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Executive Summary

The UK Government has set an ambitious target to actaexend40GWhby 2030 of installed offshore wind
capacityasoutlinedA y G KS v dzS D¢camiber201iS fdkab@F10GW in2020; and potentially
rising to 75GW by 205Wased on the Committee for Climate Changeort. The Office for Gas and Electricity
Markets Ofgen) is currently exploring regulatory options to support the development of an offshore grid to
enable the fourfold increase in offshore wind generation by 2080ordinaton oftransmission connectian
linkingoffshore wind generatiomvith onshore griddevelopmentscan foster the delivery of lowost
offshorenetworkswith reduced offshorecabk assetsandreducedonshore construction

High Voltage Direct Current (HVR@nsmissioris suitable forconnection of largescale offshore wind

generation located far from shore comparedatiernating currentransmissionwhich has been usdo datein

Great Britain HVDC is the key technolomsievant to futureoffshoretransmissiordesigns, enabling higher

capacity transmission of power to the onshore transmission system via a smaller number of cables, with much
longer cable distances allowing the infrastructure to be used to pool the pofxs@ral projects offshore onto

a more efficiently designed offshore platform arrangemeantcomparison to cumulative HVAC developments

HVDC has been used for a number of large offshore wind farm connections in continental. Elowpeerthe
GBgrid with its declining system strengtWill presentsignificantchallengesnvolvingsystem contrgl protection
andstability aspects tanetwork operatorsand developers Theefore, TheNational HYDC Centweasrequested
to support workbetween the Offsbre Wind Industry Counciljd€etricity SystemOperatorandall Onshore
TransmissiorOwners, on how tadevelopandde-risk integrated offshore transmission approacheS&mR The
HVDC Centre analysis identiftasee (3) keyrecommendations:

O Integrated offshore transmission is technically feasibéad realisable in the medium term (for projects
that arein technical design stage)ut introduces additional control and protection complexity into the
implementation of offshore designs which would need to be addressed across an equaitjirated
acrosglesign, construction and compliance activity to ensure solutions deliveresdiet The later
integrated solutions are developed, the lower the opportunity to reatissr full benefitsand the
greater risk of technical challenges needing to be addressed post deployment limiting the intended
capacities available in the interim ped;

Integrated solutions can be built incrementallyith anticipatory assets for future extension and

offer enhanced flexibilityandreliability for the offshore project, reduced asset footprints & options to
presentboundary benefits and a lesser impastthe onshore systemand the opportunity for modular
standardised approaches to be adopted to reduce costs and risks in deployment of these schmibns;
Integrated Bipole VSEGHVDC with metalliceturn would appear more cost effectivandtechnically
efficientcompared to HVDC radial monopole solutions, and HVAC offshore sojwtitima reduced
offshore asset footprint, including a more limited offshore cabling requirermamd can offer flexible
operationduring outage conditions

O

@}

Theobjective of theCentre & dydisitioddelived a-fi28€ 2F LYy GSaANI GSR | x5/ 2F7F.
be staged and applied such that these options can inform offshore and onshore transmission system planning
across the onshor&éOs and the ESOhisreport summarises drivers for integrated offshore transmission; status

of HVDC technologies, hifgvel analysis of integrated transmission designs;@uttinestechnical/codes
challengesandopportunities
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Abbreviation Meaning

DCCB
ESO
ETYS
HVDC
LvDC
NGET
NOA
Ofgem
OFTO
OWF
owIC
SCL
SQSS
TO
WTG

HVDQJrcuit Breakers

Electricity System Operator
Electricity Ten Year Statement

High Voltage Direct Current

Low Voltage Direct Current

National Grid Electricity Transmission
Network Options Assessment

Office d Gasand Electricity Markets
Offshore Transmission Owner
Offshore Wind Farm

Offshore Wind Industry Council

Short Circuit Level

Security and Quality of Supply Standard
Transmission Owner

Wind Turbine Generator
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1 Drivers for IntegratedOffshore Transmission

In Great BritainQfgemis currently exploring regulatory options to support the development of an offshore grid to
enable a foufold or moreincrease in offshore wind generation by 2J30. In its role as the technologyorkstream
lead for the Offshore Wind Industry Courn(@WwIC}ransmissiorgroup, the National HYDC Centre Haesen

requested toidentify opportunities for implementation ofintegrated HVDC transmissignlutions, as informed by
but not limited tothe existing onshore and offshore HVDC experieraferencing previously developed technology
readiness assessmentmd as such represent pragmatic options inatireg the 2030ffshore windtargets.

