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ACRONYMS

CAPEX  Capital Expenditure
FOW Floating Offshore Wind
LCoE Levelized Cost of Energy

NTM NormalTurbulence Model
0&G Oil and Gas

OPEX Operational Expenditure
TLP Tension Leg Platform

TRL Technology Readiness Level

CKA&a LINP2SOG KFa NBOSAGSR FTdzyRAYy3a FTNRBY GKS 9dzNRLISIyYy |y
research and innovation programme under grant agreemen8hsil 59



http://ec.europa.eu/research/environment/index_en.cfm

D5.4: Benchmar&f PivotBuowsOther Floating Systems N
W 9>y . J Pivot

EXECUTIV&JMMARY

The present deliverable aims to benchmark the full scale PivotBuoy X140 system againkirgther
scalefloating offshore wind systems, as an outlook for the future commercial floating offshore wind
systems in the 15MW range. This benchmark is carried out in two frentdesign benchmark,
positioning the PivotBuoy concept and design approachragabthe current floating offshore wind
systems; anda simulation benchmarkby compamg the simulation approach and estimated
response of the full scale PivotBuoy X140 system against d8MYV floating offshore wind designs.

Thedesignbenchmarkbeginsby introducing the need for optimizing offshore floating wind systems
using a differenperspectivethan commonlyused in oil and gas$-loating offshore wind, as a novel
industry, has adopted the best practices of the oil and gas industrich have higher redundancy
and safety marginghan are arguably necessary for floating offshore witida competitive LCoE is to
be reached, hhese safety margins need to Ishaved by optimizing fahe offshore windrisk profile
and design driversAsthe floating offshore industry is taking its first stepsany differem concepts

at different TRIstagesare currently being developedA review of concepts above TRIs ®resented
andthen categorized according to their main underlying static staljiitgiciple.

due to its innovativeblend of single pointTLP Ballast
Stabilized
AN

Advanced Spar
Hybrid Spar

The PivotBuoy desigillsin the hybrid category ]

mooring weathervane capacity, downwind
turbine, and semisubmersible type floaterDue

to its innovative and risky approache hybrid
category idaggingin TRL when compared to the

Tension Leg
Buoy (TLB)

ACS/Cobra
Semi-Spar—~_

- . _pe A—A
more establishedmooring stabilized category WindFioat

(spars) or buoyancy stabilized category (ser
submersibles). However, the PivotBuoy conc ool _
— Tp L]

is well placed within its class in terms of TRL &+ _
BUOYancy guumsc eicon  awea  MoOring
developmentplan Stabilized = Tfeater TP eetbuoy  Grgbilized

PelaStar*

The second approach starts by introducing a review of the main challenges related to the numerical
modelling of floating offshore wind systems, which addnew layer to the common offshore wind
approach to model the floating foundationhydrodynanic response and resultingoupled
interaction between hydrodynamics and aerodynamic performantfhile these excitations have
been studied individually in the past, floating offshore wind systems are unique in that the
aerodynamic and wave loading are nmly of similar importance, but also heavily coupled. The
current state of the art regarding simulation of floating offshore wind systems is then summarized,
presenting different modelling approaches, at different fidelity levels, commonly usetiofating
offshore wind systems

Following the review of the numerical modelling approaches, the simulation work carried out so far
within WP5 of the PivotBuoy project is summarized, with the relevant results presentdding a
comparison of two different nunmécal codesone more suited to aeroelastic modellitgAWC2, and

the other to hydrodynamic modelling)rcaFlex The simulation results for the fuicale PivotBuoy
X140 designs then discussed in more detafbr the three sites consideredraw misalignmat is
found in extreme (unlikely) crosdirectional casesfor the PivotBuoy design, which leads to

CKA& LINBP2SOG KFa NBOSAGSR FTdzyRAy3d FTNRBY (GKS 9dzNRLISI Y
research and innovation programme under grant agreemen8hsil 59 !

y


http://ec.europa.eu/research/environment/index_en.cfm

D5.4: Benchmarkf PivotBuoywsOther Floating Systems Q Pivot
suboptimal turbine performancander these conditionsDespite having a conservative prediction of
the yaw misalignment, this suggests that the weathervane capaeitybe improved. An individual
pitch controller (IPC) strategg found to removeyaw misalignment at the expense of higher blade
loading Thiswork has been published elsewhef&]. Additional research is proposed to further
investigate this approach

Finally, open literature result®r floating offshore wind foundationsquipped withthe novel 1I5MW
offshore referene turbine are compiled. The relevant cases found are WiedCretespar and
ActiveFloat semsubmersible, both developed within the EU H2020 COREWIND project, and the
VolturnUSS semisubmersible platform developed within the IEA Wind Task B¥% COREWIND
concepts are particularly relevant since their site selection coincides with one of the sites used for
the PivotBuoy X140 analysis (Canary Islands).

