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PREFACE

hw9 /1 G1FLdzAE G Aa GKS !''yvYyQa Tl 3aKALdffshBeOdng, avhve 3 & A Yy
and tidal energy. ORE Catapult is playing a leading role in the delivery of the offshore wind sector deal
(partnership between UK Government and offshore wind industry), including the Offshore Wind
Growth Partnership, focused on enhamgithe competitiveness of UK supply chain companies for
supplying into the domestic and export markets. ORE Catapuldénasloped andactivelymaintains

technology roadmaps to eordinate R&D funding and activity across agreed industry priorities. This
provides ORE Catapult with a unique broad and objective perspective on the UK and global offshore

wind industry.

We are an independent, ndor-profit business that exists to accelerate the development of offshore
wind, wave and tidal technologies. Our teafover 200 people has extensive technical and research
capabilities, industry experience and track record.

Through our worletlass testing and research programmes, we work for industry, academia and
government to improve technology reliability and enhanc®wledge, directly impacting upon the
cost of offshore renewable energy. We organise our activities around key areas for future innovation
and developing local Centres of Excellence that will support the transformation of our coastal
communities. Theseraas include:

I Floating wind

1 Marine energy

I Testing and demonstration

I Operations and maintenance

These Centres of Excellence champion innovation in robotics, autonomous systems, big data and
artificial intelligence, balance of plagtespeciallyfoundationsc and nextgeneration technologies.

To date, we have supported more than 800 SMEs, contributed to 328 active and completed research
projects, and supported over 180 companies in their product development.

ORE Catapult Public ii
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EXECUTIVE SUMMARY

The Conwall Flow Acelerator(CFAWwork package 4letailsinnovation in low carbon design and
manufacturabilitythat laysthe groundwork for development of low carbon strategies, across design
manufacturing and operations & maintenand®/ithin thiswork packagethe goal othis specifidask
(task 9 isto analyse the carboimpactof mooring systemsor Floating Offshore Wind (FOW) in the
Celtic Sedo identify opportunitiesin the Cornwall Aredor carbon emissiomeduction THs study
focuses orthe whole life cycle of thenooring systemE A ®S® FNRBY G ONF Rt S G2

The aim of thidife cycle analysid. CAstudy is to conduct a comparison between the total greenhouse
gas (GHG) emissions generatsda resulof the embodied carbon@Q) from the different types of
mooring configurations currently available awi@ntify what potentialcarbon emissiomeductions are
available through optimisation and development

A series of basease mooringonfigurationsare analysedwhich are represendtive of the types of
mooring configuratiors and componentsthat have beerused in FOWrojectsto date. These base
caseconfigurationsincludecatenary, semtaut andtaut systemswith sted chain andsynthetic rope
mooring lines considered/ariation in aher mooring componentsuch as ancharand ancillarieare
alsoanalysed SoecificCeltic Se&OW sitecharacteristicsuch asvater depthand seabedonditions
are used to informthe mooringconfiguratiors. The resultsfrom the carbon LCA for the base case
mooringconfigurationsidentify the keycontributors tothe mooring systentarbonemissions These
findingsare used toinform the second stage of thearbonLCA where aseries of alternative mooring
configurations are analysedand compared to the base casmnfigurations Thesealternative
configuratiors include further development of mooringystem componentsuch asanchor type
selectionandthe introduction of load rduction devices (LRDs)

The results indicate that, for thieasecasemooringconfiguratiors consideredsteel chairrepresents
the highest proportion o€arbonequivalentemissionTeC@e) in the mooring system

The studyrecommend the following key adaptations to the mooring systento reduce carbon
footprint (where applicable)

1 Reaudng and replacingteel chaircontentwith synthetic rope andupportingancillariessuch
as buoyancy, ballast and load reduction devices (LRDs)

1 Transitionngaway fromcatenarymooringconfigurationsto shorter and lightesemitaut and
taut systens.

1 Exploringdifferent anchorsolutions capable ofwithstandinggreater loadfrom the mooring
line with variable direction of loadingo enablea reduction in mooring line material and
overall mooring system carbon emissions.

