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Abstract

Offshore wind is gaining momentum and will represent a strong asset for the world green
transition challenge thanks to its great features in terms of production, power density,
landscape impact and grid friendliness. Yet, classical fixed-bottom technologies fail to
unlock the wide potential offered by stronger and more constant offshore winds since the
potential sites are limited by seabed depth. Floating offshore wind (FOW) solves this
issue thanks to technological solutions suited for deep waters. FOW offshore wind is a
young but promising sector. After years of R&D and POCs on floating substructures no-
tably, pre-commercial scale farms have been commissioned and an important pipeline of
projects, counted down and analysed in this work, is announced. The challenge of FOW
sector is now to develop its supply chain and to optimise its production costs. The capital
expenditures (CAPEX) of FOW projects are at the base of this work and the main cost
drivers – Turbines, Floaters, moorings and anchors, connection to grid, inner-array cables
and installation – have been identified and deeply analysed. Many factors will generate
cost reduction, among which the introduction of ever bigger turbines which will have a
positive impact on floaters and mooring devices. These last two elements can currently
be considered as the critical elements of FOW and the forecast of their specific cost evolu-
tion with commissioning year have been supported by a physical model based on external
loads mitigation. This model study the two main floaters technologies identified: ten-
sion leg platforms (TLP) and Semi-submersibles (SS). In the Mediterranean, FOW will
face lower wind resources and higher depths than in main zones of development (North
sea for example). Yet, the drops in CAPEX, alongside others phenomenon, will make
FOW competitive by 2035 and the sector can become a strong asset for Mediterranean
countries. This economic viability analysis is supported by levelized cost of electricity
(LCOE) calculations. In this development path of FOW, the control of the visual impact
on landscapes and the use of TLP, well suited for the high Mediterranean depths, will be
primordial.

Keywords: Offshore wind, Floating, CAPEX, LCOE, Forecast, External loads miti-
gation
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Sommario

L’eolico offshore sta guadagnando slancio e rappresenterà una forte risorsa per la sfida
mondiale della transizione verde, grazie alle sue ottime caratteristiche in termini di pro-
duzione, densità di potenza, impatto paesaggistico e facilità di connessione alla rete.
Tuttavia, le classiche tecnologie a fondo fisso non riescono a sbloccare l’ampio potenziale
offerto da venti offshore più forti e costanti, poiché i siti potenziali sono limitati dalla pro-
fondità del fondale marino. L’eolico offshore galleggiante (EOG) risolve questo problema
grazie a soluzioni tecnologiche adatte alle acque profonde. L’EOG è un settore giovane
ma promettente. Dopo anni di R&D e POC sulle sottostrutture galleggiante, sono stati
messi in funzione parchi su scala pre-commerciale ed è stata annunciata un’importante
pipeline di progetti, contati e analizzati in questo lavoro. La sfida del settore FOW è ora
quella di sviluppare la propria supply chain ed ottimizzare i costi di produzione. Le spese
in conto capitale (CAPEX) dei progetti EOG sono alla base di questo lavoro e i principali
fattori di costo - turbine, struture galleggiante, ormeggi e ancoraggi, connessione alla rete,
cavi interni e installazione - sono stati identificati e analizzati in profondità. Molti fattori
genereranno una riduzione dei costi, tra cui l’introduzione di turbine sempre più grandi
che avranno un impatto positivo principalmente sulle strutture galleggiante e sui disposi-
tivi di ormeggio. Questi ultimi due elementi possono essere considerati come gli elementi
critici del EOG e la previsione dell’evoluzione dei loro costi specifici con l’anno di messa
in servizio è stata supportata da un modello fisico basato sulla mitigazione dei carichi
esterni. Questo modello studia le due principali tecnologie di galleggiamento identificate:
le Tension leg platforms (TLP) e i Semi-Submersibles (SS). Nel Mediterraneo, l’EOG deve
affrontare risorse eoliche inferiori e profondità più elevate rispetto alle principali zone di
sviluppo (ad esempio, il Mare del Nord). Tuttavia, la riduzione del CAPEX, insieme
ad altri fenomeni, renderà il FOW competitivo entro il 2035 e il settore potrà diventare
una forte risorsa per i Paesi del Mediterraneo. Questa analisi di redditività economica
è supportata da calcoli del costo livellato dell’elettricità (LCOE). In questo percorso di
sviluppo dell’eolico, il controllo dell’impatto visivo sul paesaggio e l’uso del TLP, ben
adatto alle alte profondità del Mediterraneo, saranno primordiali.
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Extended abstract

Introduction

In recent years, there has been growing interest in the development of renewable energy
sources to reduce the world’s dependence on fossil fuels and decrease greenhouse gas emis-
sions. The offshore wind industry is one of the fastest-growing sectors in renewable energy
and appears as a strong asset for countries yearning at a complete decarbonation of their
energy sector in the decades to come. For the last twenty years, offshore wind sector
development relied on fixed-bottom substructures, but this technology fails to unlock the
whole potential of offshore wind power since only shallow sites are suited for this type of
projects. By offering a solution to this limitation, floating offshore wind (FOW) technol-
ogy has attracted significant attention in the recent years. The Mediterranean Sea, and
even more particularly Italy, with its vast coastline and relatively deep waters, may ben-
efits from this FOW development that could allow the development of an offshore wind
sector in zones where fixed-bottom solutions were out of questions. This master thesis
work being developed in collaboration with A2A s.p.a, a particular emphasis on this zone
will be put.
The aim of this master thesis is to assess the potentialities of FOW technology in general
and more specially the Mediterranean, taking into account the technical, economic, logis-
tical and Nimby aspects. The thesis will explore the current state and future potential
evolution of FOW technology and market (main industrial players and domestic markets
will be presented). A deep assessment of CAPEX (capital expenditures) for FOW projects
will be led, allowing the identification of main cost drivers and generating a detailed fore-
cast of their evolution with time. This CAPEX model will then be used as a base for the
analyse the economic feasibility of FOW projects in the Mediterranean. This economic
feasibility assessment, materialised through the estimation of the levelized cost of elec-
tricity (LCOE) of various hypothetical projects, will also rely on considerations related to
site characteristics (bathymetry and wind resources notably), operation and maintenance
(O&M), financial aspects and visibility impact on landscapes.
The findings of this research could contribute to a better understanding of the potentiali-
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ties of FOW technology as well as the challenges to face in the Mediterranean and provide
potential valuable insights for policymakers, industry stakeholders, and investors. The re-
sults of the study will also contribute to the ongoing discussion on the role of renewable
energy in achieving a sustainable energy future for the region and beyond.