The systenmaincharacteristics are comparednddespite having the largest steel consumption, the
PivoBuoy design enablea weight reduction factor 0.5 to 7.5when compared to the other
designs. The hydrodynamémd aeroelastic modelssed are discussed, and the lack of second order
wave forces on the PivotBudyidentified asalimitation of the currentnumericalmodel.

The maximum nacelle accelerations, a key
performance indicator of floating foundations, are
then compared between the different projects,
showing that PivotBuoy X140 performisnilar toother

concepts and unde the limits identified in the
COREWIND project.

m X140 VolturnUS-S ActiveFloat WindCrete

Acc. Fore-Aft

DLC6.1

The maximum mooring line tension is then compared
with the VolturnUSS design, which is moored with a
catenary systemwhile the Pivotbuoy is moored by
small TLP systemThe COREWINDnooring line
tensions were not publicly availableThe maximum
loads on the tendons of the Pivotbuoy X140 design are
comparable to those found in the catenary mooring of
picet the VolturnUSS,despite the different mooring system

mX140 VolturnUs-S ActiveFloat WindCrete

Maximum Mooring ILine Tension

This review has found the large scale PivotBuoyOXidlésigned for the 15 MW offshore reference
turbine, to beon par with other hybrid concepts in terms of TRL and development plan, and
comparable in terms of predicted performance when compared to other floating designs for the
same turbine.

Furthermore,future areas of research and development are identified, sucimasstigatingthe IPC
strategy to improve theyaw alignmentor augmenting the numerical model of the PivotBuoy X140
design with second order wave excitation in order to capture the expelc@drequency response
of the floater.
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1 INTRODUCTION

Floating offshore windFOW)is a nascent industry that has been fast developing, partly because it
has benefited from the existing offshore oil and @& G)industry to leverage its own growth, as
seen by the common substructure designsFigurel, which are directly adapted from th®&G
industry. While these are good startimdesigns there are difference®etween both industrieghat
justify further optimization to lower the levelized cost of ergy (LGE) thus increasingthe
competitiveness oFOW

TraditionalO&Gindustry designs need to address the high environmental risks and possible human
loss in the event of serious failur€omitigate these risksa healthy dose of conservatism and design
redundancyis embeddedn the O&Gstandard practicesWhile these are provewell-knowndesigns,

they can be overly conservative ftre FOWindustry, wherenot only the environmental risks are
much smallerbut the platforms areunmanned limiting thehuman loss risk2]. Other design drivers
become relevant for FOW systems, which are less important or negligible for O&G désigns
example,FOWsystems have a significant mass locas&dever increasing hub heights, leading to a
higher center of gravity, and larger overturning moments while in operation, which need to be
supported by the substructure.

In order to achieve a competitive LCoE, the FOW industry needs to optimize thesie €&
designs with an economitriven perspective, or embrace innovative and disrupting concepts, such
as PivotBuoy, that better suit these new constraints. A sign of this optimization process is the
significant number of floating offshore wind concepisder development, with at least 34 different
FOW concepts above TRL 3, as sed¥figare2. An overview of these designs, their categorization,
and how they address this optimization will be presented in seiotogether with the PivotBuoy
design and & positioning within the FOW concepts.

- - .1 ] R i [ i R

Figurel Main types of classic offshore industry designs adapted for floating offshore vagstems Reproduced fronj3].
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Figure2 Geographic distribution of the main floating offshore wind projects above TRL 3 (total of 34). Adapted fpm

This optimization proces® achieve competitivd-OWSsystemsis not trivial, and ultimately it will be
determined by sitespecific (e.g. mebcean data) and project specific (e.g. turbine capacity, local
infrastructure) conditionsA key tool for this optimization process fsetnumerical modelling &FFOW
systems Numerical simulationsenable the exploration of different design variations in a cest
effective manner when compared tmodel scalgesting in laboratories, or prototype testing in the
ocean.

Control
Strategy
Wind
—_—
— Aero Aerodynamic
— Elasticity Performance
Tower
Structural
Waves : :
Deformation Loading
—_— Mooring
 Current Effects Hydrodynamic
Response
Soil P
Interactio

I T

Figure3 Complexity of a floating offshore wind system. Adapted froii.
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However, as illustrated ifrigure3, a FOW structure is a complex dynambonlinear system, with
different physics involved, which is not trivial to model. This becomes a challenging exercise in order
achieve accurate results within reasonable computational costs, given the large design space
involved. Furthermore, the needif optimization and reducing conservative safety margins, places
higher demands on the numerical modelling accuracy, if such objectives are to be accomplished
safely. As a result, significant effort is currently being placed in developing, testing, @hatingl

simulation tools for FOW systems, such as the landmark IEA Task 30 Offshore Code Comparison

Collaboration OG®C6 project series led by NREL. The numerical modelling of floating offshore wind
systems is briefly reviewed in secti@nfocusing on the state of the art, main challenges, and open
literature results.