The study recommends the following key adaptations torttamufacturing and supply chaimocesses
to reduce carbon footprint:

§ Utilisingraw materials and componentaanufactured with recycled ar 3 NBrfatgrials and
clean energygources

1 Reducing imports and transportatiatistance of finished components.
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NOMENCLATURE

AHV Anchor Handling Vessel

CFA Cornwall Flow Accelerator

CoE Centre of Excellence

CQ Carbon Dioxide

CTVv Crew Transfer Vessel

DEA Drag Embedment Anchor

EIA Environmental Impact Assessment
FOSS  Floating Offshore Substation

FOW Floating Offshore Wind

FOWT  Floating Offshore Wind Turbine

FPSO  Floating Production Storage afiffloading
GHG Greenhouse Gas

GWP Global Warming Potential

IPCC Intergovernmental Panel on Climate Change
KPI Key Performance Indicators

LCA Life Cycle Assessment

LRD Load Reduction Device

ORE Offshore Renewable Energy

0&G Oil and Gas

O&M Operations and Maintenance

ROV Remotely Operated Vehicle
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SOV Service Operating Vessel
TeC@e Tonnes of CEEquivalent
TLP Tension Leg Platform
UHC Ultimate Holding Capacity

VLA Verticaly Loaced PlateAnchor
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1 INTRODUCTION

The Cornwall Floating Offshore Wind Accelerator (CFA) is a collaborative research projeeimich

to drive and support the development and industrialisation of floating offshore wind (FOW) projects

in Cornwall and the wider Soutlvest region.The Celtic Sea region has significgrgtential FOW

OF LI OAGe oKAOK OFy KSft L) ( andiodtideddtibitious BOW! targatss b S G
of 50GW by 203(1].

As the demand in offshore wind turbines increases so does the demand for materials and
manufacturing. One of the most important design consideratitorsFOW ighe mooring system.
Additionally, there is now a key industrial drive ilmcrease FOW manufacturingand assembly
capabilitywithin the UKasFOW developerseed to satisfy local contertargetsand the UK seek®
growthe offshore wind (OW3upply chaircapacity acrosgariousregions of the UKThis is particularly
important in areas such as Cornwall where there is potential to support the rapidly increasing number
of renewable energy projects in the Celtic Sea.

Thiscarbon footprint analysigxamines the conventionalmaterialsand mooring configurationsthat
have beerused inearly FOWprojects andwill assess the potential advantages offeredaltgrnative
materialsand manufacturing processeshis highlightswhere new development couldotentially
reducethe carbonfootprint for future FOW projectsFinally, a summaris presentedo assess the
greenhouse gaGHG emissions of the currennew materialsand processes based on prior findings.

The report is structured as follows:

Section 2¢ Provides an overview dife cycle analysifCA methodology the standards and scope
behind the study andetails keyFOW and mooringystem assumptions.

Section 3¢ Provides an overviewf current mooring configurationsusedon pre-commercial FOW
arrays analysesthe Celtic seametocean and seabedonditions discusseshe industry standards
behind mooring desigrandlooks atthe life cycleconsiderations for eactmooring component

Section4 ¢ Provides an overview of mooring é@ranchoring systems, including review mboring
configurations, keymooring components ancillaries, supply chain capability raw material
considerationsaand manufacturing methods

Section & Detailsthe parametersof the selected mooringonfigurationusedfor the carbon LCA

Section & Assessethe carbonemissionf the mooringcomponents anadonfigurations comparing
key combinations tadentify areas of carbon reduction potential.

Section 7¢ Contextualises th&arbon emissiorassessmentpotential reductionopportunities and
their applicability to the UK FOW market and challenge.

Where applicable, the study refers to releva@itshore Renewable EnerffyRECatapultprojects and
deliverables as well as other publicly available sounvbich provide additional detail on the subject
matter. Definitions for specifionooring terminologyused throughout the reportan be found in
GlossaryTable3?2) detailed in theAppendix

1.1 Objectives

The Offshore Renewable Energy Catapult has been tasked with characterising and assessing the GHG
emissions associated with conventional FOW mooring andhoring systems and present the

ORE Catapult Public 1
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potential of low carbon design solutions that could be harnessed throughout the development of FOW
projects in the Celtic Sea region

The objectives of this project include:

1. Calculateghe carbonemissiondrom basecaseCeltic Se&OW mooring and anchoring
configurations

2. Compareresults from baseasemooringconfigurationsagainst possible design changes to
evaluae the impacton carbonemissions

3. Map out opportunities for carbon footprint reduction of FOW mooring amachoring
solutions

4. ldentify anddiscuss futurecarbon reductioropportunitiesrelevantto the Celtic Sea

1.2 Scope

This reportundertakes dife cycle analysis fothe carbonemissions ofloating wind mooring and
anchoring components in the UK. The work presented is intended to provide a best estimate of the
configuratiors for mooring and anchoring systenend resulting carbonemissions Current and
innovatve mooring components and ancillari@swell as processes such msnufacturingtransport

and installatbn are considered Areas of uncertainty are noted, and some alternative cases are
presented.

This report does not make an assertimmthe technical capabilities afertainmooringconfiguratians
andinnovativesolutions, it purely sets out to estimate thearbonemissions associated withooring
componentsfor UK FOW projects and highliglarbonreductionopportunities.