Integrated HVDC solutions require less infrastructure than individual connection solutions, including less offshore
cabling.Being HVDC in nature, such solutions do not have the same technical constraints relatedhtoima

distances of radial cable solutions that are present within HVAC solutions and so offer greater flexibility in how and
where such integrated solutions may bennectedinto the onshore GB transmission systefrhesentegrated

solutions provide increased conrnam resiliencein comparison tandividual projects and offethe opportunity of
additional power flow capacity across tbashore GB Transmission systbynconnecting across a number of

locatiors; providingincreased flexibility and power system benefits allogonshore transmission owners to

consider less extensive networinforcementsto support offshoraransmissiorcapacitythan would otherwise be
required.

In providing thed i 2 2 f ihtégiatedofsAore design capacityghe HVDC Centre analysigh inputsfrom the
OWIC Transmission Grobps considered

O The range of offshore development zone scales across to;2050
O The distances these new offshore projects would be from the coastline of the onshore system, and
O Description ofkolutions which could be appliesithin these zones.

This work does not explicitbonsideroffshore parallel transmission circuit developments, interconnected
arrangements across offshore development zones or HVDC interconnections, however the considerations within th
report may beused to inform such further broader consideration, and do not necessarily preclude use of similar
such toolkit designs as described here.

1.1 Offshoredevelopment zone growth to meet new Offsho/ind Targes

As discussed if2], OWIC has described potential growth scenarios addressing the new targets of wind connection.
The new offshore windschemesdeveloped under these caseshilst principally in the North Seare alsolocated at
transmission distances aDOkm or morgrom the shoreandhave power ratings of above 1000MWigurel shows
examples oExisting and planned offshore wind ardgas.

Project Size (W)

“eh20 (a) 2019

; .
IS
= ,m
{ )
5 e
.

Figurel: ExampleOffshore Wind Areasn GB (a) 2019 (b) 2030.
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Future genarios developed by OWiansmission groujdentify thatthe largest offshore wind growtbetween
2019and 2050 is17.6GWin an offshore areandby 2030 is11.4GWin the samearea. Howeverthe smallest shift
between2019and2050 is 2.5GWih another offshore areaAccordinglywe have developed topologies that can be
incrementally developed across thatnge ommeet an illustrative maximum target level of capacity within that
range.

Electricity connections to GB offshore @farms are typically built by offshore wind farm developers through a
regulated competitive process and then transferred to an offshore transmission owner (OFTO) under the OFTO
regime[3]. Co-ordination of offshore transmission infrastructuceuld deliver ofimal desigis with sharedassets
which occupy less spaceduce community impactsanddeliverboundary capacitpenefitsto the onshore
electricitytransmission operatordHoweverthis would requireappropriateframeworks fordevelopment ofshared
infrastructure staging of incremental build approachasd analysisnd mitigation otechnologyrisksand

interactions

HVDGOWICG001 ¢ Revisior.0
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2 HVDCconnected Offshore Whd Farms

HVDGchemedased on voltage source converters (ViIS@)e key technology fointegratedoffshoretransmission
networksthat can facilitate the connection tdrge-scaleoffshore windgenerationat transmission distances
typicallybeyond100km Offshore HVD€onnected windfarms were pioneered in Germany, by Tennet and there are
currently 9 in operation, 3 in construction, and 2 in plampnivith symmetrical monopole topologyong submarine

DC cablessignificant lengths dDC land caklsandat power ratings up to 900MW]. Figure2 shows the simplified
electrical system oHVDGconnected windfarms.

