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Abstract

In a world with increasing renewable energy sources penetration, energy storage technologies are
becoming key technologies to achieve decarbonization taidgetee past, pumped hydropower has
always been the most efficient and widespread solditioenergy storage, accounting for 91% of the
total global storage capacity installed in 2019. Nonetheless, energy storage technologies have strongly
developed over the years, and nowadays there are many alternatives to pumped hydro to be considered.

This thesis work was developed in collaboration with Elettrostudio s.rltalsan company that works

in the renewable energy fielilhe companyasworking on the authorization process of three offshore
wind farms in Italy, and its interest was to urgland the technical amtonomideasibility of coupling

an energy storage aPowerto-X solution to one of the future wind farmEhereforejn the first parta

study on the state of art and on the critical points of offshore wind farmgesfasmed This allowed to
make realistic predictionsf the characteristics of the wind farm according to the available technology
andthe expected developments order to perform the analysis, the wind farm stfabuldbe sited in
Calabria was selected, and tbeal data about the wind availability were studied. To simulate a profile
of yearly power generation, a wind profile from an onshore site was scaled to match the expected energy
generation of the offshore casghen, based on the preliminary projectsiod wvind farm and on the
technology assumptions, the losses of power during operation were essmatsmcalculatea realistic
power profileto the land.Another objective of this thesis was to study the characteristics of energy
storagetechnologies alternative to pumped hydro, so as to evaluate the best options for ingestment
utility scale storageln the second part, a review of energy storage and Poweitechnologies was
performed, and the results were used to select the tedjieslto be considered ftive simulations.

Then a model of operation @f battery energgtorage has been developBdia about the market prices

for the dispatching services were taken from historical data of @BiStore dei Mercati Energetici)

while data about power fluxes for a portion of the grid were given by Terna. These data, together with
the previouslygenerated power profile from the wind farm, were used to simulate the operations of a
BESS(Battery energy storage system)two different sceariosthrough the software MATLABThe
simulations provided useful data for the siziofythe systemand theestimation of theeconomic
feasibility of these projectdn fact, the output results of the simulations were then used for the
development of a business plan, so as to investigate with more detail the economic feasibility of such
project.In the end, it was found that investments on energy storage technotogiede very risky due

to large uncertainties on the effective operation and to large investment costs. For this reason, it was also
presented a new mechanigoarrentlyunder development in Italyo supply the storage capacity needed

by the country by viding a fixed annual remuneratiafter the participation to competitive bids



Sommario

In un mondo con crescente penetrazione di fonti energetiche rinnovabili, le tecnologie di stoccaggio
dell'energia stanno diventando tecnologie chiaverpggiungere gli obiettivi di decarbonizzazione.
L6idroelettrico a pompaggio  sempre stata | a
energia, arrivando a rappresentare il 91% della capacita di stoccaggio totale installata nel mondo nel
2019. Nonostante cio, le tecnologie di stoccaggio dell’energia si sono fortemente sviluppate nel corso
degl i anni e ad o0ggi e@dsoeletttico a pommhggio elre peassoral essere n a
considerate.

Questo lavoro di tesi € stato sviluppat@allaborazione con Elettrostudio s.r.l., una societa italiana che
opera nel campo dell e energie rinnovabili. Lo6a
eolici offshore in Italia, ed era suo interesse valutare la fattibilita tecniczoedmica dell'abbinamento

di una soluzione di accumulo di energia o di una soluzione Pmaércon uno dei parchi eolici in
sviluppo. Pertanto, nella prima parte della tesi, & stato svolto uno studio sullo stato dell'arte e sui punti
critici degli impiant eolici offshore. Cid ha consentito di effettuare previsioni realistiche riguardo le
caratteristiche del parco eolico offshore sulla base delle tecnologie disponibili e degli sviluppi tecnologici
previsti. Per effettuare I'analisi & stato selezionatarit@ eolico in sviluppo pel sito in Calabria e sono

stati studiati i dati relativalla disponibilita del ventdocale Per simulare un profilo annuale di
generazione di energia, € stato scalato un praddle del vento relatovad un sito onshori@ modo tale

da ottenerda stessa@generazione di energattesaoer il caso offshore. Successivamente, sulla base dei
progetti preliminari dell'impianto eolico e delle ipotesi tecnologiche, sono state stimate le perdite di
potenza durante il funzionamentonrodo dapotercalcolare un profilaealisticodi potenzan arrivo a

terra Un altro obiettivo di questa tesi & stato quello di studiare le caratteristiche delle tecnologie di
accumulo di energia alternative all'idroelettrico di pompaggio, in modo déaxatbuali fosserde

migliori opzioni pereffettuareinvestimenti su stoccagginergetici di grandi dimensiarfPercio, rlla
seconda parte e stgieesentatanapanoramicalei sistemii accumulo di energiadei sistemPower

to-X, i cuirisultati sono stati utilizzati per selezionare le tecnologie da considerare per le simulazioni.

In seguito g statgoi sviluppato un modello di funzionamentouth sistema daccumulcelettrochimico

| dati sui prezzi di mercato per i servizi di dispareento sono staticavatidai dati storici del @store

dei Mercati Energeticimentre i dati sui flussi di potenza per una porzione di rete sono stati forniti da
Terna.Questo gruppo diati, insieme al profilo di potenza precedentemeateolatoper il parco eolico,
sono stati utilizzati per simulare le operaziannualidi una soluzionali accumulo a batterian due
diversi scenariattraverso il software MATLAB Le simulazioni hanno fornito dati utili per il
dimensionamento e la stima della fattibilg@onomica di questi progettnfatti, questirisultati sono stati
poi utilizzati per lo sviluppo di un business plan, in modaplprofondirepit nel dettaglio la fattibilita
economicalel progetto.Infine, € emerso che gli investimenti netéxnologie di stoccaggipotrebbero
essere molto rischiosi a causa delle grandi incertezze sull'effettivo funzionateesistemie a causa
deglielevaticosti di investimento. Per questo motivo € staigpresentato anche un nuovo meccanismo
(attualmetre in fase di sviluppo in Italigper fornire la capacita di stoccaggio necessaria al Paasie
aste che prevedonma remunerazione fissa annua.
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Introduction

Over the years, the energy sector has been crucial to prthedeneans for human development
economic growth and highuality life. In recent years the energy sector has become one of the most
interestingas itis undergoing a lot of changedse to the increasing concern about the environnhent
particular, the topic ofClimate Changéas gaineda largerelevance. Climate changes refers to the
Greenhouse effect generated by human activities, which emit greenhouse gases in the atmosphere. The
presence of these gases modifies the thermal batdribe earth, causing a gradual overheating of the
planet.One of the main responsible gases isGhose emission is highly related to energy uges.

variation ofthe average temperature of the surface of the planet over the years can be seen in the
following Fig.1 by NASA.

J

—
i

Temperature Anomaly ((

Source: climate.nasa.gov

Fig.1 Global average temperature variations overyeers[0.4]

As it can be seen in the figure, in the recent years we reached a global average temperature increase o
around +1eC with respect to preindustrial level is expected that between 2030 and 2052 the
temperature increase will reach.$8C according to IPC(0.5. Among the effects that will probably
be caused by this temperature variatiogreareincrease®f hot extremes in inhabited regions, heavy
precipitatiorsin several regiongigherprobability of drought and precipitation deficits in some regions
Furthermore, one of the consequences badlthe rising of the sea, that in the case of limiting the
temperature increase tdbXC is expected to range between2@and +077 m by 2100. Additionally,
there will be impacts on biodiversity, terrestrial and marine ecosystems. Food and water dyailabil
human health andconomic growth might be affected tohe main objective is therefore to limit as
much as possible this temperatimereaseio avoid larger negative effects on the environment and on
humanity itself Different pathways have been pased along the years to achieve the objective of
limiting the temperature increase t&b HC by reducing the GHG emissions, and in particular the CO
emissions.



Nevertheless, C£concentratiorin the atmospheris still growing year after year, as it can be seen in
thefollowing Fig.2 by NASA.

CO2 (parts per million)

YEAR

Source: climate.nasa.gov

Fig.2 CO, concentration in the atmosphere[6y4]

As it can be seen in the following pl@tig.3), according to data from IPCi@ 2014, the electricity and

heat production sector accoadtor 25%of the global emissions. Additionally, another 108s related

to the energy sector as it accaohtor emissions in thextraction, refining and transportation of fuels.
Considering that in the future more and more of the other energy uses will be electrified, the generation
of electric energy with the lowest possible amount of GHG emissions gains even a higher importance.

Other
Energy
10%
Electricity and
Heat Production

Industry it

21%

Agriculture, Forestry
and Other Land Use

Transportation

Fig.3 Global GHG emissions by economic sedigr0.6|
In order to face climate change and try to limit its effects, many initiatives have been taken on global and
local levelover the yeardn 1992 the secretariat &fNFCCC (United Nations Framework Convention
on Climate Changewas establishety the UnitedNations[0.3]. Its purpose is to support a global
response to face the challenges related to the climate change. Over the years, 198 parties hand signed
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applied to the conventiofthe milestones that defined the path towards climate neutrality up to now are
cited in the following. The first and the most famous achievement was the Kyoto Protocol.

On 11 December 1997 the Kyoto protocol was adogteithg the 11l Conference of Parties (COP3)/].