ORE Catapult Public 2
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2 METHODOLOGY

This studycalculateghe carbon emissionfor arange of mooringonfigurationsfor FOWto identify
potential opportunities for carbon emission reductiofihe carboremissionsgenerated from these
different mooringconfigurationsis @lculated usingn LCAwith the resultsmeasuredn the form of
tonnes d carbon dioxideequivalent(TeCQe) produced.The specificmethod used to complete th
LCA included in this projeistdefinedin the following section.

2.1 Life Cycle Assessment

LCA is method used tguantifythe environmental impacts of a project, product, or process from raw

material acquisition to enddf-ft A FS YI yIF ASYSYydT 20KSNBAAS (1y26y |
many uses, such as providing a means to systematically compare inputs and adtpubsprojects,

products or processes, identifying which stages of a life cycle have the greatest environmental impacts,
establishing a comprehensive basseseto which future research can be compared, providing guidance

in the development of new products 2 @SNATE | LINRPRdzOGQa Sy@ANRY
information to decision makers in industry, government, and4gormernmental organizations. LCA

guidelines have been established by the International Organization for Standardisation (ISO) 14040
family of standardg2]

The foundation underpinning any LCA is the datatedto a material or processoperform an LCA

study, it is first necessary to determine the goal and scope (i.e., what is the purpose behind conducting
the LCA and what is being included in the stualy3tated inISCA4040[2]and 14044[3].The scope

must define what the system boundaries are in the study and the Key Performance Indicator (KPI) must
be declared. The aim of this LCA study is to conduct a comparison between the total greenhouse gas
(GHG) emissions generated from tkeenbodied carbon @Q) of the different types of mooring
configurationscurrently available and what potential reductioase available through optimisation

and developmentThese mooring adigurations will consist of a variety ofooringline types anchor
typesand accessoried.he calculation of the GHG emissions is based on the 106yiezal warming
potentials for different GHGs i.e., carbon dioxide, methane and nitrogen oxide, ed iisthe
Intergovernmental Panel on Climate Change (IPCC), and are recortetadiedcarbonequivalent

(CQe). The mass of Gequivalent to mass of material (Teg&)

This study reviesthe Global Warming Potential (GWP) over a period of 100 yearsighane of the
O2YY2yte dzaSR FI OdG2NERX 3ISy S Nifefefit tnoohl gobfiyBayiodsS R | &
includedareNSE @A S SR FNRY (GKS WONI Rt S de¥eralirhifatigrs &nd 6 2 dzy R |
assumptions which are further detailed 8ection5. An LCA is considered a dynamic process rather

than static because usually modetailed information on the product will bgatheredlater duringits

servicelife. This isalsothe casefor componentsincluded in this analysis due to the limited publicly

available manufacturingata. Assumptionsusedfor these limiting factorsare highlighted in section

7.3

2.2 ORE Catapult LCA

The focus of this LCA is to give a comparison betwessi of base case mooringnfigurationswhich

are estimated based on conventional mooring configurations and a variety of optimised
configurationswhich can include different anchor choi¢esooring linematerials and ancillarie3he

results and KPIs will be givenTieCQe with each componer@® emissiondeing identifiableThe term
GOFNb2Yy SYAadarzyaé thekibalsisofsK dza SRS LIKWER dZ3XK 2B F SNS Yy
related to each component or moorirggpnfigurations

ORE Catapult Public 3
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An online subscription database (Ecoinvent) is utilisedalculate the GWP100 for each method,
which reports embodied carbon values for a wide range of materiald arocesses. This database
supplies figures from the IPCC which give the corresponding GWP100 value for each material
proces® ¢ KS &Lt/ / HnAnwmo ¢aredseladndpats tofchlBuldte el eshltgneadbghi
emissions involved durinthe manuacturing processingand installationof the different mooring
configurations.

2.3 Assumptions and.imitations

It is important alessumptions and limitations are recorded and statésghrlyduring an LCAtudy.The
accuracy onLCA is dependent on thevel ofdetailavailableon the componentsand also, the quality
of material match on the embodied carbon database with the material used farahgonent When
a material is not present in the database, and cannot be found tjinditerature review, values from
similar materias are usedThe global assumptions and limitatioinsthis studyare as follows

I Systenoperations and maintenandeas beeromitted from the studydue to theuncertainty
of vessebperating times andack d availabledetailedcomponentmaintenancestrategies

I The decommissioning values have been assuinede equal to the installation emissions
generated

9 All mooring configuratiog included in the study amexpected to withstand the full design life
of the FOW (25 years), therefore no component reinstallaticare assumed.