Offshore Onshore
/ \ Onshore

'/\O H -\ L AC Grid

OV ﬂ gl Sa\
ORI
- /)

Offshore AC Cables
and Subdgation

L L
- T

Figure2: SimplifiedElectrical System dflVDGconnected OffshoréNind Farns.
The lkey components of HVDénnecked offshore wind farms are

O Offshore HVAC collection systecomprising array cableated at AC voltages 66kstepup transformers
for AC voltagesip to 220kV for transmission to for offshore converter, reactive power compensation devices
and possibly harmonic filters to maintain power quality of the offshd@grid.

O Offshoreconverter platforms hosting the converter statian, whichcreatesthe offshore grid AC voltage and
transformsthe alternating currenfrom the offshorewind generation into direct currentransmissionand

O HVDGubmarine and landables: linking the onshore grid to the offshore wind generation; and

O Onshoreconverter gation: to transform the direct current into alternating current for power transmission
into the terrestrial grid.

This first phase of the HVYDC Centre analysis efiated networks summarised in this repoftheHVDC Centre
analysisxplored:

O VSeHVDQonfigurations lased on symmetrical monopole abipole options

Multi-terminal DGsolutionsin comparison tdHVDC links witCparalleling offshore.
IntegratedHVDGsolutionscompliant with theSecurity andQuality of Supply Sandard (SQSSand
Boundary capacity benefif®r onshore Transmission Operators.

OO

Beyond thisthere is geography to consider which informs multi termid®IDC options versi$vDC links with
parallel offshoreACcables Hybrid HYDGschemescomprising interconnectors and offshor&ind connections were
considered out of scope.

HVDEOWIG001¢ Revisior.0
25-06-2020
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2.1 Configuration

AnintegratedoffshoreHVDetwork may bebased orone of the following approacheg¢) HYDC schemes with
parallel offshoreACcables;or (ii) multi-terminal HYDC optiorThissection describes the main HVYDC configurations
considered in the HVDC Centre analysis of integrated offshore networks connecting winddeaosssafshore
zonesat high transmission voltages in the range of £300kV DC to £600kV DC and rated power ¢epefities
above 1000MWAIso, an analysis of transmission losses associatedhdttiifferent configurations of HVDC
solutions with parallel offshore AC cables is considered.

2.1.1 HVDC Links witbffshoreParallel AC connections

In each of theHVDGolutionsconsideredbelow, offshore AC parallel networks are required which may operate
open prefault, but which would be requirgto couple postfault, and which it would be desirable to run coupled as
often as load factors adffshore windgeneration allow.

The scale of AC coupled generation would be limited to 1320MW, corresponding to the maximum infeed loss within
the SQSS for a single famltthe offshore networkThis would be done given the coupled AC networks with limited
short circuit level and ineri would not be expected to ride through an offshore fault without additional significant
commitment in infrastructure and/or additional HYDC and Wind Turbine performance capapities would not

be realisable in meeting the 2030 deployment objective.

A higher maimum loss of 1800MW would enable the designs to be utilised more efficiently in intact operation
without introducing a higher overall loss risk than the maximum 1800MW loss risk that is available across onshore
connections including the analogs HVYDC developments, some of which exceed 1320MW in scale. We would
therefore recommend that this loss risk level offshore should be reviewed in enabling the most efficient future
integrated offshore designs.

O  Symmetrical Monopols: The symmetrical monopoleonfigurationwith offshore parallel HVAC cableas
been used isomeHVDGEconnected offshore wind farms in Germaaiyrated power of up to 900MW and
DC voltages of up to £320kV .O®ereis little orno DC stress on ACaimsformers hence can use
conventionalACtransformeis. Howeverthis configuration regires additional HYDCablescompared to a
bipole configurationto achieveequivalentpowertransfer capabilityand improved redundancylso, it could
occupy more space on offst@platforms due to the DC insulation and clearance requirements within the
valve hallsFigure3 showsthe schematic diagram dafvo symmetrical monopoleto be connectedwith
parallel offshore A€ablesto achieve higher power ratings