The simulation work carried out for PivotBuoy is summarized in se@joffollowed by the
comparison with other reference projects from the literature and the resulting discussion, which is
presented in sectiod. Finally, the main conclusions and future work are given in sebtion

1.1 Objectives

The work developed on thideliverablefocuses on positioning thBivotBuoyand assessing its merits
when compared to other floating offshore wind systems. Namely, the objectieetoa

1. Compare thePivotBuoydesign approach to other floating offshore wind systems

2. Benchmark theperformance of the largscale 15 MWPivotBuoyX140 designestimated
from numerical simulationsagainst othersimilar floating offshore wind systems ugn
publicly availablsimulationdata.

1.2 Approach
The objectives stated above are achieved with the following approach:

1. Design Benchmark
a. Literature review of the maiROWsystems
b. Categorization of these systems in groups with defimingracteristics
c. Description and position of theivotBuoyconcept
d. Comparison of the differenEOWcategories andhe positioning of thePivotBuoy
within the context presented

2. Simulation Benchmark
a. Literature review of the numerical modelling BOWsystems
b. Survey of publicly available data for otHfgDWsystems
c. Summary of the simulations carried out for tRevotBuoyconcept
d. Benchmark oPivotBuoyperformance compared to othdfOWsystems
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2 REVIEW ORURRENH.OATIN®FFSHOR®WINDGONCEPTS

A review of FOW conceptsis presentedin this section.A brief historical perspective ofOW
development if given in sectio@.1. A common categorization used to classify these systams
introduced in sectior2.2, followed by a Hef discussion of each category main characteristics and
leading designs. A few hybrid concepts that overlap these categaneslso discussed. The
PivotBuoydesign is presented in sectich3, and its categorization discusseinally, a general
comparison of thesesystemsis presented in sectiof.4, with the PivotBuoypositioning within the
reviewed conceptsliscussed in sectioh.5.

2.1 Historic Perspectivef Floating Offshore Wind

The hisorical evolution of the installed capacity Bbating Offshore Wind (FOW)projects is shown in
Figure9, where the most relevant projects are highlightedcluding aprediction of the installed
capacity in 2021 and 2028.is clear thathe research and development &OW isstill very recent.
The first floating offshore wind project started only in 2008, installing3@k\V turbine in Brindisi,
Italy. Since 200&he increase in the number of projects, the number of turbines installed per project,
andthe increase in the turbine's total power pacityis a noticeable trend

In the following years, the installed capacity rose markedly due to the WindFloat demonstration unit
(2 MW) and the 2.3 MW Hywind installation in Norway. From 2013 to 2015, three turtoinagotal

of 16 MW were commissioneth Fukushima, Japan. After Fukushima's project, dramatic growth in
installed capacity occwed in 2017 due to the Equinor project. Equinor consists of kW
turbines, totaling30 MW, located 25 km off the East Coast of Scotland. Another relevant pigjec
located in the UK. Kincardine B has 47.5 MW and is developed by Principle Power, one of WindFloat
consortium partners. In 2021, another sharp increase in the cumulative installed capacity is expected
due to 4 French floating projects totaling 97 M\W.2021, CTG is also expecting to install its 5.5 MW
floating offshore wind prototype. In 2022, Equinor, Korea National Oil Corporation and the Korean
power company Korea Eadlest Power plant started constructing a 200 MW project called Donghae

1. Donghael is located in Ulsan, South Korea. The installation is, however, dependent on feasibility
studies[6, 7]

By 2030, industry experts estimate that around 5 GW to 30 GW of floating offshore capacity could be
installed worldwide and that, based on the pace of developments across various regions, floating
wind farms could cover around 5% to 15% of the global offshore wind installed capalkith is
estimated atalmost 1 000 GW by 2050.
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Figure4 Historical cumulative installed capacity of floating offshore wind projecfgdapted from[6].

Regarding the distribution of floating offshore wind projects per courftigure5 identifies Japan's
predominance, which accounts for 41.7 % of the total already developed projects. The following
country is the UK, mainly due to Kincardine B and Hywind projects. Phragaden, Norway, the
USA and France all rank in third place with a project developed per colihigyreview of projects,
including decommissioned, planned, anepiace projects, identifies a worldwide total of 61 projects.