Methodology

The research methodology for this master thesis is based on a combination of desk-based
research, insights from hypothetical benchmark case studies and results obtained from in-
house developed numerical models. To a lower extent, this work has also been supported
by discussion with A2A specialist and industrial players interviewed within the framework
of my internship in A2A.
Desk-based research will involve a comprehensive literature review of existing academic
and industry literature on floating offshore wind technology to support the numerous as-
sumptions and discussion performed in this work. The academic knowledge summoned
in this study is wide since FOW is composed of numerous sub-fields and will be mainly
obtained from online academic platforms opened by Politencico di Milano access. To
nourish the physical based model used for CAPEX predictions or for wind production
assessment, more global academic knowledge on wind power, mechanic of structures and
hydrostatic will be cited. Then, the industrial knowledge will be used as a based for
CAPEX model generation as well as for site impact assessment, O&M and financial hy-
pothesis. In particular, this knowledge will be used to choose technological solution or
farm configuration over another in our hypothetical benchmark project generation. This
industrial knowledge will mainly be obtained thanks to private consulting agency or Euro-
pean industrial association gathering information from industrial players and field experts
to create holistic reports on the subjects. Some of these contents are freely available to
ease the diffusion of these important insights while other have been obtained through
A2A. Let’s note that the industrial knowledge on fixed-bottom solution, way more ad-
vanced regarding the maturity of the field, has been an important contribution to this
fields since many links could be find with FOW. Similar reports on more global subjects
(from the IEA for example) have also been used to characterise FOW within the global
green transition context and to compare it with other energy sources for example. Other
interesting sources for industrial knowledge on technology used, sites impact and future
evolution were the documentation disclosed by project leaders in order to cope with public
authorities requirements in terms of environmental impact and connection to the national
grid (Italian and French ones notably).
Then online tools as national geo-portals for bathymetry information as well as wind atlas
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and wind velocity online dataset were useful to simulate real life projects characteristics.
The data collected for every site of interest will be controlled and sharpen in order to be
the most representative possible of real life conditions.
Some of the results of desk-based research will support the elaboration of benchmark
projects in the CAPEX evaluation model that will thus be representative of project for
given time and site characteristic. The idea of this benchmark analysis process is to ob-
tain concrete and insightful results of the CAPEX of a project with a maximum number
of parameters entering in consideration. This wide rage of parameters allow us to work
with a flexible model allow to give sensitive results and that will be then be suited to
various site conditions later on. Yet, since the study here tends to deliver general insights
and does not focus on one particular project, every single parameter impacting the cost
and productivity of a FOW project will not be integrated to the model. For sake of
representativeness and simplicity as well, some more precise consideration belonging to
project-specified pre-studies will not be discussed in this project and general assumptions,
backed-up by industrial and scientific data, will thus cemented the model.
The data collected or generated from benchmark analysis will sometimes have to be re-
trieved, analysed, transformed and reported in a way to highlight the useful insights. To
do so, the software of business intelligence will be used Tableau will be used.

The proceeding of the work is set to be logically coordinated in order to finally be able to
answer the global problematic of the master thesis. It will be divided in 3 distinct chap-
ters, distinction being based on logical proceeding more than discussion length. Indeed,
since the choice has been made to develop an holistic and strongly supported by physical
and industrial background CAPEX model, the chapter 2 dedicated to this work will be
significantly longer than the other ones. Yet, it would have few semantic sense to cut
it in different smaller chapters. First, offshore wind is inserted and discussed within the
green transition issue and its advantages of are presented and explained through physical
aspects. Then the FOW market is widely discussed allowing to identify the main players
and most of all the main domestic markets that will help us constitute representative
benchmark projects later on. Then, main cost drivers are identified and deeply analysed
for typical FOW projects. The development of a static based model allows us to gener-
ate a forecast on the dimensions of different floater types in different external conditions
that will thus allow to predict the CAPEX evolution of the floating substructures. This
dedicated model for floaters and moorings and anchors will then be inserted in a global
CAPEX model from which insights on the CAPEX breakdown evolution of FOW with
different parameters will be obtained and discussed. Finally, this CAPEX model will be
used to assess the economic viability of benchmark floating projects in the Mediterranean.
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The characteristics of the sites of interest where projects are simulated are included in the
LCOE calculation which allow us to discuss the effective potentialities offered by future
FOW in this zone.
As the thread of discourse proceeds, the methodology used may evolve. In chapter one,
classical desk-based research is used to list the physical and engineering characteristics of
FOW. A manual count down of existing announced FOW projects is notably performed
and the data relatives to these projects are processed and reported via Tableau.
The overall objective is to develop a holistic CAPEX model able to take various input
parameters in consideration to generate insightful information of the main cost drivers of
a FOW project. Since floating platforms and moorings and anchors are the most critical
and specific parts of a floating project (in comparison with classical fixed-bottom technol-
ogy), a particular emphasis will be put on these elements. Thus, to predict their evolution
in sizing with external conditions and the introduction of bigger turbines, a static model
will be developed for the two typologies of turbines previously identified as the most inter-
esting ones. The two block diagrams displayed here after describe a little more precisely
how the physical static model is computed (first block diagram) and then inserted in
the more global CAPEX model (second block diagram), the two being important pieces
of this work. On the static model block diagram, the difference of nature between the
parameters considered in the model can be seen: the inputs in blue are set by the user
while in purple some constants are assumed thanks to academic and industrial data. Two
distinct optimisation process are performed one the parameters highlighted in orange,
one for the floaters and one for the moorings. The optimisation process, performed in
Excel, is a combination of Excel solver and manual process and leads to desired outputs
on dimension of platforms and size and numbers of the moorings lines.
The global CAPEX model includes even more inputs parameters, some will be used as
input parameters of the static model, and the outputs of this one will be integrated to
the global static model. The interest of the block diagram representation is to distinguish
the inputs set by the user from the constants of the model but also to bring to light
the direct and indirect impacts of one parameter to another until reaching the outputs
of the model. As previously explained these two models are supported by academic and
industrial results.
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Inputs and outputs of the computed static model, cf figure 2.43
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Inputs and outputs of the whole CAPEX model, cf figure 2.112
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Sensitivity analyses on the inputs parameters will then be conducted and the results will
be analysed and discussed along chapter 2.

Finally, third chapter is room to benchmark analysis on various hypothetical projects
located in various zones chosen to be representative of FOW projects, and more particu-
larly of Mediterranean and Italian FOW projects. The zones will be chosen mainly based
on wind resources and existing or announced projects as well. Since an objective of this
operation is to able a global site impact assessment, a diversity of site in terms of location,
bathymetry and wind resource is yearned for. A particular emphasis will be put on the
estimation of the productivity of these sites; that is why the wind dataset used for this
scope will be sharpen and adjusted, accordingly to proven academic methodology, to be
the more representative of real life condition.
The importance of visual impact of these projects will be regarded as a key elements of
FOW projects, that is why a visibility impact evaluation framework will be built to be
able to quantify this factor and take it in consideration in our analysis.
The LCOE will then be used as the criteria for evaluating the economic viability of each
hypothetical project considered. The creation of a LCOE model, still computed on Excel,
will thus be required and will consider many inputs parameters as the CAPEX results
from chapter 2, the site impact assessment previously done but also O&M and financial
related elements. The impact of losses, that can evolve with input parameter, will be
included through VBA coding in Excel. Finally, adapting a LCOE estimator developed
by A2A (based on the Excel solver) for renewables projects to our work, LCOE values will
be generated for various sites and years. Sensitivity analyses on the inputs parameters
will then be conducted and the results will be analysed and discussed. Comparison with
other types of renewables sources will feed the final discussion on the global problematic
of the work.