Offshore

Onshore
Offshore Wind

Farm (OWF) A kvde GBGrid
{
~O H PN HVDC Export . | A0
/
<O H _| Cable A&B H | AN\
Parallel HVAC Offshore ~  -kvdc " Onshore
Cables Converter Converter
Ofishore Wind Platforms | +kvdce , Staions
‘ Farm (OWF) B _| H
prbc g RNl 8
/ e
LOHIATTS
ORI ; -
kvde [

Figure3: Two ymmetrical monopolesthat can connecin parallelusing offshoreACcables

HVDGOWICG001 ¢ Revisior.0
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O Bipole with third return cable can offer greater flexibility reducedoffshorecable assetompared tatwo
equivalent symmetrical monopaeandimprovedspace savingsn offshore platformsiue to DC voltage
insulation and clearance requirements. Als@ahachieve half capacity operation during single cable or
converter outagebut has dightly higher lossesduringhalf capacityoperation folbwing a single cable fault
due torated currert flowing through the third low voltag®C cabl¢asseenin Table3). Figure4 shows the
schematic diagram of a bipole HVYDC with return cable scharmieh connects two offshore wind farms to
an onshore grid

Offshore Onshore
Offshore Wind wd
Farm (OWF) A -i Hv;C EC — i— GBGrid
— E " xp
Ot P Cable A N
oM
Paralel HVAC Offshore Onshore
Cables Converter LVDC Return Oonyener
Offshore Wind Platforms Cable = Stations
Farm (OWF) B |
P W*E'} HVDC Export ZE?*F |\§\
/ Xp
~OrHefi i H _cabes H \
kvde [

Figure4: BipoleHVDC schemwith third return cable

O

Bipolewithout third return cable:This arrangement does not require a third metallic reteable butrelies
on use of the sea or earth as a return path from the offshore converter to the onshoragpidally this is
not used in GB due to environmental issues lintaedea return hence it dfers limited redindancy during a
single cable faulbn the HVDC cahl€&igure5 shows the schematic diagram of the Bipole HVDC without
return cable.

Offshore Onshore
Oftshore Wind
1

Farm (OWF) A _i +kvdc L
—(.—}.-{-\1 O N HVDC Export
O] I Cable A .
O
Paralel HVAC Offshore Onshore
Cables Converter Converter
Offshore Wind Platforms 1
Farm (OWF) B |
~OMI
. . Kh HVDC Export + | A\\Y \
z! H

~O H CableB (/ |
-kvde

GBGrid

Figure5: BipoleHVDC schemwithout third return cable

2.1.2 Multi-terminal HYDCSystens

Multi-terminal HYDC optionsan facilitate the connection d¥vo or moreoffshore converter platforms (within up to
200km of oneanother) collecting power from different offshore windfarms to shoiidhe HVDC Centre analysis
considered the requirernts for multi-terminal HVDC options, but its advantages over the bipole corfigur with
return cable scheme presented in this report are not obvidire threeterminal schemen Figure6 will require
oversizing of both the HVD&Xportcable(A)andthe onshore convertestation, and also require an additional
offshore HVDC switching platform for hosting HVDC switching and protection devices. This may require higher
anticipatory investmerg compared to the HVDC links with offshore AC parallel connections

HVDGOWICG001 ¢ Revisior?.0
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Figure6 shows an examplfour-terminal DC systerhased on the symmetrical monopole configuration used for
connection oftwo offshore wind farms to an onshore grid

Offshore HVDC
b Offshore Onshore
Offshore Wind Switching Platforms e é
On ¥
Famm (OWR) A —b< = GBGrid

@E
Offshore
Converter
Platforms M
Stations
a Lu H
-+ +
%4. - r&‘ \
T L

Figure6: Fourterminal HYDC connecting two off®re wind farms to an onshore grid

L
J reCEmen %%
H

-kvdc

Onshore
Converter

Offshore
E&F

@
|
(8]
g
T +kvdc

HVDC Export
Cable C&D

-Kvdc

The potential benefit of not building any more offshore cables could be limited by the need for more offshore
converter platforms, additional offshie platforms for HVYDC circuit breakers (DCCB) or DC switchgear and the
potential risk of a single point of failure on the export DC cable or onshore converter station. Also, there will be cost
of DCCBlocated in some cases offshore and so occupying platkpace and weight, but no additional operational
benefit at this stageln approaches that were not the subject of this analy$is example OWFs witf-connection

into Embedded HVDC links or Interconnectors; or offshore hub locations where HVAGkiatdnle will be lengthy,

could be a potential candidate for this muiéirminal HYDC arrangements. These mitdtiminal options could form

the subject of future technical and cost benefit analysis at a later stage.

