyR SlidAade a RSOSNY¥AYSR 68 G(GKS YI N
level of risk and ostensible required return, markets analyse the combination of these to detetna

WACC. This rate can be taken as the minimum rate of return required to fund a project. However, the risk
profile of a project, and therefore the required return, can vary from that of the corporate sponsor, and so

this approach is limitedn project finance, by contrast, money is raised for each project individually, often
using debt and equity from individual banks or from small groups of banks instead of from public bond and
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stock markets. Because project finance investments apply exclusively to a given project, they are a good
measure of the actual cost of capital given the unique risk profile of that project. So, while corporate finance
may make up the majority of the fundirmechanisms for an industry (such as offshore wind in Europe), it is
the project finance deals that provide the best insights with respect to the effective cost of capital and hence
the discount rate. Thus, even when mdideg corporate finance, we do naise the cost of capital of any
corporation as a discount rate; instead, we use the nuntbat is consistent with debt and equity rates for
projectfinanced offshore wind projects.

Debt and tax equity

Tax equity investors receive the tax benefits, namely accelerated depreciation and tax credits, which have
been the dominant federal policy incentive for renewabl@fe bankrequires that the recipient of tax
0SySFAlGa 0SS Iy 26ySNI2F (GKS LINR2SOGS FyR Ay GKIF
they are lenders: tax equity is similar to debt in that it has a fixed term during which the majority of the
payments are made, and a rate of return that is (nearly) contractually firguojectfinanceparlance debt
ratesare quoted in termsof two parametersi(1) the risk free rate and (2) a premium. The riskfree rate (1)
isbasedon marketexpectationsaboutthe behaviour oavariablerate index Though based on variable rates,
project debt uses a fixed rate: by its nature the interestie swap market providea fixedprice equivalent

to a longterm stream of variablNJ §S OF &K Ff2gad ¢KS LINBYAdzZY 610 Aa
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debt rates as the basis for the debt rates for both projiicance and blancesheet finance cases. It bears
emphasis that, for these European offshore wind plants, we only examine interest rates for the non
guaranteed portion of deb8.0%. Tax equitis exposedo the additionalriskthat the investorwill not have

tax ableincomeavailableto offset with the tax credits,thus, after thecrisis,tax equity becamescarceand
increasedn cost.Post crisigax equity ratesfor onshorewind rangefrom 10.5%(Zaelke, 2009%p ashighas
16.5%(PREFa, 200%hough 12.5%naybea moretypicaluppervalue In the project we utilise debt rate of

4%, equity rate of 8%, and effective corporate tax rate of 25%.

Debt levels

A moderate level of debt increases returns to equity and lowers the overall cost of capital, because debt is a
lower-cost form of capital compared to equity. However, the benefit of higher levels of debt is balanced
against the increasing probability ofiéincial distress and its associated costs. Therefore, sponsors will try to
use as much debt financing as possible without incurring significant costs of financial distress. The limit on
debt size is set by the level of conservativeness that debt investorsre for estimates (e.g., P99 vs. P90
wind estimates), as well as the earnings buffer required in order to consider a project safe. At sufficiently low
levels of risk, debt levels may be high enough that costs to service that debt comprise as muithodisree

cash flow. For riskier projects, debt levels will be lower and therefore the debt service will comprise a smaller
proportion of free cash flow, allowing for solvency even with higi@atility cash flowsRevenue projections

are basedon wind speedmeasurementswith higher confidencdevelsyieldinglower revenueexpectations.

Thus, dinancialanalysideginswith wind dataandbuffer requirements tarriveat the amount d debtthat

is acceptable. Without performinthis analysisit is still possibleto geta sense fotypicaldebt fractions:in
Europeancountries with long term fixed rate power purchasemandates,debt for land-based projects
comprisedasmuchas90%of project capitalprior to the crisis; aftemwvards,it droppedto 70¢80%(Guillet,

2009) In the project we utilise a debt levels of 70%.
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Equity rate

In general, equity rates are modelled as a function of the macroeconomifreskate plus premiumsfor
systematc risk (characteristiof the business sectasa whole), liquidity (length of time requiredto trade
the investment),size of overall capitalization,and other factors, withthe selectionof premiumsvarying
among modelsWe usethe post-crisis onshore windate from (Zaelke, 2009f 15%asa minimum.We then
add a premiumto arrive at 18%asa centralvalueand 20%as a maximumin the project we utilise a debt
levels of 30%.