AsFigure5 exemplifies, most floating offshore projects are in the concept/planning stage, while only
19.7 % (12 projects) are operational. According to the current status of the projects, the expectation
of installed capacity growth is reinforced.

I Japan
B uk

I Portugal
I sweden
[ Norway

Il Operational
[ Construction

[ Decommissioned
- Concept/Planning

Ejusa
[ France

Figure5 Share of developed floating wind projects by country (left) and status of the worldwide floating wind projects
(right) as of 2019. Adapted frorf6].
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2.2 Categorization ofloatingOffshore Wind Systems

A common categorizatioproposed by[8] is to distinguish the different floating wirglystemsbased
on their underlyingstatic stabilitymechanismsThe three main categorieme as follows

1 mooring linestabilized wheretensionedmooring lines provide the main restoring moment
e.g., tension leg platform (TLP)

9 ballast stabilized where a deep ballast lowers the center of gravity bellow the center of
buoyancy providing the main restoring momeetg., spr;

1 buoyancy stabilizedwhere the water plane aremducesa large second moment of area
either by a large area (barge) or large are moment arm (sermersible) providing the
necessary righting moment.

Thesecategoriesare typically shown iaternary plot, as seen iRigure6, with the idealized cases on
the vertices In practice the floating wind conceptsely on a combination oflifferent mechanisms
and fall somewhere between the verticeBhis is particularly noticeable for hybrid concepts, which
present innovative designs thatly on differentfeatures andcannot be completely described by a
single category.

Ballast
Stabilized
Sp.ar ‘/ AN
| o
°
Barge
Buoyancy Mooring
~/ __\, Stabilized Stabilized it

Figure6 Representation of floating wind concepts as a function of their main stability driversapgtéd from [8, 9, 10]

2.2.1 Mooring stabilizedfloaters

These concepts rely mostly on the moayiaystem to provide the necessary righting moment. The
prime example of a mooring stabilized floater is the tension leg platform (The)mooring system

is comprised by several vertical tendons which are kept under tension in all conddiosmgo the
high net positive buoyancy, provided by thegh-displacement, lowdensity floater.The anchors of
the structure are typically gravitgased, suction or pile driveisince the stability is provided by the
mooring lines, the transit to site can lmhallenging, especially if the turbine is already integrated,
and can require additional buoyancy elements or special support bgtges

research and innovation programme under grant agreemen8hsil 59

CKA& LINB2SOG KIFa NBOSAGSR TdzyRAy3I FTNBY GKS 91d4zN£|_Jé|-y

y


http://ec.europa.eu/research/environment/index_en.cfm

~~

L~ J Pivot

This approach enablessmallerlightweight design of thesubstructure,whichis easierto fabricate
andassembleloweringcosts and restrictions on port facilitiddowever, it requires special moorings
(tendons)and anchoring system to withstanthe high vertical loadingresulting not only in anore
expensive mooring and anchorisgstem,but also in a more complerstallationas well Therefore,
there is a shift in the CAPEX frahe floater towards mooring/anchors costs and installation costs.
This should result in a net reduction of the CAPEX for theoTthd®a competitive optiofd, 12]

D5.4: Benchmarkf PivotBuoywsOther Floating Systems

A significant benefit is the limited response in heave, roll and pitch due to the stiff tendons which
typically shift the natural resonance to higher frequencies outside of the wave excitatios.
reduces the turbine fatigue and dynamic cabling fatigdewever, itfaces specific challenges, such

as the 'pull-down' effect, which increases the draft as the platform is offset from its equilibrium
positor 2 NJ G KS WNAR Y 3AY I CturbIKSongatios eshghde cankb& diBitedzbyi NXiz
higher order wave load#®\ summary of the maibenefitsand challengeare presented imablel.

Tablel Genericadvantages and disadvantages ©EP typeconcepts

TLP Advantages

TLP Disadvantages

Enables a lightweight floater design which lowers
construction costand provides good scalability for
larger turbines.

Limited hydrodynamic responseith significant
reduction of heave, roll and pitch.

Small mooring footprint facilitates underwater
management of umbilical cables and farm layout

Requiressame formauxiliar stability during tow such
astemporary buoyancy elementssupport barges
[11].

The mooring/anchoring systemdsstly and requires
complex offshore operations to install.

Complex installation procedure requiring special
vessels.

Several concepts have been presented tfalt within this categoryExamples of anventional TLP
type structures include thelfLP by MVINREL[13], the UMaine TLH14], or the PelaStaiTLP
developed by Glosten Associa{éds].