In the the study will use a mixed-methods approach to provide a comprehensive analysis
of the potentialities of floating offshore wind in the Mediterranean. The methodology
will be designed to provide a robust and reliable analysis of the technical, economic, and
environmental factors that influence the feasibility of FOW projects in the region.
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Results and sensitivity

Let’s now have a glance to some of the main results obtained applying the methodology
described above. The results presented here follow the chronological order of the thesis
and only general comments on these will be made, further explanations being obviously
available in the core of the thesis. In order to remain general and not overcharge the
discourse of this extended abstract, representative charts and figures from the analysis
have been extracted and will consist in the main support of presentation of the results.
An important part of the results presented here after come out sensitivity analyses on the
input parameters of the CAPEX and LCOE models.
Let’s begin with insights from the FOW market overview led in chapter 1. To the pivot
date of 01/01/2023, 98 projects have been counted and analysed in 15 different countries.
In this list, the most ancient project is operating since 2010, and time-scope ranges until
2034 in terms of announced operating year (cf figure 1.28). Over this timescale, the global
worldwide pipeline currently announced is 55,142 GW. Yet, the majority of these projects
are still in planning phase and nowadays (01/01/2023) the global installed floating power
capacity is about 115 MW, mainly located in UK via the two pre-commercial wind-farms
and another 3 turbines farms of 25 MW located in Portugal. The 10 remaining MW are
distributed between Norway, France and Japan through pilot projects developed by floater
manufacturers. Plus, in the months to come, about 300 MW in cumulative capacity of
projects under construction mainly in France, Norway and UK are set to increase the
global park.
The following graph displays a forecast of power to be installed in the years to come,
with countries of installation highlighted as well. The main insight from this graph is the
expected skyrocketing from yearly installed power in the years to come, with a maximum
of over 14 GW commissioned in 2031. Let’s precise that the decrease after 2031 is not due
to a slow of the market but to the fact that many projects are not disclosed yet. From this
graph, we can point out that the years 2025-2026 are expected to become huge milestones
for the field with what could be regarded afterwards as the pivot towards commercial
state. Then, the commissioning dates for some of the planning stage projects must be
taken with precaution, mostly for countries as Italy that announce a huge pipeline while
having few experience in the fixed-offshore field.
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Yearly installed capacity forecast, cf �gure 1.28

If getting insights from projects in early planning stage can be hazardous, the following

map displays the countries with operating or under construction projects. This repre-

sentation allow the identi�cation of most ready domestic markets for FOW, that could

be regarded as pioneers of the �oating �eld. Alongside United-Kingdom, home of the

two biggest operating farms, France appears as the other great pioneer of �oating wind.

Globally, the sector development is concentrated in Europe, Portugal, Spain and Norway

following up. Finally, Italy and south Korea, while having huge announced pipelines, are

yet to e�ectively enter the market, Italy has not even real experience in �xed-bottom

o�shore wind.

World map of most ready projects, cf �gure 1.30
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Let's now enter the an important share of the work performed in this master thesis: the

creation of a CAPEX model for FOW projects described in chapter 2. This economical

model will be organised into six di�erent cost drivers as illustrated on the next �gure.

These six inner �elds have been identi�ed as the main cost drivers of the CAPEX of a

FOW project. These six cost drivers, already presented the block diagram displayed in

methodology section, will be technologically analysed and their impact will be discussed

and predicted as well. Gathering the elements on these six �elds will allow us to obtain a

holistic CAPEX model. Let's precise that a particular emphasis will be put on the �oating

speci�cs, so as to say the moorings and anchors and most of all �oating platforms. In

addition, it will be obtained that the expected introduction of bigger turbines along the

years will foster interesting economies of scale. These drops in cost will heavily assessed

throughout chapter 2.

Di�erent cost drivers for o�shore �oating projects, cf �gure 2.1

Let's now focus on the static model computed for �oaters through some outputs of the

model displayed in the two graphs to come. The section 2.3.3 features many graphs

and analysis related to the outputs of the static model for di�erent external condition

(representative of Mediterranean or oceanic conditions) and di�erent �oaters typologies,

semi-submersibles (SS) and tension leg platforms (TLP) being the two typology analysed

in the model. Let's precise that other typologies exist and are presented in chapter 2 yet,

focus has been put on the two technologies considered as more promising ones (arguments

in section 2.3). In this extended abstract, only an extract of these outputs is displayed
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with here after the graph presenting the evolution with turbine size of external loads a

SS platform is submitted to in Mediterranean conditions.

In Mediterranean conditions, unlike oceanic ones, wave and wind actions are comparable.

The total external load remain almost proportional to the turbine power (in pink on

speci�c external moment graph here after). Speci�c loads per power actually have opposite

trends, such that wind contribution overpass wave one for huge turbines. In Mediterranean

condition, speci�c wave moment has a decreasing trend with power but this decreasing

e�ect is compensated by the wind behaviour. These results on external loads will feed

the optimisation process (the whole static model is presented in subsection 2.3.2) that

will be performed for di�erent turbine size leading to the dimension of the SS �oater in

the Mediterranean. Same reasoning will be made for both external conditions types and

both platform typologies as well.

Speci�c External moments per power Mediterranean conditions for SS, cf �gure 2.50

The outputs of the optimisation process for �oaters are the dimensions of the platform,

from which the weight of the structure (that will be directly linked to its cost through

the introduction of manufacturing complexity factors) is obtained. The results for SS
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platforms in Mediterranean and oceanic conditions, alongside the same forecast performed

by BloombergNEF (which results on the FOW �eld, obtained through the collaboration

between A2A and BNEF, will be used often in this work) that is coherent with the results

of our model. The main insights from the weight forecast graph for SS displayed here after

are the important drops in speci�c weight with the introduction of bigger turbines and

the economies fostered by the softer external conditions of Mediterranean sea. Similar

work will be performed for TLP �oaters.

Semi submersible speci�c weight evolution with turbine size, cf �gure 2.54

In section 2.4 similar results are displayed for moorings sizing. A more interesting insight

to discuss in this extended abstract would be the impact of depth of on typology of moor-

ings used, which will in�uence the type of �oating substructure as well. Indeed, the two

main mooring con�gurations are taut and catenary ones, where moorings are constantly

under constraint or let in suspension respectively. Typically, and this will be assumed

in our CAPEX model, SS will feature catenary moorings while TLPs will feature taut

moorings. Besides, the �gure here after shows what are the depth ranges in which each

mooring con�guration is more suited (both for economical and physical consideration).

We thus get that shallower waters will be suited for SS solutions, currently more mature.
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Yet, for deep waters (over 500 meters deep, typical depth of Italian seas), TLP solutions

may appear as the most suited (and even only possible at even bigger depths) solution.

The �gure also presents the possibility of using chain-wire-chain catenary con�guration

to increase the range of catenary (and thus SS) solutions.

Most suited mooring solution evolution with depth, cf �gure 2.72

Let's switch to the global CAPEX model outputs discussed in section 2.8. First let's keep

working on the comparison between TLP and SS solutions from a CAPEX perspective,
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the �gure to come being an insightful support to this.

TLP solutions nowadays are less mature than SS ones as explained in sections. Yet, the

CAPEX model outputs presented here above con�rm the potential cost savings o�ered

by TLP solutions. In order to deal with this question, on �gure displayed here after

is displayed a graph presenting the cost savings o�ered by TLP solution regarding SS

catenary solutions in percent (negative values will mean that TLP solutions are most

expensive). CAPEX estimation have been made assuming a distance to shore of 50 km.