I The installation timdor each mooring component has beealculated assuming the progses
encounter no difficulties or delays

I Thespecific transportation emissions related to different products have besrtted and
insteada representativaransportation routefrom Asia and Europe to the UK has besed.

1 Welding distancerequired for a Drag Embeddedinchor (DEA and suction bucketwere
calculatedbased orthe anchor footprintand diameter(where applicable)[4]

1 The anchor masses have been calculated usingAB8 reporiiDevelopment of mooring
anchor program in public domain for coupling watlibstructureprogram for FOWE{5]

1 A consistentfuel consumption per hour of operatiohas been assumed for a largeale
Anchor Handling Vessel (AHW) mooringinstallation

I The additionabrocesses related to the different grades of steel chain lRBand R5) have
been excluded from this studys thesteel chain carbon emissions have beatculatedsolely
on their size and mass

3 MOORING AND ANCHORING SYSTEM OVERVIEW

The main function of the mooring system is to provide adequate stkt@@ping capacity to limit the
offset excursion of the floating turbine amsubstructurewhen in position within the arrayThe
mooring system can be thought aé a series of springkat provide stiffness when displacedhich
actby providinga restoring forceThe use of differentooringline materialsand componentslictates
the responsef the mooringsystem tothe FOWTand environment.

ORE Catapult Public 4
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3.1 Mooring Components

With the UK targeting 100GW of installed capacity for offshore wind by 2050, and 49GW of this
capacity estimated to be floating offshore wind, there will be great demand on the supply chain to
provide the windarm components. A study of FOW mooring andl@ring system market projections
carried out by ORE Catapult and First Marine Solutions (FMS) predicted the quantities of mooring and
anchoring system components would be required to facilitate 49GW of installed FOW capacity in the
UK.These are listechiTablel.

With the Celtic Sea 2023 leasing round target FOW capacity of 4GW, there will be sigaifioants
of mooring system components requirefpproximatequantities areincluded inTablel.

Tablel: Market Projections for Floating Wind in the [6K

Parameter UK Celtic Sea.Estimate
(2050 target)[6] (2023 leasing round)

FOW Capacity 49 GW 4 GW

Mooring Line Quantity ~12,000 ~1,000

Mooring Line Length >6,000 km >500km

Anchor Quantity ~12,000 ~1,000

Buoy Quantity >6,000 >500

Clump Weight Quantity >17,000 >1,400

Load Reduction Devices >5,000 >400

3.2 Current MooringConfigurationsfor Pre.commercial Units

Table2 shows a summary of mooring configurations deployed ongu@mmercial FOW projects to
date, this informdion isbased onORE Catapuitharket knowledge gained through various platforms
and some elements may not be wholly accuraferange of mooring desigrese currentlyused,
however, all but one demo project has used a catenary moaamgiguration While catenarymooring
configuratiors usingsteel chainhave beenmost common to date, it is anticipated thadrojeds in
future mayuse moretaut and semitaut mooringconfigurationswith steel wireand syithetic ropefor
the mooring line material.

ORE Catapult Public 5

CFARDCG031-11012023



Task 4 Mooring and Anchoring

23-Janr2023

Table2: Current Precommercial Mooring Configurations

Project Name Location = Typology Turbine (MW) | Developer Depth (m) Mooring Type gg;g:g Anchor Type
Hywind Demo | NO Spar 2 Equinor 2009 220 Catena Chainand | e
yw P q Y steel wire
Hywind . . ) .
Scotland UK Spar 6 Equinor 2017 105 Catenary Chain Suction piles
Nylon
FloatgenDemo | FR Ideol Barge 2 BWIdeol 2018 33 SemiTaut rec;]r:je, 50m DEA
chains
Chain,
. . . HMPE
Kincardine 1 UK Semisub 2 KOWL 2018 70 Catenary rope DEA
clumps
) Chain,
X\{:gg;l:oat PT Semisub 8.4 Principal Power 2019 100 Catenary HMPE DEA
rope
Chain,
. . . HMPE
Kincardine 2 UK Semisub 9.5 KOWL 2021 70 Catenary rope DEA
clumps
Chain,
. HMPE
Tetraspar NO TetraSpar 4 Stiesdal 2021 200 Catenary rope DEA
clumps
Hywind NO Spar 8 Equinor 2022 280 Catenary C_haln and Suction piles
Tampen wire
ORE Catapult Public
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3.3 Celtic Sea Site Conditions

The Crown Estate released its refined areas of search BiOt02022 for the proposed 4GW Celtic
sea leasing rounds, sddgurel. The metocean and seabed characteristics of three reference sites
collated from the North, South and East of the Celtic sea area are detailedie3.