This protocol has been signed by 192 parties and it represents one of the first commitments to reduce
greenhouse gas emissions establishing ratiowlividual targetsin particular, it set higher emission
reduction targets for highly industrialized countries, recognizing their larger responsibility on causing
climate changeOverall, the countries achieved an average emission reduction of 5% rednpahe
emission levels of year 1990 over the period between 2008 and 2012. AftentBifecember 2012,

during COP18the Doha Amendment to the Kyoto Protocol was adopted for a second commitment
period, starting in 2013 and lasting until 2080ith this second commitment, the parties committed to
reduce emissions by 1886mpared to the levels of year 1990

Anotherimportant milestone on the path to mitigate the effects of climate chogeplaceon 12
December 2015when 196 parties adopted the Paris Agreement at the XXI Conference of Parties
(COP21)0.8. This reaty has the goal of limiting as much as possible the global warming and the effects
of climate change. In particular, the parties agreed to limititrease in global average temperature to
well below 2°C above prandustrial levels andpreferably to below 5°C. In order to achieve this, the
parties agreed to reach the peak of greenhouse gas emiasi®®n as possibknd then a rapid
reductionof emissiondowards climate neutralityfhe Paris Agreement is based of-ygearcycle ove

which the countries communicatationally determined contributions (NDCa)d apply the actions to
reduce GHG emissions atalbuild resilience to adapt to increasing global temperatures.

On 11 December 2019 the European Commission announced the European Green Deal to transform the
EU into the first climate neutrabntinentby 2050[0.2]. This represents the first step of the EU &aots

the objective of zero net GHG emissions by 2@ .January 2020, Italy approved the PNIEC, National

Plan for Energy and Climat®.1d. The plan presented the measures through which Italy aimed at
reducing the GHG emissions of 40 % by 2030 compared to 1990, in accordance with the EU Green Deal.
Then, o 19 November 2020, according to the 2050 objective EU presented its strategy regarding

the development of offshorend [0.9]. With this strategy, it was proposed to increase the offshore wind
capacity from 12 GW of 2020 to 60 GW by 2030 and to 300 GW by 2050. Additionallgsiroposel

the use of tidal energy and floating photovoltaic enefpys strategy proves that in thatdire there will

be huge investments in the offshore wind field and that wind erersjey role in Europe to achieve

the objective of the climate neutralifyrom this point of view,ite development of EU regulation should

help increasing security on ghiield.

In 2020 the outbreak of the pandemic strongly affected the European and global economy. Therefore
important measures were taken to support the restart of the European eedntarigying to achieve

the energetic and climatic objectivés thisperiod, the NextGenerationEU was realized as a temporary
instrument for recovery with an invested value of .808llion U (750b n 2018prices)[0.1]. Together

with the longterm budget for 2022027, the totapackagewas worth 2018 trillion G (1.8 ti in 2018
prices).The largest part of the NextGenmasdestined to the Recoveand Resilience FacilityRRF),

with a total of6725 bdin 2018 prices, of whicB125 hsggr ant s aaslahns® 6e0delibedted



between 2021 an2l026[0.1]. Converselythe ReacEU packagewas used for the sherérm recovery
with relatively smaller investments.

Among the instruments available from the NextGenerationEU, the Recovery and Resilience Facility
grants 195 billion G to Italy for the period 2021 2026 (of which 6@ bl  anmardsand 1226 b U ar e
loars). In order to be able to access these funds, Italy presentdatitsnal Plan forRecovery and
Resilience(PNRR)fi | t a | i a [0.DIp wiach sha@ws the plan to achieve the six main missions
through the available fund#®ccording to the RRF, the plan includes a minimum of 37% of the
expenditure dedicated to the climate invesitaeand a minimum of 20% of the expenditure to
digitalization investmentsThe energy sector is mainly interestbg the mission regarding the green
revolution and energy transition, to which.&® hi are assigned. Four different components are
distinguished inside this missio@ur main focus is on the second component, which is dedicated to
renewable energy, hydrogamd sustainable mobilityAccording to the plan, this component should
receive 2378 hi from the fundsThese investments should boost the transition towards a eadubral

Italy, as part of the larger objectives of the EU GrBealandalso ofFitfor55in the new versionJust

to highlight some of the most interesting investmenthould be mentioned the promotion of offshore
innovative plants, but also the development of biomethane prodactibagrivoltaicsOnce againthis

shows thabffshore wind has a great opportunity to develophe next years in Italthanks to these
funds.Of great interest is also thirevestment on thdevelopment of the production, distribution, and use

of Hydrogen In fact, hydrogen could be useful both in héwehbate sectors and as energy storage to
balance the overgeneration of renewable gnamurcesAccording to the plan, investments should
promote the | ocal production and use of green h
of the mentioned possibilities are the supply of hydrogen to local industries, the transpoft throkg)

and the blend with natural gas through the national gasSumporting decarbonization in hataabate

sectors green hydrogen could serve the production of chemicals like ammonia and mebiiaaidéo

provide thermal energy in the productiah steel, concrete, glass and pap€inally, the PNRR
investments should support the use of hydrogen in road transports and railways, but also the research anc
development on hydrogeAc cor di ng to the | ast publ innbvatveo n s u |
pl ants (i nc |[Qld,ltalynightiprovidd fondseq poojects which include floating offshore
wind or photovoltaics and energy storages, and integrated plants with floatith@pivotovoltaics /tidal

energy. In particular, for plants with size larger than 20 MW, up to 10% of the expenses could be covered
by the public supporherefore, itmightbe interesting to evaluate the possibility of integrating offshore
wind with theabovementioned solutions to achieve better economic results and to reduce the initial
investment needed thanks to the public support.

On 14 July 2021, the European Union adopted a package of more ambitious proposals, with the aim of
reducing GHG emissioref 55% (instead of the 40% previously mentioned2080 PD.13. This means
accelerating once again the energy transition to renewable energy sources in most of the European
countries, increasing the renewable penetration objecti2830 from 32 to 40%.

In thebeginning of 2022a new crisis affected the EU and Italy particularly. The outbreak of the conflict
between Russia and Ukraine, caused the reaction of the EU, which introduced economic sanctions to
Russia as a response. These conditions of degpadiédal relationswith Russiaalso affectedhe EU
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on the economic and energy supply side. In fact, the EU is a large importer of natural gas and petrol from
Russia.As stated by IEA0.14, In2021, the Europeadnion imported 155 billion cubimetersof

natural gas from Russia, accounting for around 45% of EU gas imports and close to 40% of its total gas
consumption. Focusing on Italy,ecording to the Ministry for the Ecological Transitidhgs], in 2020,

43.3 % of Italian natural gas imports were from Rusfia a total amount of 28 billion cubic meters.

This large energy dependanséll ongoing,affects the electric energy production, the industry, and the
residential sectolWhile on one side the emergency situation could be partially solved by increasing
natural gas imports from other countries, the new challenge is to try to generate amerggevehout

being energydependent from otharountries, so improving the use of local resources like renewable
energiesTherefore, in addition to the increasing renewable energy targets for environmental reasons,
the energy dependance problem raisethér attention on the energy transiti@nce again, in this
complex political situation, offshore windnd hydrogen production could help Europe on its path
towards energy independency.

On 18 May 2022as a response to Russian fossil fuel dependaimed;uropean Union introduced the
REPowerEU plaf0.1§. This last plan aims at reducing energy consumption, increasing the clean energy
production,and achieving diversification of energy imporsnong the shorterm measures mentioned

in the plan, theres the rapid realization of solar and wind energy projects together with the development

of renewable hydrogen to reduce by 50 billion cubic meters the natural gas irRegdsding the long

term measures, instead, there is an additional increase in the target of renewable energy penetration from
the previously set 40% to a new 45% by 203fls means an increase in the expected renewable installed
capacity from 1067 GW (gsl anned on t he #@AFitFor 550rlitgyatekhewg e ) |
target of additional renewable capacity kiasto be defined, but it should reach around 80 GW by 2030.
Regarding theoroduction anduse of hydrogen, a new target is set for itsegation supply chain: the
objective of 175 GW installed of electroliers should be reached by 2025 to achieve an internal production

of 10 billion tons of renewable hydrogehhe use of green hydrogen and the electrification process
should help reducindhe fossil fuels use on European industnyorder to accelerate tlsartupof the

hydrogen market, on 15 July 2022, the EU apprdhedfirst Important Project of Common European
Interest in the hydrogen sectiorl P CE | H[Q.27T khis praject supports research, development

and first applications for most of the hydrogeaiuechain processes. Hydrogen generation, fuel cells,
storage,transportationdistribution, and een some final uses are interested by this prpphich

involves 35 companies and a total of 41 different projects.

Given thenational and European policies, it is interesting to evaluate what are the trends for renewable
energy,energystorages andhydrogen in Italy.These trends and the projections for the future are
presented inthe DDS2022(fiDocumentali Descrizione deglscenam) by Terna anddnam[0.1§. The
document reports different scenarios based on current policies for the future years up to 2050. These
scenarios are useful to understand the possible developments that will likely happen in the energy sector.
In particular, for year 2030 two scenarare proposed: one following the current policies and according

to the objective of Fitfor55, and one in contrast with the current policies which is the Late Transition
scenario, where European objectives are reached with 5 to 10 years delay. For yaas@@4l) three
scenarios are proposed: the Late Transition, similarly to the one for 2030, and then the Distributed Energy

Italy and Global Ambition Italy. These last two scenarios start from Fitfor55 and determine the
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intermediate objectives to reach threes of 2050. In the Global Ambition scenario, it is expected a large

use of the carbon capture technology and a decrease of the demand together with renewables. In the
alternative Distributed Energy scenario, instead, it is forecasted a larger rengembteation with

energy storages and electrolysers to prevent overgenerdhenbenchmark of thdocument is the
expected decrease of the population in Italy together waceeasingax of growth ofthe GDP (PIL)

A gradual decrease of the final engpnsumption is expected both for 2030 and 2040.