With this representation, it's easier to spot in which cases and to what extent TLP are

cost e�ective solutions in comparison with SS catenary ones. Two clear phenomenons are

highlighted by this graph: �rst, TLP solutions o�er bigger cost reductions for smaller

turbines and then TLP solutions o�er ever bigger cost reductions with increasing depth.

On graph 2.112 the two indicative common depth range of application (cf previous �gure)

of the two technologies have been represented. On cost side, it can be seen that our

CAPEX model con�rm these results. At high depth TLP solutions are indeed way cheaper

than SS ones with more than 12% of total savings in CAPEX for a 15 MW turbine assumed

to be used for projects commissioned in 2030. At such depths, catenary SS technologies are

whatever out of question even for technological and environmental impact considerations.

Yet, even at the "frontier" between the two zones located at 500 meters depth, TLP

solutions o�er CAPEX reductions of about 8% for 15 MW turbines (2030 projects) and

4.3% for 20 MW turbines (2035 projects). Eventough TLP development is currently

lagging behind SS one (as taken in consideration in the model), the cost saving discussed

here concern projects that would be disclosed 7 or even 13 years from now, o�ering time

to platform manufacturers to close the technological gap between the two solutions. For

the yet to born Mediterranean market that as it will be deeply discussed in chapter 3

features big depths, the TLP solutions could make FOW competitive and viable for more

sites.

For smaller depths (100 or 200 meters) located in the indicative SS depth range, the cost

savings o�ered by TLP solutions are smaller, and even negative for huge 35 MW turbines.

In this zone, it is unlikely that this solution will be chosen over SS catenary ones since

the low cost savings may not compensate the higher risks and lower investors trust in the

technology. SS and TLP thus really appear as complementary solutions that would both

have a place in the future development of the FOW market in the Mediterranean.
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CAPEX Reduction o�ered by TLP over SS (platform + mooring and anchors) against SS

in % for Mediterranean conditions, cf �gure 2.114

The outputs of the of the CAPEX model are not only absolute values but also feature

pie charts representation that can be very insightful for a clear understanding of the cost

breakdown evolution with the di�erent inputs of the model. To reach these results, various

hypothesis all listed in the core of the thesis have been made and discussed. Let's precise

that, in addition to the six cost drivers previously identi�ed and for each a colour has

been attributed, a constant 20% share of the �nal CAPEX is assumed to be dedicated to

other costs, mainly project management, contingency and insurance. The pie chart here

after corresponds to a 2030 SS project featuring 200 meters depth, 50 km distance from

shore and Mediterranean conditions. This inputs can be seen as representative of what

the �rst commercial scale Mediterranean projects could look like (expected by the end of

the decade in France and Spain). The colours attributed to each cost driver will always

remain equal, allowing comparison in shares for di�erent model inputs, as it will be seen

with next �gure. Let's �nally precise that the speci�c CAPEX value for this project is

3.01 $M/MW.
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Pie-chart representation of CAPEX model breakdown for a 2030 SS project featuring 200

meters depth, 50 km distance from shore and Mediterranean conditions, cf �gure 2.111

More than the global absolute CAPEX values, the share of each cost driver in the total cost

breakdown is interesting to analyse. To support this analysis, cost breakdown pie charts

alongside the speci�c CAPEX value in [$M/MW] will be represented represented. On the

�gure here after for example, di�erent pie charts for combination of year parameter (2030,

2035 and 2040) and of �oater/meteo con�guration (Med TLP; Med SS and ocean SS) are

displayed. To compare these cost breakdown one to another, the two other parameters,

depth and distance to shore, are maintained �xed for every pie chart respectively at 500

m and 50 km. Except the grey part corresponding to the "other" module described every

parts evolve with commissioning year for di�erent �oater/meteo con�guration. A deep

analysis of these evolution is made in section 2.8.
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CAPEX breakdown evolution with commissioning year and �oater used. Depth = 500 m

; Distance to shore = 50 km, cf �gure 2.115

Let's now brie�y present some of the main results and insights from chapter 3, the last

chapter of this master thesis dedicated to the assessment of site characteristics on the

viability of a FOW project and to the calculation of the LCOE for di�erent representative

benchmark projects.

To perform this analysis, various sites of interest where hypothetical projects will be

studied have been chosen. The identi�cation of this sites was driven by reality of FOW

pipeline as well as by win resources obtained from the global wind atlas tool developed by

DTU. Accordingly to the global problematic, sites have been chosen to be representative of

the Mediterranean and more particularly Italian sea potentialities for FOW development.

Thus, 9 out 12 sites are located in Italy, when the other Mediterranean one is located

in the Golfe du Lyon (GDL) where France is set to develop its pioneers projects. Two

additional located in united-kingdom vicinity (where oceanic conditions will be applied)

completes the panel and will give an interesting comparing point. The following map

displays the sites of interest identi�ed alongside the equivalent hours - measuring the

productivity of the sites - computed for this sites. The process of calculation of the

productivity based on wind datasets is described in subsection 3.1.2. The following map
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shows that globally, Italian sites are less windy than 3 other sites considered. Yet, the

equivalent hours calculated are still almost 75% higher than the value obtained onshore

in Italy.

Sites of interest, colour scale indicates the equivalent hours from yellow (lowerheq) to red

(higher heq), cf �gure 3.2

As explained in subsection 3.1.4, the potential detrimental impact of FOW farms on land-

scapes can be an important brake to FOW development in Italy, even more considering

that the potential sites of development are for the most located in touristic zones known

for their remarkable landscapes (NIMBY phenomenon). This tremendous parameter has

to considered in our analysis, and thus had to be quanti�ed. To do so, a visibility model

linking the visual impact with distance from shore and turbine height has been created.

The "useful" e�ect of earth curvature that tend to hide objects at a given distance of the
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shore has been included in this model. It end up with an acceptable visibility framework

described on the following �gure. The upper frontier is the distance at which, for a given

turbine height, the farm would be entirely hidden for an observer located at sea level

on the shore, meaning that going further from shore than this frontier would not bring

any improvements on the visual impact side. The lower barrier corresponds to visibility

socially accepted for an o�shore wind-farm in St-Nazaire, France.

The yearn for mitigating the visual externality generated by FOW projects thus tend

to push projects far from shore. Yet, this come with CAPEX - and thus LCOE - in-

crease from a direct and indirect phenomenon (cf chapter 2). First, connection to grid

related costs increase with distance from shore. Then, as explained in subsection 3.1.5, the

bathymetry pro�le of the Mediterranean, and more particularly of Italy, is sharp. Thus

going further from shore usually mean reaching higher depths, which will have impacts

on many CAPEX drivers listed in chapter 2. These impacts are summarised on CAPEX

block diagram displayed in methodology section and in �gure 2.112.