THECROWN
@2 ESTATE

Figurel: Celtic Sea Refined Seabed Leasing Areas and Reference Seabed Site [{cations

The reference site dataascollatedprior to the latest configuration of the Celtic sea leadomations.
However the values are comparable to the latest refined argasterms of water depth and seabed
conditions,and are therefore representative ofareas proposed for developmerAverag@s between
the reference sites have been taken itform mooring and anchoring design specificatifmm the
study. Table3 shows values for the reference sites, d&ias been collated from ORE Catapult GIS
SeabedVapping

Table3: Reference Site Characteristics

Water Depth Average (m) 107.7

72.3 113.5

Bedrock Chalk, Gneiss | Mudstone Chalk, Mudstone

Sand Muddy Gravelly Sand, Muddy Sand, Gravelly
Sand Gravel Sand, Sand

Sediment

3.4 Mooring Design Requirements

The design of the base case mooring systems haey@edominantly based on DNV recommendations
found in DNVGIST0119[8]. Additionalconsiderations are detailed below:
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1. Target overall FOW&tructure excursion limit from the static equilibrium of the unloaded system
to be within 30% of assumed water de(8y.

2. The system footprint, or the overall extent of the mooring system in spatial terms will use a turbine
spacing of @ rotor diameters (15MW turbine).

A For this study a nodirectional spread is assumed, therefore this applies along all mooring
line directions.

3. Operational aspects such as restricting the use of fibre ropes to not interact/touch the seabed,
ensuring techrdal requirements such as anchor uplift are maintained.

4. No snatch loading due to temporary slack in the mooring system. All lines to remain under tension.
5. During installation there will be tensioning required during install and handling of mooring lines.
A All pretensions within 20@800te range allowing tensioning by direct use of vessel winch.

This study includeghe level of detail required to establishrealistic estimates of mooring system
component sizes anduantities The designsre based onindustry knowledge and ihouse ORE
Catapultdesign expertiseThesystemsare estimatedourely to inform carbon emissions analyaisd
are notapprovedmooring systendesigrs for industry use

3.5 Lifecycle Stages

Key areas of consideration feach lifecycle stagere illustrated irFigure2, it highlights the key inputs
and processes analysethelife cycle stagekighlightedin green show what has been included in our
carbon calculations whereas trsgages highlightedn red show what hasnot been included The
justification for not including thdinal two sections igxplained inthe Assumptions and Limitations
(Section2.3).

ORE Catapult Public 2
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Fabrication

Transportation

Installation

Operations&
Maintenance

Decommissioning
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A Lead time
A EquipmentVessels
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\
A Vessels
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J
Figure2: Lifecycle Review
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4 MOORING COMPONENTS AND ANCILLARIES

The mooringcomponentsand ancilhriesused in current=OW projectare detailed in the following
section along withadditional ancillaryequipmentidentified to havepotential for carbon emission
reductionin the system Therelevant processes fahe carbon LCAave beenidentified for each

mooring component and ancillary

4.1 Mooring Lines

The carboremissionof three main types of mooring lirere investigatedn this report
1. Steel Chain
2. Steel Rope
3. Synthetic Rope

4.1.1 Steel Chain

Steel chain is thenog commonmooring line type and has the longest history of use in offshore
environments. Steel chains come in different sizes and strengths to suit a variety of applications, with
chain diameter ranging from approximatelyrafhto 220mm and steel strengthsailable for offshore
application in grades such as grade R3, R4, R5, R3S and K3. There are two fundamental types of steel
chain used; studlink and studlesgudlink chain includes a stud insert which is either pressed or
welded into place across the milgdof the chain link. The stud feature resists kinking and increases
the robustness of the chain, making it suitable for regular reuse in applications such as rig moves.
However, the stud feature has little benefit for permanent mooring application and addecessary
weight to the mooring system. For this reason, the studless chain was developed to simplify the chain
for permanent moorings. It is, therefore, the studless chain that will be analysed in the carbon
emissionsassessmentA typical studlesshain for offshore mooring is shown kigure3.

Figure3: Steel ChaifiL0]

Steel chain can be used in all three sections of a catenary mooring system. It is the most commonly
used linetype at the seabed section because of the additional weight to aid the horizontal loading of
the ground chain, and also because it has strong resistance to seabed abrasion. Steel chain is also
suitable for use in the water column and near the water swfdoe to its bending properties in a

ORE Catapult Public 4
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dynamic environment. However, its use in the water column is limited to shallow waters, as the weight
of the chain in deep water induces significant vertical load into the system.