Regarding theslectricenergy demandt is expected a large increase over the nextsydae to the
electrification of final uses. Starting from the 320 T\whyear 2019, for 2030 the scenarios expect a
demand (including grid losses) ranging between 331 and 366 TWh, while for 2040 it is expected a
demand ranging between 389 and 418 TWdtording to the Fitfor55 scenario for 2030, it is expected

that renewald energy may cover 65% of the electric energy demand with a generation of 239 TWh.
Conversely, it is forecasted a decrease of the electric energy generation from natural gas from 138 to 75
TWh (- 46%). In order to achieve these levels of renewable geoerahe Fitfor55 scenario requires the
addition of 102 GW of renewable capacity between solar and wind power [Séatsng from year

2019, it would be necessary the addition of 12 GW of distributed photovoltaics, 42 GW of utility scale
photovoltaics, 7GW of onshore wind and 9 GW of offshore win&ccording to the late transition
scenario, thadditional capacity would be lower, but still 71 GW of renewable energy might be deployed.
The 2040 scenarios are affected by larger uncertainties, but stikpmesentative of possible paths
towards the climate neutrality objective. Regarding the renewable installed capdbige scenarios,

it should be ranging between 140 and 156 GW to achieve the European objectives, while it is estimated
to be equal to M GW in theLate Transitioncase To achieve the European objective, offshore wind
capacity may reach 15to 185 GW.

To allow the transition to this high penetration of renewable energy, it is forecasted also the increase of
electric energy storage capacity instaligcaround 95 GWh to achieve the 2030 Fitfodiective It is
estimated that 16 GWh could come from ggystommunities and small distributed plants, 8 GWh have
already been assigned by the capacity mauetions while the remaining 71 GWh will be utility scale
storages assigned from newctions Regarding the distribution of these energy storage systerss,
expected an increase of small capasityrages mostly in the North of Italy together with distributed
photovoltaics, while most of the storage capacity is expected in the South nvaeyautility -scale
renewable plants should be develogékle utility solar and offshore wind)The large renewable
fluctuations will have to be balanced and because of the large amount of solar the need for energy shifting
capacity will grow It is forecasted also an increase of the equivalent operation hours of the existing and
new energy storage#t is said that indicatively ra energy storage plant in the Sowthltaly with
Energy/powerratio of 8 hoursmight work for 3600 equivalent houdiiring the year: 2000 hours in
charge mode and 1600 hours in discharge mode.

Another useful instrument for grid balancing and absorption of the renewable overgeneration is the
electrolyser.The electrolysers might be used for green hydrogen productide wtoviding useful

services to the electrical grid. Then, the produced Hydrogen could be used as an electrical energy storage
or as a fuel for transports or as a chemical prododtothersAccording to the report by Terna, these

systems could be dimewsied so as to operate for an efficient number of hours between 1700 to 2000,
8



when the electricity market prices are Idvhis typically means during spring and summer months, when
the sola photovoltaics production might generate too large amounts of energy, that could not be
otherwise absorbed or exported through the electrical adarding the perspectives for electrolysers

in the different scenarios, they should be able to absorb 9td\&bmply with the~itfor55 by 2030 and
between 16 and 18 TWh by 20Regarding the demand for hydrogen, by 2030, 23 TWh of this energy
vector might be requirefbr energy generation and storafm, production of biofuelsgchemicalsand
fertilizers, bu also for industrial final uses in hatd-abate sectors and in the transport se@pr2040,
instead, the demand may vary between 77 and 127 TWh depending on the level of electrification of final
uses.These large amounts of hydrogen could difficultly fully produced in Italy. Therefore, it is
assumed that part of the demand will be covered by hydrogen imports from other countries. This,
considering also that some renewable plants could be dedicated only to hydrogen production through
electrolysis.From this perspective, the Hydrogen Backbone concept would be optimal for import and
export of hydrogen between European countimesombination with the import and export of liquid
hydrogen through ship3he scheme of the backbone is presemtédq.4.
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Fig.4 Map of the Hydrogen Backbone Initiatij@.19

The presented scenarios show that a large effort will be needed to achieve the fixed objectives, to move
towards energgelf-sufficiencyand to reduce the environmental impact of power generation. Offshore
wind, hydrogen and energy storages will be fundanhémtdis path, and thus it is worth investigating
these technologien this context, this master thesis was developed with Elettrostudio s.r.l., a company
active in the renewable energy fielclrrently working on the authorization process of tHteating

offshore wind farms in the South of Italjhe company wanted to investigate the possibility of coupling

an energy storage system to one of the offshore wind farms, so as to permit its operation without
curtailments due to congestioasd to reduce #hdisturbs introduced io the electrical gridTherefore,



the main aims of this work were to look for the best storage opportunity available and to assess the
feasibility of such system for the selected case.

Here it is reported a brief description oétstructure of the analysis that has been carriedrotite first

part of the thesis, it was described the floating offsivared state of artin order to provide some
background on the technology and some views on its current developmentoii@en the three wind
farmsunder developmenwas taken as a reference to focus the study on a single case. Based on the
availablepreliminary productiviy assessment, a wind power profile was generatduk kater use in

the simulations of the coupling with the storage systanthe second part, the Italian electric market

was presented, as the storage simulations would have included the partidipdtienmarketsin this

section, the historical market data and their elaboration for the simulations were presenitedhso.

third part of the work, a review of some energy storage technologies was presented, as the company was
interested in possibilés different from the pumped hydro energy storageich was already known

From this review, a single technology was chosen for the-gtimichge simulation, based on the pros and

cons of the analyzed storage typgesthe following parta storage modelas createth MATLAB , and

di fferent scenari os wer e s iFmomthasimldtions eesulesd storaget h e
size was chosen in accordance with the company to later perform a business plan to evaluate the
economic feasibility of amvestment.

10



1 Offshore Wind farms
1.1Introduction to Offshore wind Farms

Thanks to the technology advancements and to the growth of the scale of wind turbines, there is growing
movement towards threalization ofoffshore wind farms. This is particularly of interest in Itddgcause
of the wind availability and because of #hygproval process problems.

In fact, in Italythe approval process ohshorewind farms isfrequentlyjeopardizedy their visual and
environmentaimpact on the installation sitdloreover, they areften not well accepted by the local
populationbecause of the noise and because of the damage to the landscape that may affect the tourism
Offshore wind farms, instead, are designed to be placed several kilometers from the coast, thus
minimizing the impact orthe landscape. This is fundamental in Italy, as the country has important
landscape, naturalistic, and historical sites to be prese®eeglacing a wind farm at sea may present
many advantages as it may avoid most of the visual and environmentalnmspklbile being more
socially accepted.

Regarding wind availability, Italy has not a large abundance of wind resource orUkumlly, the
regions with the highestmount of wind resource on land are located on the mountains and on the
southern regionss it can be seen iRig.5. This limited resource has to face atke problem of the
limited number of sites suitable for wind farms. In fact, the plants should not be placed on sites of national
interest like natural reserves or historical sit®s. the other side,fflshore wind farms preserihe
advantagef a largeravailability of sites at sea and a consequent lower risk of saturatieording to

Wind Europe, a total potential of £&2GW of potential wind power could be placed offshore in Italy.
This means that Italy has the largest potential in the MediterrarzgraSthe total potential in the area
estimated by Wind Europe is TV [1.4].

Generallyjn additionto the mssibility of avoiding authorization problems, offshore wind farms are able
to exploitthe larger wind availabilityof the seacompared to the onaf thelands allowing to produce
more renewable energy. Moreover, offshore sites usually present lowertwindences, positively
affecting the durability of the mechanical parts of the turbines.

On the other side other complexities of installing wind generators at sea have to be overcomet Firstly

is fundamentathe resistance of tteomponents to the carsive environment because of presence of the
marine waterAdditionally, the resistance to fatigue has to be carefully addressed, as waves and strong
wind velocities may signi f i clatng dage ofrdeegatec @eptlt he c
floating solutions argossible put thismayintroduce significant challenges regarding the floating base,

the moorings and the submarine cabldkthese problems, added to the complexity of the installation

and maintenance operations, strongly affectctheds of realizing and operating these power generation
plants.

The great interest in offshore wind is demonstrated by the huge amount of connection reaflestsath
the Italian TSO, has received during 2022. By November 2022, a total of 95 GWuefste were

received by the company. While this represents a great opportunity for Italy to achieve energy security
11



and European environmental targets, it also shows a huge challenge for the Italian electrical grid. In fact,
around 80% of the requests nete offshore wind farms located in the South and on the islands: a
situation that may generate stromgbalancesand congestions. Therefore, grid reinforcements and
energy storages will be fundamental in the next years to be able to support this neablecapacity.

Switzerland
> Slovenia
1 Zagri
Milan

: t Turin

Bosnia and
Florence

onaco “Herzegovina
ligurian ) s
Sed

Italy ?

Vatican City

E @El Naples

Palerma

Catania

Leaflet

Fig.5 Wind Availability map in Italy according thNEWA [1.1]
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1.2 State of Artof floating Offshore Wind

Offshore wind farms are gaining a higher importance in the energy sector as they allow the access to
higher wind resources available on sea sites that were not accessible before. Among the potential sites
for wind farms, shallow water sites present a wdégth lower than 60 m, while deep water sites present
larger water depths up to around 200dmthe case ofleepwatersites, they can be exploited only with

the floating technology. The use of floating platforms is complex and more costly than sialiew

plants, butnonethelesst allows to exploit more windy sites. According Eurek et al. (2017)as
mentioned by1.2], 80% of the globabffshore wind resource is located in watdegper than 60 m

1.2.1 Wind T urbines

Regarding the turbines used for offshore wind applications, a good reference is givefibsfitdon

of the IEA 15Megawatt Offshore Reference Wind Turline b y [N.B.Hhe size of wind turbines

for offshore applications was&MW on average in 2018, but now the market is moving above the 10
MW threshold. For this reason, the new reference size was chosen as 15 MW. This is imeeceitta

the development of floating offshore, which should make a larger wind resource avaiekference
wind turbine is a Class IB diredrive machine, withthree bladesa rotor diameter of 240 m and a hub
height of 150 mThis is comparable teome of thenewcommercial offshor¢éhreebladewind turbines:

GE Heliade X(12-14 MW) presents a rotor diameter of 220 m, Vesf286-15.0MW has a rotor
diameter of 236 m, while MingYandySE 16.0242has 242 ndiameter length.