Evolution of minimum distance from shore to obtain limited visual impact with turbine

size, cf �gure 3.13

The LCOE model has then been computed and its outputs have been analysed and dis-

cussed in section 3.3. In particular, an insightful discussion have been led on the impact

of landscape preservation on the LCOE in di�erent sites. To support this discussion, on

the following �gure LCOE evolution with turbine power (here strictly linked to commis-

sioning year) and in di�erent con�guration have been displayed for three sites. The green
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curves representing "invisible" conditions correspond to the higher barrier where turbines

start to be fully hidden by earth curvature and the red ones represent "visible" conditions

corresponding to the lower visual barrier. AS expected, for every site and for both tech-

nologies, important LCOE drops are generated when going from the invisible frontier to

the visible. These drops are heavily linked to bathymetry pro�les. Indeed, the drops are

more important for N Sardinia than for W Sicily, it self more impacted than GDL site.

And while the GDL seabed depth pro�le remains for long distance from shore more or less

constant to 200 meters, for W Sicily and even more N Sardinia going further from shore

to decrease the visual impact implies to development of projects in deeper water that will

be more costly. When bathymetry is not �at, the diminution have a double detrimental

impact on CAPEX and then LCOE: from distance from shore and from depth point of

view. The harsher the seabed depth pro�le of site will be, the more the developers will be

encouraged to neglect the visual impact of their projects: it's "easier" from an economic

to respect landscapes in Western Sicilian sites than in Northern Sardinia ones (or than

Puglie ones for example).

The impact of �oater technology used, less important than landscape preservation one, is

also highlighted by these charts. When the visual impact in non negligible (red curves)

the projects considered feature relatively low depths (200 meters) and thus TLP and SS

globally presents similar costs. On the contrary, when harsh seabed depth pro�le are

considered, the preservation of visual impact (green curves) make industrial players de-

veloping projects in deep waters where TLP o�ers interesting drops in CAPEX over SS

solutions, which lead to LCOE reduction for TLP invisible witnessed in West Sicily and

even more in North Sardinia.
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LCOE evolution in terms of turbine power and thus commissioning year that are here

assumed to be coupled for di�erent �oater typologies and visual impact levels, cf �gure

3.28

Landscape visual preservation and use of Tension leg platforms could thus be seen as

dependant issues for Italian FOW development. More globally, an important insight of

this global work is the strong asset TLP technology could represent for FOW development

in the Mediterranean and especially in Italian surroundings. Indeed, the seabed pro�le

of the zone, harsher than "classical" zone of o�shore development, will require solutions

suited for high depths in order to be place further enough from shore. Seemingly, the

Mediterranean market could appear as a good opportunity for TLP manufacturers to

gain share, which could close the technological gap with more mature SS technologies.

Sensitivity analyses have been performed through the analyses of di�erent inputs to the

model. Yet, many hypothesis for �xed parameters have been made along the process and

further sensitivity analysis could have strengthen even more the results. For example, a

conservative value for the raw cost of steel have been made which drastically in�uence

the CAPEX of the projects. These various assumptions, explained along the core of the

thesis, has an in�uence on absolute values but less on global trends that still are very

insightful.



Conclusions

The driving problematic of this thesis was the potentialities of the �oating o�shore wind

market in the Mediterranean. It end up that, eventough the bathymetry as well as the

wind resources in the Mediterranean, and more speci�cally in Italy, are not always as well

suited to o�shore wind as in the North sea for example, regarding the important depth

of the Mediterranean FOW appears as the only solution for Mediterranean countries to

unlock their o�shore wind potentialities. Plus the combination of economies of scale

expected generated by the introduction of bigger turbines, technological breakthroughs,

supply chain optimisation and diminution of the risk related to FOW investments is set

to enhance important LCOE drops making FOW competitive by the mid 2035's in the

Mediterranean. This economic viability coupled to the excellent comparative features of

o�shore wind in terms of power density, land occupation and grid friendliness regarding

other fatal renewables sources could make FOW plants strong assets for Mediterranean

governments yearning for decarbonation of their energy mixes.

Alongside this sensitive work, many assumptions have been made to evaluate the CAPEX

of FOW and then the LCOE of hypothetical projects. Eventough these hypothesis have

always been supported by scienti�c sources and argumentative reasoning, when forecast

are at stake absolute results must be analysed with caution. Instead, the trends, relative

importance of various cost drivers and technological insights as for example the huge

potential of TLPs for Mediterranean applications or the importance of visual impact in

project design will be regarded as the main take away information from this thesis work.

The idea here was to remain global and to deliver general insights, but if a given FOW is

under study, deeper and more precise considerations on the wind resource of the site, the

platform technologies and dimensions (dynamical behaviour in particular would have to be

further assess), external loads, supply chain and local content use as well as environmental

impact would have to be performed. Plus, some aspects as the supporting policies from

EU or countries (Feed in tari�, �nancial incentives etc...) or the potential revolution of

o�shore electrical grid composed of various hubs have not been integrated to the discourse.

The FOW is still a young but very promising market and many results of this study will

be sharpened thanks to the industrial feedbacks to come.
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Introduction

Man kind is collectively facing a global crisis that will de�ne its future. Our relations to-

wards the earth and its resources must be heavily rethought and, in order to mitigate the

e�ect of the inevitable climate crisis, the greenhouse gases emissions must be drastically

reduced.

This challenge must be assess both at individual level improving our behaviours and at

global and political level. In this horizon, an ever greater number of countries pledge to

reach net-zero emissions by mid-century or soon after. Yet, to reach the two �agships

goals �xed by the scienti�c community and the successive COP which are the net zero

emissions and an increase in global temperature lower than 1.5°C, concrete and prag-

matic plans must be engaged. Among all the requirements at stake, the electri�cation of

the energy sector coupled to a decabornation of the electricity production appears as the

prerequisite for an hypothetical overcome of the global crisis.

Wind energy is set to play a key role in this transition. It has been exploited by men

for hundreds of years, and the �rst wind turbine dedicated to electricity production goes

back to the late XIX th century. Yet, before the 90's wind energy contribution to the

global electricity mix was negligible. Then, a rise in concerns related to fossil energies

alongside technological breakthroughs and political incentives led to a constant increase

in wind energy facilities throughout the world. Indeed, the amount of electricity produced

by wind has skyrocketed in the last two decades, going from 30 TWh in 2000 to about

2000 TWh in the year 2021. This expansion is expected to keep on and even accelerate

in the net-zero by 2050 scenario.

Wind power was born onshore but its present and future also belong to the seas. In-

deed, after years of researches and tests, o�shore wind power plants achieved commercial

in the late 2000's and represent now 7% of the installed power. This share is set to in-

crease in the years to come thanks to the greater size of the o�shore farms are and the

fewer limiting factors for sites identi�cation than onshore.

The last major breakthrough in the �eld is the dawn of �oating o�shore facilities which,
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since less limited on site depth, could unlock access to a tremendous quantity of wind.

For example, it could allow countries boarding the deep Mediterranean sea to consider

the o�shore wind solution. This issue will guide our whole study.
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1| Chapter one: o�shore wind

power market and

potentialities

1.1. Wind power potential and net zero objectives

Wind energy is an indirect source of solar energy: roughly 2% of the incident solar radi-

ation is continuously transformed in kinetic energy of the air masses on earth through a

conversion process assimilable to a Joule Brayton Cycle. [3]

This wind energy is then mainly converted into electricity using wind turbines, which

now stand, alongside large hydro power plants, as the most mature technology in green

electricity production �eld. In this work, focus will be made on the most mature and

widespread wind turbine type: the horizontal axis 3-blades wind turbine, of which the

typical main components are displayed on �gure 1.1. Other con�gurations of wind tur-

bines exist and present pros and cons compare to the 3-blades HAWT (horizontal axis

wind turbine) such as VAWT (vertical axis wind turbines) which are worth the analysis

for o�shore application [3] [5]. Still, HAWT are more ahead both in market size and tech-

nological aspects for large power capacities [5] and present higher power performances as

�gure 1.4 shows.
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Figure 1.1: Main components of 3 blades HAWT

This maturity is the result of decades of technological breakthroughs and market scaling.