Riskfree rate

The preceding debt and equity rates depend on the-fisk rate corresponding to the currency of the
project, which for our purposes is the rate for-§&ar interestrate swaps against the-@onth USD LIBOR
OKSNBI FOSNI aA YL & Wusfarounddi@.0%. Such.rates fire un@edistable /a@xer] L . h
the yield curve for USD LIBOR interegte swaps implies that market expectations are for a rise to 4.6% in
January 2013 and to 5.2% in 2@2621.

Cost of capital comparisons

A WeightedAverage Cost of Capital (WACC) based on our assumptions of cost of debt and equity is helpful
in providing a comparison with other indicators. We present both thetpreforms of the WACC, which is
useful for comparing to market rates, and thesttax form, which is used in the modédlhe pretax WACC

is given byEquation(31)
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while theposttax WACC, whichccountdor the factthat debt payments aréax-deductibleandthusprovide
ataxshield,is given byEquation(32)
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where d is themarketvalueof debtasapercentageof total capital,Q p Q is themarketvalueof equity
asapercentageof total capital,i is therequiredreturnondebt,i is therequired return orequity,and T is
the corporatemarginaltax rate. The Cap&Vind PPAtargetsa debt rate of 7.5%and an after-tax unlevered
internalrate of return 10.75%(whichimpliesan assumed aftetax WACC of theamevalue)(Mass, 201Q)

3.5.2 - Additional parameters

Inflation

Inflation isa measureof economywide priceincreasedrom year toyear;it is generallyrepresentedby the
ConsumelPrice Index (CPdy ProducerPricelndex(PPI1)We useour estimateof inflation asaninput to the
modelfor escalationfor both electricity pricesand OPEXHowever,escalationof pricesin a given sectoor
commoditycanoften beverydifferentfrom inflation; therearespecifianeasure®f increasesn windturbine
prices (BloomberyVind TurbinePricelndex),overallpower plant costs IdISPowerCapitalCostdndex),and
electricityprices,as well a®peratingcostsfor the oil andgasindustry(HISUpstream Operating Coslisdex).
Becaus®f the availabilityof longterm forecasts, weiseonlythe CPlin our consideratiorof inflation. Several
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groupspublishprojectionsoften yearaverageinflation. Consideringrojectionsof different FederalReserve
Bank,we usethe inflation estimate oR2%overthe life of the project(Levitt et al., 2011)

Project life

Wind turbinesare typicallyengineeredand certified to last 20 yearsthoughmanywind farmsof the 1980s
are still operating at thetime of this writing, at leastone manufactureris targeting a 30year life, andsome
PPAsnN the United States have hatermslongerthan 20years.

In this model,for wind turbine farm size until 600 MV total time horizon of 33 years is considered,
corresponding to the full lifecycle of an offshore wind farm. Specifically, the first four years are allocated to
the project development phase, followed bytag¢e-year period dedicated to construction. This is succeeded
by a 25year operational phas@with the first year in common with the constructigrguring which the wind

farm is fully functional. Finally, the last two years are assigned to decommissioninges;timiiolving the
dismantling and removal of the infrastructurtf the wind turbine farm size overcome 600MW we add one
year to the development phase, two years in the construction, and two years for decommissioning, with a
total horizon of 38 yearf_evitt et al., 2011)

PPA and capital terms

Forthe PPAwe take the caseof 20years,whichislongerthan typicaltermsin Europe.The termof debt is
modelledat 15years,and taxequity hasa 10-yearterm, followingthe PTQLevitt et al., 2011)

Tax Rate

In the context of the financial modelling of the offshore wind farm project, taxation plays a fundamental role
in determining the net profitability and cash flows of the investment. The corporate tax rate refers to the
LISNOSYyGF3IS 2F | de wadmyse @ daidid thelgavérSnent iyf e form of taxes. It
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Present Value (NPV) and Internal Rate of Return (IRR).