Neverthelesgjifferent solutions are still proposed on the market. An example is the HyMed project, by
Aquaterra energy and Seawind Ocean technolddi&s This project might become thargest floating
offshore wind farm in the world, with a size oR23GW. Its particularities are that 1 GW should be
destined exclusively to green hydrogen production, and that the wind turbines should be oftitlaglénvo
type. According to Seawindl.§], the company is developing twblade large size wind turbines for
marine applicationsThe first one is a 6 MW wind turbine with a diameter of 126 m, while the second
one should have a size of 18 MW with 260 m of diamdikis shows interestlsoin other solutions
different from thewell-establishedhreeblade wind turbineThese tweblades turbines should work at
higher rotation speed, with active yaw control and no blade pitching. The lack of one additional blade
should reduce the investment cost and the weight of the structure.

The wind turbines for offshore applications should be ébwithstand corrosion as they are exposed to

the action of the saline environment at sea. In addition, they should be equipped with transformers to
transmit power at high voltage, and with switchgears (typicadlgl@sulatedSwitchgear$. Regarding

the switchgears, it would be preferrable the use efféfe systems, but stibIS with Sk insulationare

a common solution for such high voltage applications.
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1.2.2 Floater

Most of thetechnologies regarding the floating platforms and the mooring lines for the turbines and
electrical substations come from the world of oil&gas, where these technologies were used for the
extraction of hydrocarbons at seBhe knowledge from this sector hagen adapted and further
developed for offshore wind, with new concefise man floating platform types for wind turbines are
represented ifig.7.
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Semi-submersible Spar Barge Tension-leg platform (TLP)

Fig.7 Floating offshore wingblatforms [L.2]
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Among the possible floating platforms, different stabilization concepts calebtfied [L.11]. The spar
type is stabilized through a ballast, while the barge system is buoyancy stabilized and theemgiBns
stabilizedthrough the mooring lines

1 Spar

The spar type floating basensists of a steel @oncretecylinder. This baseis filled with a ballast of
water and gravelso asto keep the center of gravity below the centebwbyancy{1.10]. Usually, the
length of the platform is equal or larger than the height of the turbine tdhisrintroduces a constraint
for the water deptthat needs to be sufficiently higBne of its disadvantages is that the spar platforms
have to be assembled ofésb.

1 Semisubmersible

The Semisubmersible typef floating platform consists of large columns connected by tubular elements.
The wind turbinemightbe placed on one of the columns or on the geometric center of the platform. This
kind of platform is also called colunmstabilized platform, as the columns provitie stability. One of

its advantages is that the platform is suitable also for shallow wigées.A well-established concept is
Windfloat, the one by Principle Power, which has three columns. According to this company, the
platform can be modularly built and then assembled. The turbine can be installed with onshore operations
at the harboandthe ensemble can be transported to the offshorasitg-ig.8.

Fig.8 Windfloat transportation on sitePrinciple Powefl1.13
1 Barge

Barge type floaters are large bslaped structures that may be realized with concrete or steel. These
structures achieve stability through buoyancy and a large plaagl.14. An example of coomercial
solution is the platform developed by Ideol, which is a barge with a damping pool. This technology has
been used in the Floatgen project, @rmhn be used also for floating electrical substatidusording to

Ideol, this floating technology care used also for very shallow wasttes with water deptiof 30 m.
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1 TLP Tension Leg Platform

TheTensionLeg Platform (TLP) can have different designs, but its main characteristic is that its stability
relies on the mooring lineSome particular designs can rely both on buoyancy and tension stabilization
[1.17]. Examplesof TLP platfornsarethe Pelastar concept by Glostdre Blue H by Blue H engineering

and the Float4wind by Sbm offshorccording toSbm([1.14, the transport to the sifitcom the harbor

can be done by the addition of Temporary buoyancy modules, that are then removed enserttide

is on place.Moreover, the floater should be modularly built and then asssmisimilarly to the
previously mentioned Windfloat seraubmersible floater.

1.2.3 Moorings

The moorings are fundamental in floating offshore wind, as they should keep the turbines in place and
guarantee limited movements so as to keep stable opeddttbe wnd generatarAdditionally, they
shouldnot exceed the movement limitations imposed by the electric cable beBdmg.of the moorirgy
exploited in offshore wind applicatioasecatenarylines, tension leg systeraadtaut legsystemg1.1(.

1 Catenary mooring

Catenary lines armooringscommorty usedfor shallow watersTheir particularity is that the floating
platform is kept in place thanks to the weight of the mooring liflesse lines are wagnger than the
water depth of the site, and they partially lie horizontally on the seaiseid is shown irFig.9. Any
change in the suspendkhgth, determines an increase of the weggtiingon the platformandof the
consequent restoring fordeor high water depth, their cost becomes relevanttzréfore they arkess
economically convenientor water depths lower than 100 m, thec&in catenary concept can be
applied as it is usuallyahe in the oil&gas.

||
ll-"

Fig.9 Catenarymooring[1.1Q
1 Tension leg moorings

The tension leg moorings angbular steel legs made of multiple steel members, called tendons. These
moorings are kept under tension thanks to the buoyancy of the offshore platform and to the anchorages
on the seabed. This kind of mooring allows for small horizontal movements of the platform, while
damping verticamovementsAn example of tension leg mooring foll&gas application can be seen in

the followingFig.10.
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Fig.10 Tension Leg mooring
9 Taut legmooring

Taut leg moorings are anchored to the seabed under normal pretension, and differently from catenary
moorings there is no change in the suspended portion of the linénh@&sallow some movement of the
floating platform because of the elastic stretch of the lines. Usually, the moorings have an angle between
the horizontal and the platform of 30 to 45 degrees. Compared to catenary lines, taut leg moorings present
much shater lines but they need to hawifficient elasticity to absorb tHwaterwave motions without
overloading Additionally, the anchorages have to withstdmath horizontal and verticaliplift forces.

An illustration of a taut leg mooring is presentedrig.11. These kinds of mooringsould be used for

water depths larger than 200 m thanks to the smaller footprint and because of the bettdwestpingn
performance with respect to the catenary.

e Y L

Fig.11 Taut Legmooring[1.1Q

Regarding the materials that could be used for the moorings, the main options are steel chains, but also
synthetic fibers. In particular, synthetic fibers have been used in thgaslgector for deep and ultradeep
waters with taut and sertaut configurationsTheir main advantages are tloaver weight, the better
fatigueresistancendthe low stiffness that should allow cost savings.
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1.2.4 Anchors

The anchoring system needed for the moorings is mainly a function of the type of the seabsdeof the
andconsequently ihas to be chosen after a detailed surgaditionally, it is function of the mooring
configuration and of the holding capacity reqd. Usually, atenary mooring configurations udeag
embedded anchaqrsvhile tautleg mooring configurations typically usdriven piles, suction piles,
vertically loaded or gravity installed anchors to be able to face the vertical loads apphediyoring
lines. Since offshore wind farmare composed of many floating platforms, a possible option is to use
piles as anchorages and to share them between different wind tuithieesain anchorage types are
presented in the followingig.12.

Typical mooring points

1. Dead weight
. Driven pila
Drag anchor
. Suction pile
. Torpedo pile
. Wertocal load anchaor

(=R B L N

Fig.12 Examples of possible anchorages for floating applicafibri€)
1 Suctionpiles

Suction piles are cylindrical anchors of a large diameter, typically fron64rtorheir installation relies
partially on their weight and partially on the suction process. By pumping through a valve on the top, a
pressure differential is induced between the internal and the external part of the pile, which allows a
higher penetrationn the groundThis pumping process is operated through a remotely operated vehicle
(ROV). The suction piles are particularly effective with clay soils, as they are relammapbrmeable

and leakage flows through the solil are negligibleeir length mayary depending on the soil conditions,

and they usually present low thickness of the walls. They are used both on TLPs, catenary and taut
moorings.

18



ROW
Water is pumped
/ out to create
Saahad negative pressure

Suction anchor
under self weight Suction ancher

reaching the design
depth after suction
operation
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1 Driven piles

Driven piles are open pipes with a diameter varying between 1 and 3 m. They can be driven 100 m in the
seabed mobilizing the soil and gaining high uplift resistances. For this reason, they are common where
vertical loads are important, like TLPs and tad moorings. Nevertheless, they can be used also in
catenary mooringslhese anchors are less common for high water depths because of the complexity of
installation. In fact, they require the use of hydraulic hammers which operate underwater. New
technologes made it possible to utigese anchorageven at 2400 m depth.

1 Dragembedment anchdDEA)

The dragembedment anchas a bearing plate that sinks into the seabed if dragged by a fain.
particular importance is the control of the angle of inclinatbthe anchor, which allows the sinking
process. This angle depends on the type of soil. These anchors are less expensive than the previous one:
however they present some limitations: it cannot be precisely placed in a specific position, and its load
resisance is dependent on the sinking depth which cannot be precisely predictedTdithemchor

provides mainly resistance to horizontal loads, but minimal resistance to vertical loads in case of low
depth penetration. This happens with sand and stiff sy while in the case of soft clay the sinking

depth can be higher, thus providing higher resistance to vertical loads.
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Fig.14 Drag Embedment Anchors installation procedure and commercial exampleghof [1.10
1 Vertically loaded anchor@&/LA)

Vertically loaded anchors (VLAare installed similarly to DEA, but in addition to that they present a
releasable shank that can be opened after installation. This additional part allows for a larger resistance
to vertical loads. These anchors are suitable for soft and layered ckylkeil resistance to the loads

is function of their final orientation and of the penetration depth in the soil, for this reason it is critical
the prediction of the installation outcome.