2.2 Asset Count Analysis

A single symmetecial monopole represents a single mode failure, as a single cable or converter outage will result in
loss of total power transfer capabilipndthis arrangement will not deliver afpoundary capacity benefits to the
onshore transmission network ownetdowever, if two symmetrical monopoleare considered, thefave the ability

to crossconnect atthe offshore ACnetwork between the twoHVDC linkby locating the two offshore hubs close
together to minimise the extent of A€blingand can deliver boundary capacity benefits to the onshore network.

Howeve, thisapproach whilst similar in functionalityith a Bipoledoes not have the same asset benefitfie
symmetrical monopoly arrangement will requideoffshorecablecircuits insulagéd to DC transmission voltage
instead of two such cables plus a metallic return requiring lower insul@iarBipole arrangemeni here are also
indirect benefits relating to the topveight of platform.

Assets associated with each pole of a bipoleless by comparison to those of symmetrical monopole designs as
there is a greater controllability @Cvoltage availatd. It isexpeced thatthis againwill translate to savings.
Therefore, the HVDC centre analysis focused on the use of Bipole witHioetirn solutions for integrated
offshore transmission

HVDGOWICG001 ¢ Revisior.0
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In comparison to the Bipole with return caldeheme multi-terminal HVDC will require:

O Extra HVDCcircuitbreakers(DCCBheeded to ensure losses are contairdigring faults;
O More complexdevicesinvolving moreDGCBsf multi-terminal bipole configuratioiis used
O Same submarine cable size limitations so no additional capacity besuedit
O Increased complexity in control strategf/the multi-terminal system
However, multiterminal HVDdinks maystill be a viableoption, particularly if there is an advantage in constructing
an integrated arrangement acrod#ferent offshore zoneswhere HVDC with parallel offsho®Ccableswas too
expensive otherwiseln canditionswhere alternative optionsexist thesecould be considerefirst before extension
to multi-terminal systems

2.3 Load Factor

Thetransmission infrastructure linking offshore wind generation to the onshore grid is typictylyated at up to
the installed offshore generation capacifihe averagdoadfactor of GB offshore wind farms githin the range of
40%to 70% Figure7 shows load duration curves from GB offshore wind faibis

Load duration curves

RN 9,

Figure7: GB Offshore Wind Load Duration Curve

The average load duration curve from all GB offshore wind farms (see blue tfigeiia7) indicateghe average
load factor was:

O  Above 40% for 46% of the timand
O  Above 70% for 19% of the time

Also,Figure8 shows the average fleet capacity factor of GB offshore wind farms is about 40% if6R019

HVDEOWIG001¢ Revisior.0
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Figure8: Average GB fleet capacity factdBaurce: Crown Estate

Therefore, thesurplusavailable offshore transmission capadtyould be available tbe used for onshore constraint
managementonsistent with the planning levels used within NSTES for peak conditions on the network with
potentially higher still capability availabjearroundto supportoutage planingacross both onshore and offshore
grids

2.4 HVDC Technology Status

HVDGconnectedoffshorewind farms have to date used symmetrical monopoleséalial point-to-point
connections, while on an individual basis is justifiddowever for integrated offshore solutiondipole
configuration gives greater flexibilignd higher capacitiesvhich could reduce the extent of cables required and
potentially avoid the need for HVYDC circuit breakérablel is asummary oftechnology status for voltage source
converters(VSCand HVDGubmarineand landcableq7]-[14].