Due to the common use and significaizes of steel chain in mooring systems for floating offshore
wind, it is important to understand the impact in terms of carlmmnissionsThe typical manufacture
process for steel chain is detail@drigures.

CAROQUSEL (CHAIN MAKING MACHINE)

BENDING WELDING
=i :
BAR CUTTING BAR HEATING DESCALING
S o -
S

._ .
, &
s P (L
=l [k

3. Ultrasonic Insp
- ~
- i Y,
S

} PE—.
BREAK LOAD TESTING e

MECHANICAL TESTS
1.Tensile Test

ZImpact Test

PRE-INSPECTION
1. Visual 1

=
'EW—B
SHOT BLASTING DATA BOOK

PROOF LOAD TESTING SHIPPING

FINAL INSPECTION
1. Link Dimensions

QUENCHING  TEMPERING 2. Visual Inspection  PAINTING
3. Magnetic Particle Inspection

4. Ultrasonic Inspection

Figure4 : Steel Chain Manufacturing Proc&iagram (Adapted)1]

Key Points:
9 Steel chain is fabricated from steel bar, cut to length, bent attape and welded
9 One steel chain link can weigh up to 850 kg
9 Suitable for application in all sections of a catenary system mooring line
4.1.2 SteelWire Rope

Steel wire is lighter than chain with the same breaking load and a higher elasticity. propseties

make steel wire a suitable option for deep water catenryeduce the weight of the mooring line
Despite having the same breaking load as steel chain, steel wire suffers more from fatigue, torsion,
bending and abrasion in dynamic environmentich can lead to failure in the mooring likear these
reasonssteel wire may be unsuitable fehallow watermooring systemsvhere dynamigffects are
typically more prevalent tharin deep water.A protective sheath made from polyurethane or
polyethylenecan beused for corrosion protection to extend the design lfetypical spiral strand steel

wire is shown irFigureb.
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Figure5: Spiral Strand Steel Wif#2]

Steel wire comes in a range of construction types including stranded, typically used for cranes and
lifting equipment, and spiral stranded, typically used for deep water mooring lines. Thesiparad
construction consists of individual steel strands coumteund around each layer, giving a more
uniform axial stiffnessA typical wirespirallingmachineis shown irFigure6.

Figure6 : Wire Spiralling Maching 3]

Alternatives to steel wire in mooring systems, such as synthetic rope, are likely to become more
common as floating offshore wind commercialisation increases. However, alternative materials are
currently less mature technologies, so it is important to uistiend the impacibn carbonemissions
whenusing steel wire in the mooring system.

Key Points:
1 Steel wire is fabricated from steel strands
I One metre length of steel wire can weigh up to 60kg
1 More suitable for deep water mooring application
1 Not suitable fo ground chain application at the seabed
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4.1.3 Synthetic Rope

Natural material ropes have almost all been replaced by synthetic ropes in the Oil & Gas industry,
which offer a more novel mooring line option. Synthetic rope has been identified as a technology with
potential for cost reductions, such as reduced mateaiad installation vessel requirements in floating
offshore wind but requires further development before it becomes can be deployed at commercial
scale A typical synthetic rope construction is showrFigure?.

Figure7 : Synthetic Rope Constructi§¢i4]

Similar to steel wire rope construction, synthetic ropes are woven from synthetic fibre strands and
come in arange of construction types, including spiral stranded and braiddgtpical industrial rope
braiding machine is shown Figure8.
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Figure8 : Rope Braiding Machir{é5]

There are currently several different materials that can be used for synthetic rope, including polyester,
nylon andhighmodulus polyethylene{MPE. The most common synthetic material used for mogr
application is polyester due to itigh strength and high resistance to load and degradation. Having
very low elasticity, polyester does not stretch and is therefore less affected by line tension. These
mechanical properties makgolyesterrope an attractive option for a taut mooring configuration for a
semisubmersible ontension leg platform(TLR substructure Nylon rope hashigher elastitty than
polyeger rope, andtherefore is gootential option forreducing loadn the mooring systemat shallow

sites with more onerous hydrodynamic loading conditions. Synthetic rope isualatiractive option

for deep water floating offshore wind farms, as itéss cost sensitive to water depth than steel rope

or chain

These benefits of deployirgynthetic rope within the mooring system indicate that it will be more
commonly used in floating offshore wind as the technology develops, and it is therefore important to
understand thecarbon emissiommpact compared to the other mooring line types curtly available.