Angles adjusier

Fig.15 Vertically LoadedAnchors commercial exampleg Vryhof andBruce[1.10
1 Suction embedded plate anch(®&PLA)

Suction embedded plate ancho&EPLA) are a combination of suction piles and plate anchors. In
particular, the suction pile is used to provide further sinking of the plate anchor and it is then removed
by reverse operation of the pump. The vertical plate anchor is then turned perpeydtierimooring
direction. This positioning allows to support also vertical loads, and so the anchor is suitable also for taut
leg moorings. Its use is limited the soft clay type of soill.
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1 Deadweights

Dead weight anchors are simply composedafcrete or scrap steel materials, and they are deployed
without penetration on the seabed. They are less frequently used, but useful in the cagyesehimxk
These anchors have low holding capacity, as the vertical load resistance depend on tlye=dubengint
while horizontal loads depend on the friction with the seabed.

1 Torpedo piles

Torpedo anchors are graviystalled devices that sink into the seabed thanks to their shape and their
large weight. They are usually released around 100 m abovedbeds and they may reach a final
velocity of 30 to 50 m/sThese anchors are usually installed with soft or medium clay $bist deep
sinking provides large holding capacity both to vertical and horizontal loads, resulting in suibathity
ma i
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1.2.5 Electrical substation

Another important element for floating offshore wind farms is the electrical substation. In the case of
close to the coast wind farms, the electrical substation could be placed onshore. In this case the power
generated by the turbines could be sent tdahe through 33 or 66 kV cables, without teigh-power

losses because of the low cable length. This solution could be economically sustainable thanks to the
lower investment. However, for large wind farms placed far from the colastianfixed or afloating
electrical substation could be needed to elevate the voltageolésiebrefor the power transmission to

the land.This should significantly reduce the power losses through the submarine cable to land. Of
course, this solution requires a further @ication in the design of the plant and a larger investment
cost, but it might be more economically performing in the long term. The optimal choice has to be
assessed depending on the specifications of each particular plant. In any case, once thes sudinesrin
getto land, it is necessary to perform a junction #idonshore cables and to conndxemto an onshore
substation, whickinks the plantwith the national gridRegarding the offshore electrical substation, once
again the choice between tfleating and the bottodixed solution lies on the water depth and its
technical and economic feasibility. With the development of new wind farms in deep and ultradeep
waters it is expected that there will be a consistent growth in the field of floabstasonsHowever,

this still represents one of the critical points for the development of floating offshore wind, as no utility
scale systems have yet been realiz&@dme solutions have been studied and proposed by some
companies, but still only rendega of floating substations are availabfg example of a floating
electrical substatiosolutionis the one developed Ityitachi Energysustained by a foypillars floater,

which is represented Hig.17[1.15. As it is highlighted, these structures are subject to the continuous
action of waves, to vibrations, to a saline environment and they have to witlestmaeche weather
events.Consequently, it is important that all the appliances of the substation are protected from this
environment and are tested to support the effect of the movements and vibrations typical of the offshore
environment.In particular fatjyue, resonance frequencies and shock loads have to be studied. Due to
permanent water currents, the possibility of a continuous inclined operation has to be considered too.
This requires a longer period of study and testing before the commercializatienprbducts. Another

critical point in this part of the projects is the lack of common legislation and standardization, which
could improve and accelerate the development of floating projects.

Fig.17 Floating electrical substation by Hitadbnergy [L.15
22



According to Repower ds gener all2l, thesdsubstatiaddhoutde p o r t
include notonly the electrical appliancdike transformersiand their auxiliaries, but also emergency
generators, safety systems, fire protection systems, communication systems, temporary accommodations
for operatorsin a similar wayto floating wind turbines, thee substations should be assembled on the
floater and then transported on site through tug skipsording to Hitachi Energy, AC floating
substations should be available by 2025 once all the components will be proven and tested. Conversely,
for DC floating substationghey are expected to be available between 2028 and 2030 as the development
of this solutionhas beemplanned butt has not started yet.

1.2.6 Submarine @ables

Among the possible submarine cables, a first distinction might be between the static and dynamic cables.
The main distinction between the dynamic and the static ones, is that dynamic cables have a double
layered armor to provide protection and stab{lity?]. Differently from conventional submarine cables,

the dynamic ones have additional floating components to enable their movement with the floating
platform of the turbine/substatioAdditionally, it is necessary to add bend stiffener connectors, which
limit the curvature of the cable in correspondence to the connection with the floating platform. In case
the cable touched the seabed, it is also necessary to add a further protection on thestopoimioas

this part is subject to abrasion with the sealfado different shapes may be used for these kinds of
cabl esshtalpe didWc d Bhapa cablesdvhicth brealsna |l | ed A[l.38zTheseva v e 0
cables get their particular shapemks to the presence of the buoyancy modiles W-shapedctable

may be useds a connectiohetweenthefloating wind turbines or between tbéshoresubstation and

the wind turbines The Lazy wave cableonfigurationmay insteadbe used as an intarray or export
cable.Two examples are represented in the followkngy18.

T Floating substation

Buoyancy modules

Lazy-wave cable

Mooring |
ooring line T ~ J N

AAMAARRAMARRRNRNRNNAS

Fig.18. a) Example ofi Winter-array cable between two floating turbines
b) Example of Lazy wave shad a dynamic cablgl.1q

Differently from dynamic cableshe static cableare deployed on the seabed, where they can be buried
or protected through an external protectidbhis kind of protection is additional to their metallic armor,
and it is made to avoid damages due to marine operations like fishérghorsleployingand to strong
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hydrodynamic actiond he external protection of the cable could be done with natural rocks or concrete
mattresses placed above, or alternatively through the use of cast iron shells assembled on the cable itself
Usually, static cablesre usedor the power transmission from the wind farm to the land.

In the realization of an offshore wind farm, we should distinguish the-amtay cables between the
turbines and the offshore substation, and the transmission cables to thedaally, the intefarray
cables operate at voltage levéike 33 and 66 kVThe first one is suitable for wind turbines up to 7 MW,
while the second one is suitable for turbines of size equal or larger than 8 MW, so the 66 kV will be more
and more used W the growing size of offshore winddditionally, in the future it is expected that 132

kV inter-array cables will be available for turbines withil68 MW size Regardingrtansmission cables
from the farm to the landheycanwork at very high voltagkevel like 275 or 380 k\fo reduce as much

as possible the cable losseswever, the export cable represents another critical point for the realization
of offshore wind farms, as the technology is still not fully commercially available for all operative
conditions. As an example, for ultitckeepwaterconditions (water depth of around 2000 m), it is expected
that in 2024 AC export cables working wR0275 kV will be available. However, 380 kV cables seem
not yet to have been planned for a future comrakrelease. Even if a further voltage increase might be
expected for the future, up to now there is no certainty on whertetiimologywill be available.
Therefore, lower voltage solutions might impact the operation of future plants with not nedtigdae

in currently developed plants

Inter-array cables are usually of the dynamic type, as they are designed to withstand the constant
movements due to the offshore operatiocatest advancements for these cables led to the development
of the 66 kV solubn, which can be used fenedium to largesize wind turbines with lower losses.
Nonethelessone of the critical components for offshore wind farms is the export cable to thé&lad.
cable is usually a static cable placed or buried in the se@hectritical points are that it should allow
large power transportation with the lowest possible losseslong distances. The longer the distance
from the land, the higher the resistance and losses through the loabtigition, in the case of AC
trarsmission at high voltage levels, the reactive losses might be relevant in long Thldespresents

a technical but alsan economical challengedue to the large investment needeaid to the large
economic value of the transmission losses that migturoaver the system lifetim&valuating all the
available possibilities, historically HVAC has been the most common solution. Anyway, HVDC is
gaining more and more interest due to its potential for long distaomseectiong1.17].

1 HVAC

Alternate current is used in most portions of the electrical grid for high voltage transport of the electrical
energy so it represents the first solution for bulk power transmission to thella@d conditions the

voltage can be easily adjusted through transformers, and in fact one of thedveiages of AC
connectionsis the higher efficiency of the transforming substatiomgpical reference value for
transformation substation loss isl® of tre input powereceived[1.17. Additionally, transformers

cost less if compared to the converters needed for the DC power transportation. However, talking about
the power transmission, HVAGystems tend to generate large amounts of reactive power, So

compensation reactors are also needdidin all, for long distance connections, the power losses in
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HVAC cables might higer compared to the ones of HVDC cabléslditionally, compared to DC
sdutions, AC cables need larger section solutions because of the skin effect aimalsetince
resistanceo achieve the same capaaitycordingo [1.2].

1 HVDC

Thesecond possibility for the export of the generated energy is the use of the Direct Current technology.
According to [.2, HVDC cables generally pesfm economically better than HVAC in subsea
applications for distances larger than 60 km.1.17], areview of different studies is reported, many of
them with different results but with the common agreementH&C offerssomeadvantages for long
distanceconnections. Just to report some of them:pbeer flow s controlled, eventual AC faults are

not transferred to the rest of the network, there are no skin effects amtisetbinces, and the DC cable
power losses are loweFherefore, it might be an interesting solution for large offshore wind farms. Of
cours, site specific optimization should be carried out based on the plant characteristics.

HDVC connections use mainly two types of converting: commutated converters (LCC) and voltage
source converters (VSCYhese converters are required at betlds of the line, to provide AC/DC
conversion and vice versa. The VSC technology has the advantage of being able to provide black start to
the gridand the advantage of being more compacd di t i onal | vy, it doesnoét
converter, as AC tresformers can be usedifferently from LCCsHowever, this technology generates
higher losses compared to the LQ&vertheless, it seems the most promisingfor renewable energy
transmission like offshore wind farms because of the black start caypalie LCC technology instead,

is mostly used to transport bulk energy for very long distantd$][ Recent developments of VSC
technology have made its losses lower and closer to EGG/SC, the losses are in the order & %

of the rated power, while LCC losses are typically lower than Afether point thatmakesthese
technologies interesting is the weight reduction that has occurred over the years for the converters, that
may makeeir offshore use easier.