The PelaStar TLBhown inFigure7, is an example of classic TLP solution adapted for floating
offshore wind. It consists of a single column with a-iven foundation, each being moored by fiber

rope tendons to high verticdbad anchors in the seabefll5]. Ths structure is sufficiently

underwater to reduce its exposure to wave action and provides minimal response in heave, roll and

pitch. There are publicly available estimations for the CAPEX and LCoE using this technology, with a
median forecast of LCafz of 110 £/MWh in 2013 currency presented for exploitable UK waters
OMHB® CKS tSEF{GFNI ¢[t-NB& ROGNNEY @68 FRRNI I+ &RS YL
Sea off Cornwall, YKalthough no developments seem to be made in the past yg&F A recent

partnership between GE and Glosten is developing a 12 MW turbine using the PelaStar foundation

[17].

**
* *
* *
* *
* o
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Figure7 Several TLP concepts for floatimgfshore wind: the UMaine TLPI€ft) [14]., the GICONSOF hybrid TLR8], and
the PelaStaiTLP(right) [16].

There areother conceptsin different stages of developmenthat are not conventional TLP#
notable exampleis the innovative GICONSOFproject which combines the advantages of a semi
submersible with those of a TLP. This project has iterated through a number oéniftlrsigng19],

with the current iteration shown ifFigure?. This concept couples the TLP design with a lowerable
gravity anchor base, which works as barge during tratitprovide stability, and simplifies
installation by ballasting therehor to theseabed with the tendons already pattached as shown

in Figure8. This design adopts a buoyancy stabilized approach for assembly and transit, reverting to a
mooring stabilized structure for operation. This approach retains the favorable motion response of
the TLP and simplifies its installation prociX3.

Figure 8 Transit and installation process of the GICE&HDF design. From left to right: transit to site with the gravity
anchor base providing stability; at site ballasting the anchor to lower it to the seafloor; tension the tendons to achieve
the operational draft Source: Daniel Walia, Chair for Windenergy Technology, University of Rog2@k.

o
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In order to lower the CAPEX, two construction approaches are taken. The first is to use prefabricated
components that are then transported toort, which allows for cheaper construction and puts less

demands on the port facilities. However, transport needs to be considered. The second is to keep the
design as light as possible using prestressed-highperformance concrete (UHPC), which i® %

times cheaper than welded steel structures.L®E between 5/ ne ka2 K A& &ELISOGSF
80x6MW farmin 2030, which isestimated to beup to 10% lower than a similar farm with a
conventional TLP desiga1].

2.2.2 Ballast stalilized floaters

Ballast stabilized concepts often rely on long cylindrical floaters which are ballasted at the bottom to
lower the center of gravitypelow the center of buoyancy, thusroviding the neededrestoring
moment. These foundations are simple slespwith a narrow profile, which is easy to fabricate and
assembd, but are quite largand heavy structureOnly a small part of the foundation is exposed to
wave action, limiting the wave forc¢22].

A main feature of this design is the high stabilgghieved through high draftat the expense of
some logistic challenges for the installation, namely the turbine integration and transit toasite

large water depthsespeciallyfor larger turbines Tubine integration at port is unfeasible due to
water depth requirementsThe foundation is towed to sheltered waters where iufgended,and
turbine integrationis carried out usingpeavy lifting vesseld he water depth requirement also limits

the tow-to-port maintenance strategy, which is only viable if sheltered waters at a sufficient depth
are available close by. Therefore, heavy lifting at sea is expected for major repairs using this
substructure, which will increase operational cst2].

The standard mooring option for spars is a catenary mooring system, which is a simglestow
mooring using drag embedment anchors and applicable to a wide range of water depths. However,
relatively higher excursions amdlowed, and the wide mooring footprints require effective subsea
space managemelj22, 23] Due to the low water plane area, cylindric shape, and catenary mooring,
the heave and yaw response have low stiffness andpdiagy which can lead to unfavorable motion
response, impacting turbine performance. A summary of advantages and disadvantages of spars is
given inTable2.

Table2 Generic advantages and disadvantages of Spar type concepts.

Spar Advantages Spar Disadvantages

Simple structural desigacilitates fabrication and

Requires a large and heavy structure, increasing cc
assembly q 9 vy 9

Long draftposes logistic challengesith turbine

Inherentlystableonce it is ballasted integration done in sheltered waters.

Can have large motions, with implications for the

Simple mooring design turbine accelerations and fatigue.
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Figure9 Spar buoy concepts: the O&3ywind (left) tkn from[24]; 5SMW downwind advanced spar (centef25], and
Hywind Scotland (right).