This development has been also fostered by incitive policies led throughout to world in

order to cope with the Co2 emissions reductions objectives. These objectives have been

collectively set by the countries members of the successive COPs that for example led to

the Paris agreement of 2015. This legally binding international treaty on climate change

was adopted by 196 Parties and its main goal is to limit the the global increase in tem-

perature below 1.5°C by 2050 compared to pre-industrial level [30]. By 2020, signatory

countries submitted their plans for climate action known as nationally determined con-
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tributions (NDCs). These plans described the short and long term action that will be

conducted in order to enhance the required economic and social transformation. Coun-

tries also communicate in the NDCs actions they will take to build resilience to adapt to

the impacts of rising temperatures.

The International energy agency (IEA) incorporates these policies in their hollistic energy

forecast, de�ning various energy scenario among which the net zero by 2050. The last

version of their outlook also take in consideration the latest huge energy shocks related to

the pandemic and the War in Ukraine [31]. According to this report, additional policies

are yet to be implemented to reach the net zero by 2050.

Figure 1.2: Energy-related and process CO2 emissions, 2010-2050 and temperature rise

in 2100 by scenario (IEA world energy outlook 2022)

However, every scenario, every evolution, will feature an electri�cation of the total energy

supply coupled to a necessary decarbonation of the electricity production. Nowadays,

the world electricity penetration, i.e.the part of electricity in �nal energy consumption,

is only 20%, and 63% of electricity generation still come from unabated fossil fuels [32].

Indeed, the electricity sector accounted for 59% of all the coal used globally in 2021,

alongside 34% of natural gas and 4% of oil. Plus 52% of all renewables and nearly 100%

of nuclear power were linked to electricity production. At the end, it accounted for over

one-third of all energy-related CO2 emissions in 2021. To cope with 2050 objectives, a
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nearly 90% decarbonised electricity sector coupled to an electricity penetration of 50%

would be required.

Alongside and complementary to solar energy, wind energy exponential development will

be the cornerstone of this electricity sector transition. All the more so as these technologies

are now competitive regarding fossil fuel based ones. An interesting tool to compare

di�erent sources in terms of economic competitiveness is the levelized cost of energy

LCOE measured in USD/MWh [33], its exact mathematical de�nition will be presented

and used later on in section 3.3. The levelized cost of energy can be thought of as the

average minimum price at which the electricity generated by the asset is required to be

sold in order to o�set the total costs of production over its lifetime.

The following map show to what extent renewables are now the cheapest solutions for in

many areas. This economic argument, even over the green one, is set to multiply tenfold

the installation of such types of plants throughout the world.

Figure 1.3: Renewables are now the cheapest source of new bulk power generation in

countries comprising 66% of world's population (BloombergNEF 1H 202 2 LCOE update)

Another advantage o�ered by these renewables technologies compared to the classical
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ones is the energy autonomy they o�er. Unfortunately, the latest crisis has shown how

geopolitics could impact the disponibility and the cost of energy [31]. These events con-

solidated the wish of countries to be less and less dependant on fuel importations, which

should foster the increase of the renewables share in the energy mixes.

Wind power is a thus a mature, non carbonate and competitive sector. For decades,

it belonged to shore. But in order to fully exploit the potential of this energy source, and

to overcome various issues as well, it is now time to go o�shore.

1.2. Going o�shore

1.2.1. Physical and engineering preamble

As exposed in the introduction, o�shore wind sector has been on the rise for the last

two decades. This could arouse interrogations: why going o�shore rising obvious issues

of investment, installation and maintenance di�culties and technological challenges. The

arguments for o�shore wind are multiple and summarised here after.

The arguments listed here after are for the most physic based. To expose them, even if

the purpose of this �rst chapter is to remain generic and market oriented, let's introduce a

simple yet tremendous equation (physical aspects will be deepen in the chapters to come).

The power available at the turbine shaft is given by:

P =
1
2

�:�:
D 2

4
:Cp:v3 (1.1)

The process to obtain (1.1) is described in [34] where� is the air density (which can

depend on the altitude), v is the wind velocity at the nacelle,D is the rotor diameter

of the turbine and Cp is the Power coe�cient. This power coe�cient is the parameter

on which the power regulation is made since it depends on the blade pro�le that can be

twisted by motor action. When the maximum power must be extracted from a given

air�ow of velocity v, this coe�cient is maximised thanks to a regulation on! the rotation

speed of the rotor [34]:

If a rotor rotates too slowly, "too much" wind to pass through undisturbed, and thus not

enough energy is extracted from the air�ow. On the other hand, if the rotor rotates too

quickly, it appears to the wind as a large �at disc, which creates a large amount of drag

and lower the performances.

In order to easily model these behaviour, a non dimensional number is introduced: The

rotor Tip Speed Ratio (TSR) � :
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TSR = � =
rotor � tip � speed

wind � speed
=

!: D
2

v
(1.2)

The range of TSR at which interesting values ofCp depends on the blade airfoil pro�le

used, the number of blades, and the type of wind turbine [34]. In general, a three-bladed

HAWT operates at a TSR of between 6 and 8, with 7 being the most widely as graph 1.4

shows.

Graph 1.4 also shows how the use of TSR allow to compare the performances of di�erent

types of wind turbines. Three-blades HAWT is the technology bringing power coe�cient

closest to the Betz limit of 16
27 described in [34], hence their massive use. For well designed

state of the art turbines, a classical value of maximumCp is 0.5.

Figure 1.4: Rotor Power coe�cient by tip speed ration� for di�erent wind turbine tech-

nologies, from [1]

Finally, let's have a glance to a a classical wind turbine power curve in function of wind

speed displayed on �gure 1.5. This curve shows that, due to motor restriction, maximum

power is not extracted from the wind �ow for high wind velocities. Instead, a regulation

on Cp via a motorisation of the blade pro�le allow to remain at rated power, decreasing

the value of Cp far from the 0.5 value that can be obtained with HAWT. This process

comes from a techno-economic optimization: invest in bigger and more expensive motors

would not be worth in order to exploit wind velocities with rare occurrence.
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Hence, mean wind velocity is not enough to evaluate the power output of a turbine. To

put that simply, for a rated speed of 12 m/s for example, a turbine will produce more

energy from a constant wind at 12 m/s than from a wind oscillating between 9 and 15

m/s. More stable winds is also preferable from the mechanical design point of view. Ideal

sites for wind energy projects thus present strong but also stable wind �ows.

Figure 1.5: Power curve of a wind turbine

1.2.2. Extrinsic o�shore advantages

Let's close, for now, these preamble physical parenthesis and explain why the wind power

sector is spreading beyond the shores.