Fig.19 LCC converters (left) and VSC converters (right) by Siemens

25



For HVDC submarine cables, a typical solution is a monopolar connection, a single DC pole line which
separates the rectifier and the inveri2€ submarine cablesonnected to VSCsan work at very high
voltages reaching 500 kV and consequently reducingeptossesAn example is th&kagerrak 4ink
between Denmark and Norway, which is partially an overhead line and partially a submarine cable.
Regarding their capacity, it is constantly growing to provide market solutions for very large wind farms.
An example can be the TS@ennet, which is working on the development of a 2 GW HVDC static
submarine cabld-or lines connected to LCCs, the voltage levels can be even higher. An example is the
Zhundong Sichuarnoverhead line in China, which reaches 1100 k¥ sansmits power over 2600 km.

A comparison of the performances of HYAC and HVDC power transmission is repofted%h The

paper shows that the DC losses are kept low at around 4 % for distances up to 150 km, similarly to what
is declared in [1.2]. Conversely, AC losses in the cable may reach 19 % for a length of 150 km, which
would be clearly unacceptablé/hile the useof DC connections for long distances could be very
interesting for offshore wind farmence agairthe technology seems to be not yet ready for nowadays
applications mainly because of the converters. In fact, these systems have yet to be tested dor floatin
applications, as they comprise a large set of miarmponents that could be affected by the vibrations
and movements of floating substations. Additionally, these systems are typically large atadl Yery

large power applications and therefdrey must be carefully designed together with the floating
substationgo balance the weight and the size of the sys#emother point that has to be developed is

the use of dynamic HVDC cables, that seem to not be yet ready for high depth submarine applications

All'in all, the technology to be used for offshore floating wind farms is almost ready, with some critical
developments needed dgnamic cables, floating substations, DC converters and GIS. Moreover, with
the growing investments on this technology, @lcsupply chain will have to be created to satisfy the
future demand together with the development of suitable infrastructures for the manufacturing and
installation of large structures in the coastal areas. Finally, another key point to accelerate the
development of floating applications is also the regulation of the sector, that will give references and
security for investors.
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1.2.7 Existing Floating Offshore Wind Farms

Some examples of existing floating plants are reported in the following. Mihes# plants are medium
scale projects intended to prove the developed technology for commercialSeNethey represent
some of the largest projects existing in the world.

1 Hywind Scotland

Hywind Scotlands thew o r [fit@@mmercial floating offsbre wind farmas it entered in operation

in 20170ff the coast of Peterheat consists of 5 turbines of 6 MW, which results in a total rated power
of 30 MW. The site where it is located has a water depttying betwee®5 and129 m which means
relatively shallow watefThe site is 25 km from the Scotland coastithe cable to the lanioas a length

of 30 km.[1.3] Regarding the technologies that have been used fgoltns, the floating base is of the
spar type. Each of these bases, are kept in place by the moorings: three steel chains connected to suctio
bucket anchorsThis plant reached a capacity factor of 57 % in 2020, a very high value if compared to
the averagene for onshore plants, that for the UK is2%]1.4], demonstrating the higher productivity

of offshore wind.Regarding the economic performance of this plardchieved a.COE of 211.43

U / MW compared to the current botteimed offshore wind farms in the Utke floating optiorseems
unfavorable as t heir LCOE [MB8.ached 64. 60 0/ MWh

1 Kincardine

The Kincardine offshore wind farm is located in Scotland like Hywind, and it consists of. 5iwd\&

wind turbines plus a single 2 MW turbine, for a total power of almost 50 [M\. This project has
started its operation in 2021 (after the pilot operation of the 2 MW turbine alone), and it is located 15 km
from the coast, in a site where the water depth ranges betweed 80 anRegarding the technologies
implemented in this plant, its floating platform is of teemisubmersible typeand each of these
platforms is linked tdour steel chain mooring linegith dragembedment anchor

1 Hywind Tampen

Anotherimportant project is Hywind Tampen, which entered operation in ZDR&. isan 88 MW
project, composed by 11 turbines with 8 MW size edtte plantis located in Norway, 140 km from
the land, where the seabed is between 260 and 300 mAtEpding toEquinor[1.5], these turbines
areplaced on concrete floaters.
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1.3Case study: Sardinia, Sicily and Calabria

Three offshore wind farms are under developnigniRepower renewable s.pia.the southern regions

of Italy, and theyshould be connected to the regions of Sardinia, Sicily and Cal&haahree offshore

wind projects have the same size of 495 MW, ag &#hould be composed of 33 wind turbines of 15 MW
each.n all these cases the depth of the seabed is relevant for the chosen sites, so the wind farms will be
of the floating typeEach wind farm will have its own floating electrical substation, resptanfob the
transformation to very high voltage level to transport the generated power onshore. The connections
between the wind turbines and the floating substation will be composed by submarine cables working at
high voltage 66 kVStarting from the floamg substation, the submarine caell connect the floating

wind farm to the landlt is supposed that in the next years 380HWAC submarine cables will be
available while actually in most of theurrentoffshore plants 275 k\HVAC submarine cables are
present The submarine caldewill be connected to otheonshorecables heading to the electrical
substation, which then connects the plant to the nationalgrelwind farms will be subdivided in 10
subarrays each, which will beomposed by a maximum number of 4 turbines in seaied can be seen

from the following figures The specifiations of thethree projects will be briefly presented in the
following.

The Sardinian wind farm should be placed south of Sar@gih@minimum distance @2.5 km from the
coast(Fig.20.
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The wind farm in Sicily should be placed at sea in front of the city of Catania. The chosen site has a
minimum distance of 38 km from the coast of Sicily and 36km from the coast of Calabri&ig.21).
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Herein Tab.1lis a comparison of the main specifications for the three wind farms.

Location Sardinia Sicily Calabria
Minimum dstance 425 km 362 km 618 km
from the coast
Bathymetryplant area -620 m /-780 m -2020 m /2200 m -1680 m /-1860 m
Area interested by the 89 kir? 86.7 kit 86.2 kit
plant
Offshore cable length 105 km 51.1 km 104.9 km
Onshore cable length 1 km 10.1 km 6.6 km
Total cable length 106 km 61.2 km 1115km

Tabl Main project data of the three wifi@ms

It is possible to see thall af the plantsshould be placed very far from the coast, thus minimizing the
visual impact on the landscape from the coast. However, the distance from the coast affects the length of
the cables needed to connect the fammland and consequently increases the power losses and the
investment costslhe path of the cable towards land, however, is dependent onatierparameters
including the morphology of the seabed and interactions with marine infrastructures, eevitalrand
biological protected zones, military zonés.fact, the cable length for the three plants is significantly
different from the distance from the coasta result of the preliminary studyhe cetailed surveys may

detect particular needs for tipath andfurther affect the total lengthln the cases of Sardinia and
Calabria, the cable length is particularly relevant and very challenging.

Another important parameter to notice is the depth of the seabed. In the case of Sardinia, the depth is
relevan but still much lower compared to the other plants. This represemsocamomicadvantage, as

the location surveys and thmstallation process should be easiercarry out. Additionally,the
investment for the moorings should $gnificantly lower.This is a critical point for the other two cases.
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1.4Wind Farm Productivity
1.4.1 Comparison of the three cases

During the preliminary studies about the three above mentioned plants, the analysis about the
productivity of the site has been dad outby Tecnoconsult Engineering Construction S.@ak it is

reported in1.21]. Part of the results of this study are reported in this chaptes.analysis alloedto

estimate the expected production of the wind farms and consequently to evaluate the possible revenues.
In particular, the aim ahis study was to estimate the values of the capacity factor (and equivalent hours

of operation) and the P50. The P50 value represents the expected yearly productivity of the plant that has
a probability of 50 % of being overcome.

The methodology that hdmeen followed is the same for all the plants. It has been used the simulation
softwareWindsim, which is based on CFD analysBome of the maimputsof this softwareneeded to
estimate the available wind resouraee theorographyand roughnessf the site Therefore, he mapof

the orographyvastaken from the remote sensiaulvanced Spaceborne Therniathission and Reflection
Radiometer (ASTER)while the info about he sur face roughnessComnas t a
Land Cover 2006 Since no physical sensors were available on site, the characterization of the wind
availability was carried out throughthieNe w Eur o pA¢ & & s Wi dathEady Avhich exploits
satellite meteorological datéhree points located near each site and at a height of 150 m were considered
to extractthe data for the simulation¥hese dataverereferred to a period of time of 10 yeafom

2009 to 2018.