The most notable examplef a classic spar for floating offshore wirglthe Hywind spaproject,
which startedwith the 2.3MW Hywind Demo installed in 20@8d still in operation Based on the
lessons learned in the Hywind Demotine Hywind Scotland projectvas developed in 2017
consistingof five 6MW turbines installed off Aberdeenshifcotland.The project Hywind Tampen is
scheduled to start late 2022, installing 11 spars equipped with 8MW turbines to power five offshore
platforms in the North Seg6].

Within the phase IV of th€®©C3project[24], aHywind spar buoy conceptas adapted to support the
NREL 5MW turbinedwhich was named the O@®wind (Figure 9). An extensive simulation
campaignwith different codeswas carried out for this conceptrom static equilibrium checkand
eigenmode analysjsip to aerehydro-servoelastic response in irgular wavesTherefore, the OG3
Hywind spar is one the most simulated FOW spar concepts.

TheJapanesd&abashimasoto Island projecinstalled a 2MW downwind turbine on a hybrid spar
2013 The design igptimized for lower construction costs by using timdependently manufactured
sections: a top section made of ristiffened steel; and doower section made of precast prestressed
concrete includinghorizontalfins to mitigate yaw responselrhe downwind turbine has the capacity
to passively weathervan7]., which removes the need for an active yaw systeatlucing mass at
hub height at a small turbine efficiency penalfysmaller LOOkW prototype installed in 2012vas
operational for one year, where it was exposed to a severe typhoon ¢28ht This event led to a
series of simulations of the typhoon evenith satisfactory result§29, 30, 31]

The Fukushima FORWARD PrajedudesFukushima Hamakaza,5MW downwind turbine with an
G ROFyOSR & LIBNEhowh hEyirR10.(TRidésign aims tprovide a more compact
design byredudngthe draft at the expense of diameter, while improving its motion characteristics
by adding stabilizing fin@nd heave plateg23]. This project has since been scheduled for
decommissioninglue to low profitability
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Figure10 Advancedspar design of the fukushima Hamkeasteowing underwater section (left) and floating substation
(Fukushima Kizuna) with the advanced spar design being towed to site (rifR).

Another approach is taken Bi/indCrete which minimizes the CAPEX by reducing constmicosts
througha single continuous spar and tower concrete structdieis single continuous structure does
not require any joints between the foundation and the tower, which is often a weak point
susceptible to fatigueThe concrete substructure is gaxcted to have more than 50 years lifetime,

contributing to a lower L&E A 2015analysisestimates al€@® 2 ¥ MHne ka2 K T2 NJ |

using 4MW turbine$33], with a more recent analysis estimating from-MH 1 € K a 2 ROONME NJ |
using 10MW turbines, depending on site selectjdd].This conceptsicurrently being adapted for a
15MW turbine within theCOREWINProject[35].

2.2.3 Buoyancy stabilized floaters

These concepts rely on a large second moment of area to provide the necessary the righting
moment. Thiscan beachieved with a large waterplane area (barge type) or by increasing the
moment arm of the water plane area using column stabilized floaters ¢(sabimersible type)While

there are several developers using sesubmersibles, only a fewurrently pursue the barge type
solution. These concepts often adopt a catenary mooring systeich some type of motion improving
device, such as the damping pool for the barge type Floatgen by ldeol, or water entrapment plates in
the semisubmersibléVindFloat.

Thesemisubnersiblesrely on column buoyancy to provide the restoring moment, which can lead to
larger designs as the turbines increase in size. The hull is often comprised of three to four steel
columns, connected by steel bracekghich requiressignificant weldingat port increasing costs
These larger dimensions can pose some logistic challenges, but the overall low draft and stability
facilitate turbine integration at port and installation without specializes vessels, lowering installation
costs[12]. The lower draft enables operation at shallower watersaking this design feasible for a
wide range of water depthand ports Furthermore, the low draft and transit stability also enable a
tow-to-port maintenance strategy for major repajrwhich can significantly lower operational costs
[12]. Once at site, thesemisubmersibleis ballasted to its operational drafSemisubmersibles
typically have dargearea exposed to wave action, which can lead to sigmifisvave loading on the
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structure, including higher order wave loading effects which cannot be neglg¢t&dL9].

The dimensions of theemisubmersiblecan beoptimized such that its response is outside the wave
excitation frequencyHowever, leave and pitch modes can be challenging, which is afigigated

by adding heave plates or watentrapment plates to mitigate its responséhe mooring system is
usually a simple catenary mooring using low cost drag embedment anchors, which simplifies
installation and lowers mooring costslowever, relatively higher excursions are allowed, and the
wide mooring footprints require effective subsea space managenjg@t 23] A summaryof
advantages and disadvantagesieg inTable3.