Going o�shore appears as a solution to extrinsic issues of the technology when installed

onshore. First, especially in dense areas such as Europe, a saturation of the zones is

witnessed. Indeed onshore the topography, the urban and agricultural areas and the

preserved areas tend to limit the available sites for wind power plants. As matter of fact,

[2] explains that in many countries the majority of geographically adapted and windy

sites have already been invested. Onshore, an evolution of the technology towards lower

wind technology is thus witnessed, leading to the emergence of di�erent class of turbines

de�ned as follows in the IEC classi�cation of the wind turbines:
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parameter class I class II class III

Reference wind speed (m/s) 50 42.5 37.5

Annual average wind speed (m/s) 10 8.5 7.5

50-year return gust (m/s) 70 59.5 52.5

1-year return gust (m/s) 52.5 44.6 39.4

Table 1.1: IEC Wind turbines classes

Less windy sites require lower class to e�ectively exploit the kinetic energy from the wind.

To do so, bigger than required rotor diameters, and thus more expensive and complex

turbines, are required to produced the same power and compensate the loss due to wind

velocity decrease in the equation (1.1). Higher classes are thus characterised by lower

speci�c power and thus less competitive turbines. Yet, [2] explains with graph 1.6 how the

saturation in onshore wind project will tend to generally decrease the mean speci�c power

for every classes in the years to come. This phenomenon could slower and complicate the

future skyrocketing of onshore wind projects.

Figure 1.6: speci�c power forecast onshore and o�shore (BNEF)

Unlike onshore case 1.6, o�shore topography and sites exploitation are way less constrain-

ing and saturation id far from being achieved. Plus, the development of lower classes is

not necessary yet.

Then, the main obstacle to the rise of onshore wind project is the so called NIMBY (not

in my backyard) e�ect, described in [35]. This phenomenon lead to a global disapproba-
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tion of a part of the public toward the development of wind project near their habitation

zones. This Nimby phenomenon is is also present for other types of projects but onshore

wind is by far the more concerned sector nowadays. This subject can also �nd national

political resonance in the public debate, which can damage the dynamism of the sector

which as previously said rely in a way on government policies.

If as previously explained onshore wind is a tremendous asset for the necessary energy

transition, its impact on environment and landscape at local scale is undeniable. Indeed,

this technology need space to reach utility scale since for e�ciency issues that will be

discuss later two wind turbines cannot be to near one to another. Plus, as showed in [2]

turbines used onshore are for the most between in a 2-5 MW range, hence an important

number of turbines for large scale plants able to "replace" the classic fuel based ones.

The civil work required for construction can thus damage the biosphere of a site. Then, a

typical 3 MW turbine already tops the 120 m in maximum height [5], with rotor diameter

about 90 m. This make these turbines visible from far, especially since they are more

likely to be installed in plan areas where winds are more stables. To this damageable

impact on landscapes must be added a noise issue that can be tremendous in populated

areas. These considerations make the identi�cation of potential sites ever harder, endors-

ing the previous argument on saturation.

Figure 1.7: Riot against onshore wind power project in Canada
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O�shore, nimby phenomenon must also be taken in consideration, and will be further in

this work. Yet parts of the problems such as impact on populated areas and landscapes

are deleted when selected sites are far from shore. This is largely discuss in CITE CHAP-

TER. ++ LESS DENSE CF NEXT PARAGRAPH

Last but not least Nearly 2.4 billion people (about 40 per cent of the world's popula-

tion) live within 100 km of the coast [36], and this share is on the rise. Accordingly, the

majority of main industrial and commercial facilities are located in coastal areas. The o�-

shore wind thus relocate the electricity production near the zones of heavy consumption,

lightening the burden on distribution networks.

Figure 1.8: Part of world population living within 100 km of the coast

1.2.3. Intrinsic o�shore advantages

Let's now discuss the intrinsic physical and engineering aspects making o�shore wind a

more e�cient way to exploit wind energy.
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[2] explains how breakthroughs in terms of technology optimisation, material use and in-

stallation process rise the bar of maximal turbine sizes. For example the use of glass �bber

composite illustrated in 1.9 allows to increase blade length without dramatically impacting

blades weight and vibrating behaviour, making these solution viable and competitive.

Figure 1.9: Blades weight increase with length and material use from [2]

Equation (1.1) shows that generated power evolves with the square of the blade length,

hence the aim to create bigger rotors to capture more kinetic energy. Plus, the use of

bigger turbines more dense and competitive plants as it will be largely discuss later while

evaluating the cost of �oating o�shore wind projects CITE.

Thus, the trend in the wind sector is toward ever bigger turbines [2], and o�shore this

aim can be fully expressed. Indeed, while onshore the NIMBY related issues presented

in subsection 1.2.2 are exacerbates with turbines sizes, there are fewer barriers to their

installation o�shore. Plus, greater rotor diameter tends to increase the shear stress and

bending moments on the structure related to wind velocity di�erences between the lower

and higher zones of the rotor. Yet, anticipating on the next argument, the quality of the

wind �ow is better o�shore than onshore as explained in �gure 1.11. Hence less design

constraints for the development of great rotor turbines o�shore.

Noawadays, the biggest turbine ever produced has thus been developed for o�shore ap-

plication and is rated at 12 MW. This is the Haliade-X o�shore wind turbine high of 260

m with a rotor of 220 displayed on �gure 1.10
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Figure 1.10: General electric Haliade-X real size 12 MW prototype in St-Nazaire, France

As exposed by Lynn in his book [4] when listing the advantages o�ered by o�shore ap-

plications, the �rst driver for going o�shore is the wind quality: while onshore it's hard

to �nd class I sites (cf table 1.1) with average wind values about 10 m/s, even leading

to saturation issues described in subsection 1.2.2, o�shore it's common to �nd sites with

average wind speed higher than 11 m/s. A quick glance at the online wind data library

wind atlas [24] developed by the well-known wind expert Denmark technical University

con�rms this statement (this tool will be further presented later on). By the way, this

explains why BloombergNEF only considers class I turbines for their evolution forecast

in �gure 1.6.

This increase in wind quality also come from the sea softness. Indeed, onshore many

obstacle at the surface stop the air mass �ows, heavily decreasing the wind velocity at low

altitude. Because of air viscosity [37], this perturbation due to surface roughness spreads

along the z direction, the lower air �ow layer "slowering" the upper one, until reaching

a maximum undisturbed value at high altitude. Figure 1.11 illustrates this phenomenon.