Regading thechoice of the wind turbine to be usadthreeblade turbine with a rated power of 15 MW
was considered. In particular, the data about the turbine were taken from the commercial turbine by
Vestas: the offshore modeR36-15.0MW. Its main characteristics are here reportediab.2:

V236-15.0MW
Turbine rated power 15MW
Rotor diameter 236 m
Swept Area 43742
Cutin wind velocity 3 m/s
Cut-out wind velocity 30m/s
Design lifetime 25 years

Tab2 Offshore turbine data

Considering that the height ¢he hub can be adjusted depending on the site characteristics, it was
considered a hub height of 150 m, which results in a total height of 268 m accounting both faethe to
and the bladesSince the characteristic curves of the new turbine were not available, the productivity
analysis was carried out referring to the characteristics of a similar size turbmeurves that were
used are here reportedkig.23.
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Example- Turbine Characteristic Curves
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Fig.23 Turbine characteristic curvéy [1.2]]

Looking at the curves, it is possible to see that with the increasing wind velocity we have the increase of
the power generated up to the rated power. Once the rated power has been reached, a further increase i
the wind velocity does not affect the generated poweanks to the power control strategy that reduces

the powercoefficient This allowsto keep the generated power constamd to avoid too high rotation
velocities

The main climatic data regarding the three plants are here repoiitad .3

Sardinia Sicily Calabria
Newa points Average| 7 g5 770 mys 6.817 7.26 m/s 7247 7.41 mls
velocities
Yearlyaverage wind 7.67 mis 7.02 mis 7.32
velocity
Main Wind directions North-West North / NorthWest North / Nortfh\West /
SouthWest
Height 150 m 150 m 150 m
Average Temperature 20eC 185¢eC 20eC
Cong'der.ed Alr 1.217 kg/n? 1.217 kg/n? 1.217kg/m?
ensity

Tab3 Meteorological data of the three locations

The wind velocities reported in the above table are a resume of the characteristics of theffopoints
NEWA considered for the wind availabilitfEach point presents its own wind velocity and orientation

distribution probability. InFig.24, the plots forone of the points considered for Sardinia is reported as
an example.
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Fig.24 Wind data availability for one of the points considered in the Sardinia project

In order to produce a valid estimation of f®duction of the plants, the wake losses were calculated
through the softwareThese losses refer to the rotationality imprintedhowake which reduces the
powerextractedirom the air flow. Moreover, this effect has to be considered to better understand the
interaction between different sutlsrays of turbinedn fact, the rows of turbines positioned after the first
one, may recew a lower wind velocityln addition, the wind farm blockage effect was considered.

For this reason, the spatial configuration of the turbines is important to limit this kind of losses. A larger
distance between the turbines allows to minimizeitfieence thatone turbine has on the following
ones.As it is usually done in literature, for these plants the distance between the turbines of different
subarrays was set to 10 times the rotor diameter size, while the distance between the turbérsssod th
array was set to 5 times the rotor diameter.
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Fig.25 Schematic plot of the distance between the turbines of the array

The wake losses were calculated through two different wake models: the Jensen model and the Larsen
Model. While thefirst one is thanostfrequently used, the second one is more precise for offshore plants.
These models are not investigated, as their résulsed as one of the inputs of the following analysis.

In Fig.26 the wake losses calculated with the Larsen model for the Sardinian power plant are shown.
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Fig.26 Plot of the wake velocity loss for the Sardinia plant project

Both models showd that the wake lossemre not negligible In particular, the Jensen model slealv
losses thaimight reach 107% for singular turbines, while the Larsen model sbdlesses up to.8%.
Considering that Larsen model should be more accurate for these casesuttwasacceptable as in
any case the lossegrelower than 8%. It should be highlighted thaisteffect is way lower for the first
row of the array, which receives an undisturbed air fl@wthe other hand, the central rows are the ones
that suffe the highest wake losses.

Given all the previous data, was possible toperform theproductivity estimatiorand calculate the
energy generated by each turbine over a year, with both kind of wake modetsemdithout
considering wake losses. The results of the overall simugatiooroductivity are here shown rab4.

Sardinia

Sicily

Calabria

Gross Energy
Generation

1866 GWhlyear

1649 GWhlyear

1682 GWhlyear

Energy Generation
with Jensen losses

1737 GWhlyear

1528 GWhlyear

1546 GWhlyear

Incidence of Jensen 6.9 % 7.3 % 81 %
losses

Capacity Factor 40.1 % 352 % 357 %
Jensen

Energy Generation
with Larsen losses

1769 GWhlyear

1559 GWhlyear

1582 GWhlyear

Incidence of Larsen 5.2 % 54 % 5.9 %
losses
Capacity Factor 40.8 % 36 % 36.5 %
Larsen
P50[Larsen] 1648 GWhlyear 1452 GWhlyear 1474GWhlyear

P50 [Jensen]

1618 GWhlyear

1423 GWhlyear

1440 GWhlyear

Tab.4 Productivity of the three wind farms




Comparing the results with the different models it is possible to notice that the Jensen model presents
around2 % higher losses compared to theestmodel. The results of tdensemmethod will be used as
a reference for the future analysas it provides a conservative productivity value
Starting from the results of the two models, the capacity factors were calculated as in the fabpwing
v e e xemar . , QN 0 QL EAAIO WOV Qi
0 WNn @ aBWD ac‘:m 2
Pxorm

In the end, the value of tHiR50was estimated by considieg the electrical losses and the losses due to
unavailability and exceptional weather events. The overall losses added to get the Pa@nreBLl85%
of the previously calculated net productivity.

Comparing the three plants, it is possible to seethigahighest expected energy production comes from

the plant in Sardinia, thanks to the higher average wind availaliiigydifference with the other plants

is relevant, as it accounts for 200 GWh/year more than the others. The productivity of the other two
plants ismore similar, but the farm in Calabria suffers the highesiue oflossesbetween them all
Nonetheless, thwind farm in Calabria shows a higher expected energy genetfaioisicilythanks to

its good wind availabilityHowever, the result for all the three plants might be considered satisfactory,
as the values of the capacity factors are pretty high fod ¥arms in Italy.According to Wind Europe

[1.4], the average offshore capacity factor in Italy is93% (achieved by the only operating plant in
Taranto) while in northern Europe the values are way higher thanks to the abundance of wind resource
in the North Sea, like in Denmark where the offshore capacity factor reacbe%53

Overall, the wind farm in iSily might be considered as the worst, because of the lower generation and
because of the challenge caused by its kit waterdepth.Similarly. the wind farm located in Calabria
presents medium level generation but challenging objectives for thedeatirand the cable lengthn

the other hand, the plant located in Sardinia might be the most promising one, as it is expected to generate
the largest amount of energy while being located in a site with more shallow Manetheless, for this

plant thechallenge remains the long submarine cable to the land.

1.4.2 Calabria Wind data

Il n order to base the foll owing anvand fasnilosatedin e ne
Calabriawas chosen as a reference because of data availability and because of thegaudtical
congestions present in the region, as it will be explainégeinext chapter.

Therefore, the windiness datathe locatiorwere further analyzed to determine a powuration curve
for the turbinedy using the software MATLABStartingfrom [1.21], the data about the windiness of
three points at sea near the installation site were availabparticular, the average wind speed, the
shape and the scale factors of the Weibull distribution and the frequency of the wind from each direction
were available. The Weibull factors were then used to determine the probability density for wind velocity
in each direction with the following equation

. Q0 0

Ov -0 9 -

i i

Here,D(v) represents the probability density of registering a wind veleoaaty the sitek represents the

shape factor andrepresents the scale factdhe shape factor is fregntly dependent on the site, as it
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depends on the irregularity of the wind. In this case, as the site is located at sea, the shape factor of the
zone is close to 2, a typical value for coastal areas. The scale factor, instead, is mainly influenced by the
average wind speed and is therefore an indicator of the windiness of the site. Among the probability
distributions calculated, the ones from the directions with highest frequency have been reported in the
following Fig.27 for all the three pointdt can be seen as for each wind direction we hadéferent
probability distribution, with more or less frequent high speftthe wind. It is possible to observéat

for all the points the most frequent directions of the wind are from North -M@gtwest SouthSouth

West and WesSouthWest. The same directions can beservedrom the plot inFig.28 taken from

[1.2]] representing point 1 of Calabria
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Fig.27 Weibull distributions for the most frequent wind directions in the Calabria site
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Fig.28 Distribution of wind direction frequency and intensity in the Calabria site

Given the Weibull distributions for each wind direction with its own frequency, a mean Weibull
distribution for each point was calculatéthe frequency of the direction of the wliwas used as a
weight for the probability distributions. The resulting mean distributions of the three points are shown in
the following plots inFig.29. On the same figures, it is also plotted the mean probability density
calculatedfrom the shape and scale factors repoltgd ecnoconsult, the company responsible for the
preliminary project of this plant.

Point 1

0.1

o . ! .
009 / N
W

0.08 4 %

Calculated average
Tecnoconsult

=1
o
=i

——

[=]

=]

&
=

Probability density s/m
S
o

[=]
=1
-

0.02H

0.01 G

'''''''

wind velocity m/s

37



Point 2 Point 3
T T

0.1 0.1 T
PR T
TN b
0.09 /e N 0.09 é AN
F; / \
{ kY
I Y, J \
0.08 ! X 1 0.08 \
/ '\\ / \
007 / \ 1 007 / \\
{ N | \
£ £ {
2 0.06 - g o06f
@ \ 2
2 \ 2
S \ 5
; 005- ; 0.05
3 \"s z
2 ) £
S 0.04 % 8 004l b,
o 4% o
i LY
003 3 003l
Il |
R
N
0.02 N 0.02 .
\ \
I \\ | N
0.01 = 0.01f \
b
e s . Eosssamans

. L .
5 10 15 20 25
wind velocity m/s

0 5 10 15 20 25 a
wind velocity m/s

Fig.29 Average Weibull distributions representing the three examined points. at sea

It can be observed thdte meancurves of all the three considered points sireilar, confirming the
regularity of the windiness of the zone. Slight differences are preseredretive calculated curves and
the mean curves given in the projegport [L.21]. In particular, the curves from the report show a higher
wind probability of achieving a lower speed wirdpse to the peak around the velocity of 5 m/s.
Regarding higher wind speeds, a lower probability is predicted for velocities in the rangeSroni@
m/s, while higher probability is expected for higher wind spe€lsse differencehoweverare not s
relevant as it will be explained in the followinghe probability distributions of the three points were
then combinedveraging thenm a single Weibull distribution representing the windiness ofathele
site. This site probability distribution is perted in the followingrig.30 including the curvesalculated
from all the directions distributions and the curve calculated from the mean curves presented by the
companyOnce again, slight differences similar to the previous ones can be observed.
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Fig.30 Average Weibull distributions representative for the site
1.4.3 Energy Yield estimation& Turbine Power curve

Given the probability of occurrence of the wind velocities, it was needed the calculation of the amount
of time over a year during which each windiness condition ocGinerefore, a curve for the specific
hours of occurrence per wind velocity was caladdty usingthe following equation:
0B i Qo
U UV =—
Yo
Here,D(v) represents the curve of probability density previously calculated for the\siggpresents the
path between the considered velocities guigdrepresents the total period of timensidered. Therefore,
the hours of occurrence for each velocity were calculated as:
N6 00 NUYo
The calculation was made for a year, therefore consid¥ing X ¢ard with two possible spacings
between velocities. In both cases the wind velocities considered were between 0 BUsrdsdas in
this rangaet is included the turbine operation rangée spacings between velocities considered were of

39



0.1in the firstcaseand 001 m/s sizén the second cas€he resulting curves are reported in the following
Fig.31.
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Fig.31 Plots of the specific hours of wind occurrericglot 1 dv =01) i (plot 2 dv =001)

From the first plot it is possible to distinguish the singular spots, while in the second plot they cannot be
distinguished because of the lower spacing. The values on the y axis represent the number of hours in
which the velocities reported on the x axis are expected to be registered. The difference in the spacing
affects the values on the y axis by a factortdQ,the curves represent the same concept.