For the purposes of this model, a corporate tax rate of 25% has been applied uniformly across the entire
project lifecycle. This assumption is based on the current statutory corporate tax rate, which serves as the
host country for the wind farm under anaig. The selected rate reflects a standard level of taxation for
corporate entities and aligns with common practice in similar teeboonomic assessmentis the model,
taxable income is calculated by deducting allowable expenses such as operationatiepstgiation, and
interest payments from gross revenues. The resulting profit is then subject to the 25% tax rate, influencing
the amount of retained earnings available for reinvestment or distributlanorporating an accurate and
realistic tax rate is essential to ensure the reliability of the financial projections. Although actual tax liabilities
may vary due to potential tax incentives, exemptions, or policy changes, the use of a flat 25% ratesprovid
a conservative and transparent baseline for enagihg the economic performance of the project.

Feed In Tariff

The Feedn Tariff (FiT) is a policy mechanism designed to accelerate investment in renewable energy
technologies by offering lontgrm contracts to energy producers, typically based on the cost of generation
of each technology. Under a FiT scheme, rendavabergy producers are guaranteed a fixed price for each
unit of electricity they generate and feed into the grid,our model we use a FID 2% years. This price is
typically higher than the market rate for electricity, reflecting the higher produatiosts and encouraging

112

0



early-stage investments in renewable infrastructurBiTs aim to provide price certainty and reduce
investment risk, making them particularly effective in supporting the deployment of technoloBies
ensuring a stable and predictable return, FiTs contribute to creating favourable market conditions for
renewable energy developers and investors.

One of the key advantages of the FiT model is its simplicity and transparency, which has led to its widespread
adoption, particularly in the early stages of renewable energy market development. However, the system
also has limitations, including the potéalt for overcompensation and the risk of increased costs for
consumers if tariffs are not periodically adjusted in line with technological cost reducliorecent years,

many countries have gradually transitioned from FiT schemes to more competitipgrsupechanisms,

such as auctions or fedad premiums, as renewable energy technologies have matured and become more
costcompetitive.

3.5.3 - Subsidy Scheme and Electricity Market Price

In order to reflect realistic policy support mechanisms and market dynamics, the financial model for the
offshore wind project incorporates a fixed subsidy scheme during the initial operational years, followed by a
transition to marketbased electricity pcing.

Qbsidy Assumption

For the first 15 years of operation, the model assumes@ablesubsidyfrom 10k kK a 2tdK180€ Kk a 2 K X
applied to the total electricity output of the wind farm. This support mechanism is designed to simulate a
governmentbacked incentive aimed at fostering the economic viability of renewable energy projects during
their early operational phases, wheapital recovery and risk exposure are at their highest.

¢tKS AyOfdzaArzy 2F (GKA& adzoaAiARe Ay (KS [ fefieBtivededRSt |
under a more favourable revenue scenario during the initial payback period. Such a fixed remuneration is
comparable in structure to a Feed Premium (FiP), where a fixed amount is added to the market price or
provided independently of market fluctuationshis approach not only reflects common policy instruments

used across Europe in recent years but also aligns with the objective of reducingrimgésand encouraging
capitatintensive infrastructure deployment in the renewable sector.

Market Price Scenario

Following the 15y/ear subsidy period, the model transitions to a markased electricity pricgariable from

70e Kk a2t&k1l0n eka2 K F2NJ G4§KS NBY |I-yes bpemtiomalrifespal.l TNiGprie & (1 K ¢
assumed to remain constant in nominal terms and represents a conservative estimate-tfionglectricity

market values based on historical averages and future projestin the Iberian energy market.