Table3 Generic advantages and disadvantagessemi-submersibletype concepts.

SemisubmersibleAdvantages SemisubmersibleDisadvantages

Larger dimensions and complex structure increase

Low draft enables turbine integration at port costs of the foundation

More exposed to wave action, increasing the loadir

Simple installation due to stability at a low draft
on the structure.

Can have large motions, with implications for the

Simple mooring design turbine accelerations and fatigue.

The barge design reBeon a large continuous waterplane area to provide its static stability, as
opposed to the discontinuous columns stabilized approach ofsmmisubmersiblesOne of the
drawbacks of this structure is its susceptibility to the roll and pitch motions. Thus, the barge structure
is better suited forcalm seas. The barggpe structure's advantages are easy installation, no need
for specialized vessels, and high ptdility to a wide range of seabed geologies, implying a low site
dependency

A barge floaterdeveloped by Ideois comprised by aing-shapedfloater featuringa damping pool
inside the ring which counters the wave excitation to improve performance asability. This
concept is unique among other floating wind foundations due tocdampact design andamping
pool feature, which makes notlinear effects important[36, 37] A 2MW demonstrator called
Floatgen was installed in the French Atlantic coast in 2@18econd demonstratonamed Hibiki
Nadawith 3 MW is operating in Kitakyushu, Japawmhere it survived three typhoons sindes
installation in 201g38]. The fist precommercial project with three units with a total of 30MW is
scheduled to start operating 2022023 in the FrencMediterranean Se§39].

A significant number of developers have adopted a sauhimersible design with a catenary mooring
system, of which only a few will be mentioned here. For a broader revieyds@8]
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Figure11 Examples obuoyancy stabilized floater$or wind turbines, top row, from left to right: Floatgen bargd39]; the
OC4DeepCwind floater[40]; Fukushima Mirai[41]. Bottom row, from left to right: one of the three floaters of the
Windfloat Atlantic[42]; VolturnUS prototype43]; and ActiveFloat concefé4].

A notable example ithe Windfloat semisubmersible by Principle Powglt5], which features déhree
column semisubmersible withheave platesan active ballasting systenand issupported ty a
catenary mooringystem A full scale 2MW prototypéWF1)operated for 5 years in Portugal under

the North Atlantic conditions, after which it was successfully decommission&20 he Windfloat
Atlantic (WFA) project Kigure11) completed itsfirst preecommercial offshore floating wind farm

with 25MW (3x8.3MW) installed offshore Portug@lther projects currently being developed with

the Windfloat technology include the Eoliennes Flottantes du Golfe du Lion (EFGL) in the
Mediterranean SeaKincardine Offshore Windfarm (KOWL) in the North S&&re the first WF1 is

now currently installedand the Windfloat Japaj6].

o
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with a 2MW downwind turbine in 201®&hich is still in operation, commonly referred as Fukushima
Mirai (Figurell). This is @atenary mooredour-columnsemisubmersible with three outer columns
and asmallercenter columrwhere the turbine is mounteg41]. In 2015, duringhe second phase of
0§KS Cdzl dza KA Yl Ch w2 K IwlES REONE BISZhy (MadNbishoGeaky IndSiRes
(MHI) was deployed. Thissemisubmersiblehasthree columns connected biwo long pontoons,
which provide enough buoyandgr a low draft floatout from port with the 7MW turbine installed
This semsubmersible has since been decommissiodad to low profitability[47].

The OCDeepCwind serrsubmersiblg40] with the NREL 5MWeference turbing[48] was used as a
benchmark to testimprove, and comparseveral code$49]. The subsequent OC5 project carried
out model testof the same floaterto validate the ultimate and fatigue loads predicted by the
numerical model450]. The numerical simulations showed a consistent trend to underpredict the
ultimate and fatigue loads when compared to the experimental results, as reprodu¢egurel?2. It