Key Points:
1 Synthetic rope is woven from fibre strands
I One metre length of synthetic rope can weigh up to 50kg
1 More suitable for deep water mooring application and taut systems
9 Not suitable for ground chain application in the sealsedtion
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4.1.4 Mooring Line Emissias

Mooringline selection is primarily down tthe mooring lineconfigurationwater dept, hydradynamic
loads and substructuretype used. Table4 below highlights the key areas influencing the carbon
emissions associated withooring lineghat have been considered for the carbon LCA

Table4 : Mooring Line Emission Summdcpnsidered for thearbon LCA)

Mooring
Line Type

Lifecycle Stage

Description

Steel production typically using a blast furnaci, a C@and energy
Steel Chain | intensiveprocess
This is particularly the cader large diameteisteel bars.

Steelproduction typically using a blast furnace, a C@and energy
intensive activity.

Steelproduction for wire strands is less eneryensive thanfor large
diameter steel bar

Raw Material Steel Wire

The procesof producing synthetic strandsthrough polymersation,

gyént:etlc drawing and stretchingexturing,intermingling and heat settingaCQ
P andenergyintensiveprocess
The carousetquipmentused tomakethe steel basinto chain linksas
.| described inFigure4, is an energyintensive process.Despite being
Steel Chain .
mature technology the conventional carouseprocesscan be C®
intensive.
Wire strandsare woven tocreate a spiral configuration for offshore
Manufacture/ . application.
o Steel Wire . . . . . .
Fabrication Large diameter spiral steel wire rope requires energyintensive
machiney to weave.
) Synthetic strandsire wovento create braidedope configuration
Synthetic . . . . . .
Rope Larger diameterbraided synthetic rope requires enagy-intensive

machinery to weave.

Large diameter chairsioften produced n Asiaand transpoited using
large @argo ships(storing chain loose on degkto the UK which is

;—;Zn; F;?;tl‘l’g?onn Steel Chain | significantly C@and energyintensive.
Installation of the chaimaytake longer due tahe significantweight of
the chain
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Mooring
Line Type

Lifecycle Stage Description

Whilethere is some capacity in the UKrianufacture steel wire strand
and produce braided wire rope, theize andquantity required for
commercial FOWrelies on import from Asia. This transportation
Steel Wire | requireslarge cargo shipgstoring steel wire onreely and is C@and
energyintensive.

Steel wiremooring lines ardypically installed usingAHVsalongwith

sections of steel chain mooring licennected to anchors

Synthetic rope can be produced the UK andn the rest of Europe
howeverthere iscurrently a lack of capacity to facilitatall planned
commercial FOWrojects

Syntheticrope mooring lines are typically installed using AHVs al
with sections of steel chain mooring licennected to anchors.

Synthetic
Rope

Table5 below highlights the key areas influencing the carbon emissions associated with mooring lines
that have not been considered for the carbon LTHkese have been provided for reference.

Table5 : Mooring Line Emission Summary (not adaesed for the carbon LCA)

Mooring

Lifecycle Stage Line Type

Description

Operations activities may include maintenance, monitoring,
possible component replacement. These activities require vey
such asservice operating vests SOV¥ and AHVs to perform
however it is anticipated that minimalperations and maintenanc
(O&M) activities should be required for steel chain as it is mat
and robust technology.

Steel Chain

Operations activities may includ@aintenance, monitoring, an
possible component replacement. These activities require ves
such as SOVs and AHVs to perform, however it is unclear to
extent these activities will be required for sections of steel wirg
FOW projectshased on thdéimited O&M related activities in FOV
demonstrations to date

Operations Steel Wire

Operations activities can include maintenance, monitoring,
possible component replacement. These activities require ves
Synthetic | such as SOVs and AHVs to perform, however ihétear to what
Rope extent these activities will be required for sections of synthetic rq
in FOW projectsbased onthe limited O&M related activitiesn
FOW demastrations to date

The process to remove steel chain at the ericservice will likely
require similar vessel resources to the installation process.

Steel chain has the potential to be reused repurposed, or recy
however the mechanisms and feasibility to do so is not yet cl
The process of recycling steel compois of this magnitude i
currently highly C&andenergy intensive

LTI nInIESallple] Steel Chain
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Lifecycle Stage

Mooring
Line Type

Steel Wire

23-Janr2023

Description

The process to remove steel wire mooring lines at the end
service will likely require similar vessel resources to the installg
process.
Steel wire has th@otential to be reused repurposed, or recycle
however the mechanisms and feasibility to do so is not yet cl
The process of recycling steel wire is currently. @ad energy
intensive

Synthetic
Rope

The process to remove synthetic rope at the endsefvice will
likely require similar vessel resources to the installation proces
Synthetic rope has the potential to be reused repurposed,
recycled, however the mechanisms and feasibility to do so is|
yet clear. The processes to recycle synthetiaterials are in
development, but this is not currently a commercially availg
option.