This twephase revenue structuresubsidized income followed by markiedsed pricing offers a more
realistic simulation of the financial performance of the project over time, and it is critical for determining the
Levelized Cost of Energy (LCOE). By irtiagrhoth policy support and postubsidy market exposure, the
model allows for a comprehensive evaluation of the project's competitiveness and sensitivity to changes in
support schemes or market prices.
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3.5.4 - Free Cash Flow & IRR Calculation, Discounted Expenditures & Earnings
Free Cash Flow (FCF) and Internal Rate of Return (IRR)

Free Cash Flow

In capitalintensive infrastructure projects like offshore wind farms, Free Cash Flow (FCF) is a critical indicator
of financial performance. It represents the cash generated by the project that is available for distribution to
investors after all operatigy, maintenance, and capital expenditure requirements are metuhmodel, FCF

is computed annually over the life cycle of the project, incorporating the phased development, operational,
and decommissioning stages.

The FCF is derived from the operational revenues minus the sum of operating expenditures (OPEX), taxes,
and capital expenditures (CAPEX), adjusted for inflation and deprecidiaation(33)
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Revenue Estimationnual revenue is calculated by multiplying the net Annual Energy Production (AEP) by
the assumed electricity price, then adjusted for availability and loss factors.

Operating CostOPEX is applied on an annual basis during the operational phase and includes both fixed
and variable maintenance costs.

Capital Cost€€APEX is phased across-@oastruction and construction years, and is not incurred during the
operation phase. However, the capital deployed during earlier years is crucial for determining the initial
outflows.

TaxesA fixed effective corporate tax rate is applied on earnings before tax (EBT), with tax shields considered
where applicable (e.g., depreciation or interest expenses).

Depreciation Although norcash, depreciation affects tax liability and is hence embedded in the tax
calculation.

In our model, the working capital is assumed constant or negligible.
Internal Rate of Return (IRR) Methodology

The IRR is the discount rate that makes the Net Present Value (NPV) of all future FCFs zero. It provides a scalar
metric that can be compared to hurdle rates or the weighted average cost of capital (WACC) to evaluate
project viability.The IRR is computed usikguation(34)

.o '060
p OY'Y

The builtin of the IRRunction is used across the cash flow range beginning at the first investment year (often
negative cash flows) and extending through all operation years.

This IRR reflects the project IRR, which differs from equity IRR (used in leveraged structures). No financing
costs are modelled, indicating a projdatance or corporatdinance approach without debt
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Discounted Expenditureand Earnings
Expenditure Discounting Method

In project finance and economic evaluations, discounting future cash flows is essential to reflect the time
value of money. Given that capitsitensive renewable energy projects generate earnings over decades,
proper discounting allows for a realistic cparison of investments and returns over time.

The discounted value of expenditures includeitial CAPEX, ongoing OPEX, and Decommissioning costs,
definingEquation(35)

WhereQis the real or nominal discount rate (depending on inflation adjustment) caegresents the year.
This present value helps compute the Levelized Cost of Energy (LCOE), often defined as the present value of
expenditures divided by the present value of electricity generated.

Discounted Earnings

In our model he earnings are similarly treated. They includeenues from energy sales (product of net AEP
and average selling priceand Subsidiesr feedin tariffs. These revenues are subject to taxation, and
earnings after tax (net income or net operating cash flows) are used for NPV and IRR calculations.

Earnings are discounted using the same rate to compute their present value. The use of consistent
discounting across expenditures and earnings ensures valid comparisons.
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4. Case studies

4.1 ReatWorld Wind Farms

Having defined the model to evaluate both fixbdttom and floating offshore wind farms, we can now select
appropriate case studies. Twelve wind farms have been considered: some of them are already operational,
while others are still under development amade expected to be commissioned by4B0at the latest. The
sample includes six fixeabttom wind farms and six floating wind farms, located in different European
countries. This distribution, spanning from southern to northern Europe, allows for a mealréngiparison
between regions. The countries considered in Southern Europe are Italy, Greece, Spain, and Portugal, while
the Northern European cases include the United Kingdom, Norway, Germany, Denmark, and the
Netherlands.