O�shore, this undisturbed value is usually higher than onshore and is reached at way

lower altitude.
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Figure 1.11: Higher average wind speed and faster wind shear development [3]

This wind shear e�ect lead to a dependence of the wind velocity v on the altitude z that

can be approximated according [4] and [37] by this equation:

v
v0

= (
z
z0

)� (1.3)

The coe�cient alpha depends on the surface roughness. O�shore, a typical value is

� = 0:14. Onshore it can reach values of 0.3. Thus, the greater dimension of the turbines

for o�shore application lead to a an additional bene�ce: higher turbines can exploit faster

winds. This aspect cannot be neglected even for low values of� since, combining equations

1.3 and 1.1 we get:

P
P0

= (
z
z0

)3� (1.4)

Thus, small height increase can lead to non negligible increase in power. For example,

�gure 1.12 shows that going from a nacelle height of 100 m to 140 m could increase the

power exploitable by about %.
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Figure 1.12: Variations of wind speed and power due to wind shear from [4]

In addition, Nasa Earth observatory [38] in addition to the con�rmation than o�shore

wind are stronger, explains that o�shore winds are more stable than onshore ones. Indeed

seas o�ering as previously explained obstacle-free environment to the mass �ow, less

parameters enter in the complex �uid dynamics processes at stake (not studied in this

work) leading to more �uid and less gust-made �ows. Plus [38] and [3] explains that

o�shore wind are result of larger scale phenomenon than onshore ones of which variations

can results from local topographic linked phenomenon. This last argument support the

stability idea and make o�shore winds intrinsically easier to predict, which also stands as

a pros for an energy application optic.
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Figure 1.13: Global Ocean Wind Energy Potential from NASA Earth observatory

[5]

The consequence of this accumulation of arguments is a higher capacity factor for o�shore

wind than for onshore wind. The capacity factor is an important notion that link the

rated power of a plant to its real energy production. Indeed, a 10 MW turbine does not

always produce 10 MW as �gure 1.5 tells us. The capacity factor, or Load factor LF, over

a period T is thus de�ned for a plant of rated power P as:

LF =
energy� produced� during � T

P:T
(1.5)
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In the end, o�shore wind provides higher capacity factors than other variable renewables

such as onshore wind and solar PV. In 2018, the average global capacity factor for o�shore

wind turbines was 33%, higher than the 25% for onshore wind turbines and 14% for solar

PV. Looking forward, thanks to design optimisation and technological breakthroughs,

new o�shore wind projects are expected to have capacity factors of over 40% in moderate

wind conditions and over 50% in areas with high quality wind resources. [5] This better

load factors allow wind o�shore to produce more electricity and thus justify the necessary

overcost related to this technology. This economic comparison wil be further assessed

later on.

Finally, more stable winds [38] also bring less hourly variation during the day as shown

on �gure 1.14. O�shore wind thus appears as a reliable energy source for the grid and its

characteristics, even if not controllable, are thus closer to the classical fuel based plants

from grid point of view.

Figure 1.14: Range of mean hour-to-hour variations in output by technology, based on

2018 weather data, from [5]

In addition, as previously said, long term prediction are easier for this technology, easing

the work of the TSO that are ever more basing their work on mathematical predictions

that try to match the complex meteorological phenomenon that drive the renewables

production. Indeed, the french TSO RTE explains [39] that the increasing share of in-

termittent renewables in the production mix could threat the network integrity. Thus,
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its �exibility must follow up and the introduction or more stable and more predictable

energy at large scale could ease the burden.

In this optic, the seasonality of the monthly load factors must be assessed. [5] present

on �gure 1.15 these values for di�erent countries. An very interisting point is that the

pro�les simulated are complementary to the other main renewable energy source: Solar

PV. Thus o�shore wind could be a good partner to solarPV in a future fully renewable

and balanced mix, decreasing the need for large electrical storages.

Figure 1.15: average weekly capacity factors for new o�shore wind and solar PV projects

by region , based on 2018 weather data, from [5]

By the way, [5] states that o�shore wind is not subject to the same intermittency lim-

itations as onshore wind and solar PV. The IEA classi�es o�shore wind as a "variable

baseload technology" owing to its high capacity factors and lower variability, as compared

with onshore wind and solar PV. Put simply, o�shore wind operates, on average, at a

higher share of its maximum power output and with less �uctuations. As such, o�shore

wind can provide more stable power to the energy grid, just as fossil-fuelled plants do,

and "has the potential to become a mainstay of the world's power supply."

While energy security; i.e the capacity of the grid to be always balanced and in capacity

of always satisfying the demand; appears as one of the major concern of the future energy

mix[31], O�shore wind appear as a strong asset to invest in to tackle this issue. Develop-

ing o�shore wind could thus accelerate our exit of the traditional controllable power plants.
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Many arguments in favour the course for o�shore has been listed. Along this study,

the economical and technological issues related to the development of this technology

will also be discuss for �oating technologies. To conclude let's cite a last optimistic and

motivating data from [5]: O�shore wind's technical potential is 36 000 TWh per year

for installations in water less than 60 metres deep and within 60 km from shore. Global

electricity demand is currently 23 000 TWh. Moving further from shore and into deeper

waters, �oating turbines could unlock enough potential to meet the world's total electric-

ity demand 11 times over in 2040.

Let's now have a look to what extent this sector is e�ectively developing, since this values

are slightly ambitious.

1.3. O�shore wind market overlook

Let's precise than in this section, o�shore sector mainly concern classic �xed-bottom

o�shore wind, �oating wind being still in its eraly development stage.

The idea to exploit the strong o�shore winds is actually old [40], but have been for a

long time regarded as too challenging from the technological and economic point of view.

Thus, the �rst o�shore wind turbine pilot rated at 220 kW is only installed in 1990 in

Sweden. In 1991 the �rst o�shore wind farm made of nine 450 kW turbines is developed

in Denmark by the danish company Elkraft, nowadays Orsted, still one of the main leader

of the sector.

The 90's have then been a decade of technological breakthroughs and market and legal

organisation [41], and the sector really stared to enter commercial maturity in the 2000's,

pushed by northern Europe countries such as Denmark, Germany and most of all United-

Kingdom that quickly implemented ambitious policies to develop the sector, the supply

chain, and make pro�t from the ideal sites in the north and the Irish sea.

Others milestones of the sector development, such as the entry of the US on the market

or the symbolic 8 GW step overcame in Europe, are displayed on the timeline 1.16
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Figure 1.16: Brief history of the o�shore wind market development
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The epicentre of development of o�shore wind has thus been northern Europe, and con-

tinues to be the centre of gravity of the sector (cf �gure 1.18). This is the consequence of

strong winds coupled to low profundity of the sites. Yet, in 2009 China disclosed its �rst

o�shore farm and has since appeared has one of the main development contributor in the

last decade, as �gure 1.17 shows. Some of its asian neighbours as South-Korea and Japan

are also starting to enter the market (cf �gure 1.19).

The graph 1.17 points out the exponential trend in o�shore wind capacity addition be-

tween 2010 and 2018. During this period, UK, Germany and China for the most have

installed more than 20 GW, among which 8 GW for only 2017 and 2018.

Figure 1.17: Annual o�shore wind capacity addition by region, 2010-2018, from [5]

A useful tool to visualise and quantify the extent of o�shore wind deployment is the

interactive map [42] developed by 4C o�shore. Indeed, geographical zones occupied by

existing or future o�shore wind farms throughout the world are highlighted on this map.

Plus, some basic information about the size and the owners of the farm are detailed for

most of the cases. The existing wind farms are displayed in green and the one under

construction in orange or in yellow according their degree of advancement. Then, future

project are displayed from blue to dark purple according their degree of advancement in

the pre-project phase. The two screenshots 1.18 and 1.19 shows that the purple sites in

early planning stages represent the majority of displayed projects. Even if these projects

will probably not all come to an end, this fact gives us a good indication on the expected

explosion of the sector in the years to come. Even if few information are available on the

projects. This useful tool shall however be used knowing that it may not be fully updated

(mostly for �oating wind projects), may lack some information and could indicate non
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