4.2 Anchors

Developing achoring solutions for floating wind isot as simple aseusingtechnology from the
offshoreoil and gagO&Q industry. Typicallyone or twolarge platforms must be anchoredt a site
and the anchoring makes up a very small proportion of the floating production cestgh can
therefore be designedvith a significant factor of safetyn contrast commercial scale floating wind
will requirehundreds of anchorthat will increaseCAPEXf the mooring system.

Thereare severabnchortypeson the marketwith different capabilitiesdepending on theseabed
conditionsand mooringconfiguration TheCeltic Se&as aseaed of variable hardnessand sediment
types, this creates anchoring challengasd may requirezariousanchor types across the array

Theproperties and manufacturing methodsf the five most commonanchortypesare investigated
below, a diagram of each type can be seeffrigure9:

1. Gravity Anchors

2. Drilled/Driven Pile Anchors

> W

Suction Bucket Anchors

Drag Embedment Ancho(PEAS)

5. Vertically Loade®ate Anchors VLAS
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Figure9: Visual Representation of Anchibypeq16]

1. Gravity Anchors

A gravityanchoris amassof sufficientweightto adequately resist the loads applié@m the turbine
structure, with an acceptable factor of safetyhe heavy dead weighiesistsforce in the vertical or
horizontal direction. The material of the anchor is cheap, but a large amount of materialdedchez®
achieve the demanded capacity.

Figurel0: Gravity Anchor Rebar StructuyrE?]

Gravity anchorare constructedy slip formingconcrete aroundsteel rebar frameworkFigurel0
showsthe stages from front to backThe difference betweethe gravity anchorsveight and its
buoyancy defines the load carrying capac®pncrete gravityanchors require significantly more
material mass than other anchor types to achieve the equivalent holding capacity. However, with
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concrete as the primary material, these anchors can be a cost effective solution and can allow for
qguayside construction.

Key Points:
1 Poorholding value to weight ratio
1 Large volumes of material required
1 Easy to manufacture

2. Dirilled/Driven Pile Anchors

Embedded anchor piles (driven or drilled) aeededfor situations where a large holding capacity is
required. Anchor piles can accommodathree types of mooring configuratiomsvertical tethers,
catenary moorings, and sertaut/taut moorings as commonly used orO&G Floating Production
Storage and Offloadg (FPSPvesselsAnchor pilexonsist of hollow steel pipes that are either driven,

or inserted into a hole drilled into the seabed and then grouted. Installation method is dependent on
the seabed landscape.

Figurell: PileManufacture

Piles are manufactured by rollinges! plate sectionsvhich arethen seam welded, multiple sections
are joined via circumferential weldingigurell showvs an operator removingvelding slagafter an
externalweld passthe pile is on a rollebed which can rotatat a set speed whilst being welded.

Key Points:
I Complex installation proces@Requires custom vessels and equipment)
1 Can be driven or drilled,eppendant on required strength and seabed conditions.
1 High loading capability in all directions.

3. Drag Embedment Anchors (DEAS)

DEAsre buried within the seabed lgulling the anchotowards its indentecconnectionpoint using
aline attachal to an AHVthe fluke sectiorwill be angled whempulled horizontallywhich penetrates
the seabed sediment anembeds theanchor assemblyntil required tension is achievedhe simple
installation methodand mature technologyy' | { S& 5 9! GeHectiieZoption fo©anéhdring
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offshore structures. DEAs are one of the most efficient types of anchors, with holding capaaities
greater than their weightThey are ideally suited to catenary line systems lagake been used across
the maitine industry Theywork to resist horizontal loadingA disadvantage is the uncertairdyound
the security of the embedment.

SHANK

—— FLUKE

Figurel2: Anchor Production Lind 8]

DEA anchorare normally manufacturedin two parts the fluke and the shankDepending on the
design some parts are camtd others ardabricated out of steel plate and weldeldesigns are mature
but DEAsan havemore complex shamewhich catmake manufacturing very manualprocessand
hard to automate

Key Points:
1 Very popular andvell known installation procedures
I Only resists loads in thHeorizontaldirection.

i Designs can be certified for local manufacture when IP is (imewest design often still
under licence).

4. Suction Bucket Anchors

Suction bucket anchors are inverted buckets that are embedded into marinmeedEmbedmenis
achieved througlgravityanda negative pressurereatedby pumping water out.

Suction buckets are manufactured the same way as pile©iowever they generally have a larger
diameter and shorter lengtiSteelplate sectionsare rolled andthen seam weldedmultiple sections
are joined viacircumferentialwelding Figure1l3 shows asuction bucket being manufactured with a
semiautomated column and boom welding system.
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