We start to analyse all the different cases:
Italy

The first wind farm considered in this study is the Beleolico wind farm. It is aldotéain offshore wind farm
located in Southern lItaly, specifically in the Gulf of Taranto, Aputien Renexia groupl' he wind farm has

been fully operational since May 2022. Its main technical characteristics are summarized in the following
Table 4.1(4coffshore, 2025c)
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Parameters Input
Farm size 30 MW

Turbine Nameplate Capacity 3 MW

Number of Turbines 10

Foundation type Monopile

We can observe that the wind farm is of small size, with a limited number of turbines at lower power, and a
monopile structure well consolidatedhe layout of the wind farm is shown in the followikiure 4.1
(4coffshore, 2025c¢)
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The second wind farmhat we take in account in Italy is the MedWind wind Farm. It is a floating offshore
wind farm locatedoff the west coast of Sicilfrom Renexia gorup. The wirfigrm will be fully operational
from 2032.Its main technical characteristics are summarized in the followaige 4.2(4coffshore, 2025i)
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Parameters Input
Farm size 2808 MW

Turbine Nameplate Capacity 18 MW

Number of Turbines 156

Foundation type Semisubmersible

We can observe a huge wind farm, compared to the previous, based on a huge number of wind turbine, at
higher capacity. They are made in sesubmersible technologythe layout of the wind farm is shown in the
following Figure 4.2(4coffshore, 2025i)
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Greece

The first wind farm take in analysis in Greece is the Thrakiki Wind 1 SA wind farm. It isbefigedwind

farm located in the west part of the Greece near to Turkey. The project was license to be built in the 2023,
now it is in the planning stagdts main technical characteristics are summarized in the followiaigle
4.3(4coffshore, 2025Kk)
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Parameters ~ Input
Farm size 216 MW
Turbine Nameplate Capacity 24 MW
Number of Turbines 9
Foundation type Monopile

We can observe that the wind farm is of medium size, with a limited number of turbines at higher power,
and a monopile structure well consolidatethe layout of the wind farm is shown in the followifigure 4.3
(4coffshore, 2025k)
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The second wind farmhait we take in account in Greece is the Agii apostoloi wind Farm. It is a floating
offshore wind farm located in the coast near to Athens. The project was license to be built in the 2023, the
place is still in searcHts main technical characteristics are summarized in the followiagle 4.4
(4coffshore, 2025a)
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Parameters Input

Farm size 670 MW

Turbine Nameplate Capacity 10 MW

Number of Turbines 67

Foundation type Semisubmersible

We can observe a huge wind farm, compared to the previous, based on a huge number of wind turbine, at
medium capacity. They are made in sesubmersible technologyhe layout of the wind farm is shown in
the followingFigure 4.4(4coffshore, 2025a)
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Portugal

The wind farm take in analysis in Portugal is the WindFloat Atlantic wind farm. It is one of the first floating
wind farm develop in Europe with the sesubmersible technology. It is located in the Viana do Castelo
region, in north part of the countrythe wind farm has been fully operational siSaptembe2023. Its main
technical characteristics are summarized in the followiiagle 4.5(4coffshore, 2025])
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Parameters Input

Farm size 25 MW

Turbine Nameplate Capacity 8.4 MW

Number of Turbines 3

Foundation type Semisubmersible

We can observe a small wind farm based on a small number of wind turbine, at small capacity. They are made
in semisubmersible technology-he layout of the wind farm is shown in the followkfigure 4.5(4coffshore,
2025I)
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Spain

The wind farm take in analysis in Spain is the Parc Tramuntana wind farm. It is a floating offshore wind farm
located in east cost of Spain, in the region of Geran. among the largest wind farms planned in Spain

The wind farmwill be fully operationalfrom 2027. Its main technical characteristics are summarized in the
following Table 4.(4coffshore, 2025j)
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Parameters ~ Input
Farm size 500 MW
Turbine Nameplate Capacity 15 MW
Number of Turbines 33
Foundation type Semisubmersible
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