was proposed that the differences stem from the hydrodynamic modelling, in particular the low
frequency response outside of the wave exdgatrangethat excite surge and pitch respongg0].
These areas are currently under investigation in the new OC6 proliecte [[51], which focuses on
the validation and uncertainty quantification of theonlinear hydrodynamic loadingvhile also
addinghigher fidelity tools (CF@) the simulation approaches considerfs®]. In fact, higher fidelity
simulations tools (CFD) havmeen applied to the OCBeepCwind sensubmersible to assess
damping[53, 54]or response in wavefb5], including recommendations on how to apply CFD to
floating offshore wind turbineg5]. This large scope of work carried out for the c&epCwind
semisubmersible makes it an ideal candidate for benchmarking simulations tools or methods.
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Figure12 Underprediction trend of the numerical’ 2 R Sefstén&ion for ultimate and fatigue loads when compared to
the experimental results for the OCBeepCwind semsubmersible. Reproducedrom [50].
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The VolturnUS, which has been d@mped by theDeepCwind consortiurfb6] led by theUniversity of
Maine (UMaine), is currently the only floating offshore wind project implemented in the US20rhe
kW 1:8 prototypeis located inMaine and started operation in 2013. Some of the VolturnUS project
developers plan to install a 12 MW demonstration projegc2022 The new project, entitled Maine
Aqua Ventus, is the only recently approved floating project in the US. It will featureb tivdV
turbines using the same floating structure of VolturnlR&cently, a stedbased variation named
VolturnUSS has been developed within the IEA Wind Tas53yto be ablet to supporthe new
15MW offshore reference turbe. A recent report estimated an LCoE under $60/MWhbr the
VolturnUS technology at commercial scii@, 43] If these LOE forecasts are verifieduring the
Maine Aqua Ventuproject, this will be thelowest LCoE faa floating offshore windsolution to date

The ActiveFloat is a concrete sesnbmersible concept developed by Esteyco. The choice of
concrete potentially leads to a durable and cheaper design when compared to steel. This floater is
comprised of three exdrnal columnseach with a heave damping platmnnected by three prismatic
pontoons to a centralconical column, where the turbine tower is installedhe pontoons are
permantelyballasted with sea water, while the external columns are partially filled with water, using
an active ballast system. A catenary mooring system is employed for stationk¢é4ing

2.2.4 Hybrid concepts

Hybrid concepts refer to dams that rely on a combination of the previous stabifitinciples often
taking an innovative approach that does not lend itself to the typical 3&Risubmersible or spar
classification.These concepts canombine in a single floater benefits assied with different
structures, however there is higher risk damncertainty due to the higher degree of innovation
involved.A few conceptgseeFigurel3) will be discussed here, with more extensive disivailable
elsewhere(e.g.[23)]).

TheTension Leg Buoy (TLBhown inFigurel3, is a spar type flater with excess buoyancy to keep
sixinclinedmooring linesunder tension which provide the necessary stabilitfhis approach allows

for a lightweight spar design with lower draffBhe taut moorings provide high stiffness, resulting in
smallerwave excitation response, at the expense of the more complex and costly mooring system
[23, 59] This concept first iteration was in 2005 and is known as the MIT Double Talg&]Ladey
concernfor this concept ighe high mooring and anchor loadscreasing costs and limiting site
selection due to the seabed and deptéstrictions Newer iterations have been proposed, such as
the TLB B witlthe 5MW referenceturbine, whichaddresses thge concerns and is a step forward in

its development[2].

The Swinging Around Twin Hull (SATHgveloped by Saite©ffshore is an innovative concept that
consists of an upwind turbine, installed on a floating platform built in concrete, with a-semi
submerged twin hull to improve stability, andsingle pointmooring turret (SPM)based system
which connects to all moorg lines as well as the power cable. The turret system of the SATH
platform is moored to the seabed through drag anchors and six catenary lines in three groups of two
lines oriented at 120 degrees to each otf§é0]. In August2020, a SATH demonstrator (BLUESATH)
at a 1:6 scale of the 10 MW concept was deployed for an@8th period of testing in open sea
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waters, offshore of Santander, Spain. Unfortunately, this testing period was cut short in November,
when an historic swellapsized the structure. The prototype was exposed tarier waves when it
capsized, which corresponds to a 60 meter wave at full scale. Prior to that it had survived storms with
8-meter waves, which corresponds to 48 meter wave-galile. Considering thprototype was
designed for a 30 meter wave, this was considered a successful demonstrator despite its short
operation time[61].

Figure 13 Examples of hybrid concepts, top row from left to right: TLB conceptual design, sou@ie:BlueSATH
demonstrator; and Eolink demonstrator, sourcg62]. Bottom row, from left to right: W2Power demonstrator, source:
[63]; and Hexicon concept TwinWind, sourdé4].

TheEOLINKoncept, patented by the French company Eolink, consists of asémiersible floater
with 4 columns and an externalsingle point mooring systerwhich isconnected to the floater by
two hawsers The typical wind turbine tower is replaced by four inclined masts, two upwind and two
downwind, which reduce the massdimproves structural resistanceThis allows fothe installation

of larger rotos in amore compact floater, reducing the costModel test results were used to

CKA&a LINP2SOG KFa NBOSAGSR FTdzyRAYy3a FTNRBY (GKS 9dzNRPLISIyYy |y
research and innovation programme under grant agreemen8hsil 59 24



http://ec.europa.eu/research/environment/index_en.cfm








































































































