In order toaddthe power duration curve, it was necessary to elaborate the turbine power curve previously
reported inFig.23 and used byrecnoconsult in the preliminary projett. particular, the previous plot
of the curvewasdone withdiscontinuous data with spacing 1 m/s between wind velocitlesefore,
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in order to allow the power calculation with more precision, the section betwméanand rated power

was interpolated through a spline functibnthe followingFig.32, the blue dots represent the data taken
from thereport [L.21], while the red line represents the function interpolating the power curve between
3 and 11 m/s velocities. Then, after 11 m/s and (gDtwm/s the curvevas constant anthe powerwas
equalto the turbine rated poweso the curvel i dneddto be interpolated up to the-ofit point.
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Fig.32 Interpolation of the turbine power curve data

The resulting final curve iRig.33 was then represeatipoint by point considering a velocity spacing of
0.01 m/s.
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Fig.33 Final 15 MW turbine power curve

After this, the turbine power curve was used to calculate the expected energy generation over a year. This

calculationwas be done by using the power curve and the probability density function of the wind
through the following equation:

0 Yo 00 00 NV
Once again, as a whole year was consid¥ted @ x ¢Grt 6 i To make this calculation, first the
product between the power curve and the velocity density probability was calculated and plotted. The
result of P(v)*D(v) can be seen in the pkg.34. From the plot it can be seen that the turbine should

start generating power for velocities larger than 3 m/s and that the product increasasoupdol (b

m/s. Then, because of the decreasing probability and of the upper limit of the power curve (after 11 m/s),
the product decreasespidly.

The expected energy generation was calculatetsideringQ U 1@t @x 7i for both the curves: one

considering the D(v) calculated and one with the D(v) elaborated from the company report. The results
obtained are the following:

0 VLA UL TEIIWQWI
0 VR @ TAWT0 Qi

As it can be sen, the overall difference between the two is of around 289 MWh, which is an error in the
order of 05%. These energy yield resulterereferedto a single turbine subject to undisturbed wind at
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150 m height from the sea levglub height) The resultscould be considered to be confirmed as the
report [L.2]] estimatel a gross yield between 2land 513 GWh/year for the turbines in the first row.
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Fig.34 D(v)*P(v) curves
Given theturbine power curve, which links the output power with the wind speed, and the specific hours

of occurrence per wind velocity, which Ilinks ¢t}
the power duration curvén order to do this, the hasiof operation for each power level of the turbine
were calculated as integral of the fAspecific he

velocity and the cubff velocity.
Y Qo 0L NUYO

The resulting ideal power duration curve is reporteleigl35. Her e, fAi deal 06 means
losses were not yet considered.
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Ideal power duration curve
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Fig.35Ideal power duration curves

According to the calculated ideal curve, the plant should be in operation for around 7354 hours/year,
while according to the data from Tecnoconsult the operation time should be of 7414 hours/year. This
difference is due to th&arger probability of getting low wind speeds in the data by the company.
Regarding the rated power, the plant should be able to achidee 1620 hours according to the
calcul ated curve, while for 15HwWevehtoisuidea cuavedid o r d i
not include the wake losses and tiieer losses that led to the P50 calculation.

1.4.4 Wind Profile scaling

In order to analyze the problem with a determiaiapproach rather thanpobabilistic one, a yearly

wind availability profile wvas needed. In particular, this degree of detail was needed for the following
study on the energy storage use, which adéaldeterminewhen the wind powewas available or not.

Given the unavailability of measurements on site, a yearly wind profile famnahore plant from
Repower was providedhe data refer to measurements made at a height of 10 meters from the ground
andtheyreportvalueswith 1-hourtimestep The plot of the yearly profile is here represente#im36

together with a representation of the probability density based on the number of occurrences of each wind
velocity in Fig.37. Of coursethe windiness of this site does not well represent the conditions that can be
found onoffshore sites, but it provides a realistic trend of the wind that can be registered during a year.
Therefore, these dateere considered to be later scaled and to simthateffshore windconditions
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Fig.36 Onshore Wind profile
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Fig.37 Histogram ofOnshore Wind distribution
45



At first, given the onshore data, the scaled wind profile was obtained throughetege of the wind
speed. In particular, an objective average wind speed of 7.32 m/s was taken from the giaimtf\@ind
probability from the repoitl.21]. Then, a scale factor was calculated as the ratio betweebjctive
averagevind speed (related to the offshore site) and the onshore average wind speed.

T ey Wm\T 1 rL‘)\
"YW QX0 0 s—d— 0]

Each value of the onshore wind profile was then multiplied by the scale factor to obtain a new wind
profile that could approximate realistic conditions for the offshore site. The new profile had an average
wind speed corresponding to the objective asdpibt is represented in the followirkig.38 to be
compared with the previous profile.
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Fig.38 MEAN-Scaled and Onshore wind profiles

Additionally, the comparison of the probability density between the two profiles is shown as a histogram
in Fig.39, where the occurrences of each wind velocity are coulttsdpossible to see moscaling the

wind data, the frequency of low wirgpeedslecreased while medium and high velocity wind speeds
increased their frequenc@n the base of the raw data, it was possible to calculate the shape and scale
parameter of the Weibull distributiorteroughthe MATLAB function i wb | dnd then plot the
probability distribution functions to compare them asFig.40. The comparison of the Weibull
distributionsshowsthe change from the original data of filmshore caseo thefiscaled onshorecase,

that is pretty close to thé o f f sdiswibugon reportedrom the report regarding the wind farm
productivity [L.21]. However, this scaled profile provided a gross energy generation of 1500 GWh over
a year, a value significantly different from the 1682 G@¥pectedHere, the gross energy yield was
calculated considering the power generation of 33 turbines with the previously interpalaiteepower

curve and with the wind profile.
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Fig.40 Comparison of the Weibull probability distributionsth MEAN-scaled profile
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From the plot inFig.41, it is possible to see how the gross energy yield was expected to be 1682
GWhlyear, in accordance with the report. This plot was made by using random wind profiles generated
by the Weibull curve given in the rep¢it21] representing the offshore wind availability.
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Fig.41 Probability distribution of yearly gross energy yield based on offshore Weibull curve

Therefore, to better fit the gross energy yield, a new scaled profile was generated by scaling through the
median wind speedlhe objective median speed was set 868 m/s, a value that was calculated
through the following equation:

0 i Jdic¢ OB L Xadfi
Here,’Q andi represent the shape and scale factors of the offshore Weibull distiibut
T o T rL‘)‘
Y 3Qd§xo 0 8—01— cqaLvoo

The scale factor was higher compared to the previous case with the mean wind speed. Once again, eacl
wind speed value from the original wind speed profile was multiplied bydale factor to obtain a new

scaled wind profileln Fig.42it is reported the Weibull probability density distribution of the wind profile
scaled on the median speed, as calculated by the MATLAR:ft iwblfitd. Nonetheless, even in this

case, the gross energy yield resulted to be not suitable, as it was af G8UB.In fact, this would have

caused an underestimation as for the rsxaated profile.
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Fig.42 Comparison of the Weibull probability distributions with MEDIAg¢aled profile

The Weibull distribution of the new scaled profile was still similar in shape toefleeence offshore

curve, but it presented higher probabilities for high wind speeds and lower probabilities in the peak zone.
Therefore, in order to match the expected gross yearly yielongieore wind profile was scaled with a
customized scale factof 2.5299 In addition, considering that with this scale factor some wind speed
values would have reached over 50 m/s (which represent extreme weather conditions), the scale factor
was selectively reduced ta8lfor onshorewind speeddarger than 14 m/sThis allowed to achieve

exactly a gross energy yield of 1682 GWhile keeping reasonable wind speed valudse custom

scaled profile is shown in tHellowing Fig.43 and compred to the original wind profile for the whole

year As it can be seen, the selective reduction of the scale factor allowed to achigreumawnd

speeds of around 37 m/8hen, the new histogram of occurrences is plotted to show the change in
distribution ofthe wind speed values Fig.44. In the end, the Weibull distribution of the new Gross
Yield-scaled windprof i | e was once again calculwblfiied Theowneg!
Weibull probability density curve was then compared to the offshore reference orteefiiy.45 plot.

This last plot shows once again a probability density increasing for high velocities and decreasing for
medium/low velocitiesEven if Weibull distributions are not identical, the new profile was considered

to be sitable as it provided the desired gross energy yield for a year.
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Fig.43 Gross Yield- Scaled and Onshore wind profiles

Fig.44 Histogram of Onshore and Gross Yi&daled wind probability distribution
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