Tablel: Summary of HVDESCand Cable Technology Status

Maximum ratings per Converter Bipole/Cable Bipole
(except stated otherwise)

Installed Under construction Achievable

Technology

(until 2019) (up to 2026) (up to 2030)
Capacity Voltage Capacity Voltage Capacity Voltage
(GW) (kv) (Gw) (kv) (GwW) (kv)

VSC With overhead lines (Asia) [7] 3 + 500 5 + 800 7 + 1100
Extruded Cross Linked Polyethylene (XLPE) 1 + 400 2 + 525 3 + 640
Cables [8]; [91[10]; [14] [15] (Symmetrical Monopole)

High Performance Not re corde d N/A 2 + 525 3.4 + 600

Thermoplastic Elastomer (HTPE) (N/A)

[11]; [24]
Mass Paper Insulated [12]; [14] 1 + 500 14 + 525 24 + 525
Impregnated
Non -Draining Paper Polypropylene Laminate 22 + 600 N/A N/A 4 + 800
Cables (PPL)[13]; [14]

The analysis presented in this report considers cables and converter technologies rated up to 1.3GW per pole
(2.6GW per Bipole) at DC voltages up td@#6/, whichare achievable by 2030 and consistent with current SQSS
requirements for offshore connections.

HVD@OWIG001 ¢ Revisior2.0
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The first project in supporting the first half of a bipole arrangement, including its metallic return would lead to
considerations of initial anticipatory assutigns of further project development against which the end solution
would be cost optimal.

The maximum scale of HVDC solutions to be deployed in GB will be subject to SQSS requirements, available cable
capacitiesandoffshore platforms. In Germaniargest VSEIVDC radial connection till date for offshore wind is

900MW and 820 kV.There is some but very limited experience of multiple vendor bipole projects onshore. In these
casesa consistent control strategy and sign is used, which does not naturally fit with the current position inVSC
HVDC development and associated IP management, as such it is envisaged that where bipole based solutions wer
utilised, at least in the first instance of integrated solutions belegeloped, each individual bipole utilised would

need to be vendor specific.

2.5 International Experience

Figure9 illustratesexamples of integrated offshometworksin Norway and Germanyhese offshore network
designgely on offshore AC circuits to facilitate shared use of HVDC transmission system for connection of offshore
wind generation in Germarjy] or offshore loads in Norwgl6]. The VSEIVDC schemes are based on symmetrical
monopole configurationThese represent solutions where the two HVDC connections being paralleled with AC
network offshore are from two separatvendors, thereby illustrating that acrosgmmetricalmonopolesthere is no
reason to expect bipole projects to be any different, multiple vendor solutions may be combined, provided the
associated vendor assurance processes are appropriately definechamaged Also,industry experienceon de-

riskingof HYDGQontrol, protection and testingsolutionsfor multi-terminal readydesigqis includingthe Caithness

Moray Shefand projectand multi-vendor HYDGchemes arereportedin [16][17] [18].

(a) Norway - Integrated HVDC for Offshore (b) Germany - Shared HVDC for Offshore Wind
Transmission Application. Source Equinor Farm Connection. Source: TenneT

yre wind farm
in the North

DK

AC 300KV Kérste

B
Moty HVOC LS — m HOC Lght

PHI

Figure9: Examples of integrated Offshore HVDC networks. (a) Norway. (b) Germany
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3 Integrated Network Design
The HVDC Centre analysis explores tise ofBipole HVDC with tern cable and offshore parallel AC caldesigns
that are SQS8ompliantfor connection ofGBoffshore wind generatiomcrosddifferent scalesn the range of 2.6GW

to 10.4GW.

Bipole HVDC with metallic return cable can facilitate:

O

Power transmission from large f&iom-shore offshore wind farms tonshore grids;

Improved boundary capacity for constraint management on onshore transmission networks;
Operation at hakcapacity duringinglecable or converter outage;

Reduced number of HVDC cables, offshore transmission asstgid reinforcement; ad
Potential cost savings associated with delivery of the benefits outlined above

O 0O OO0

3.1 2.6GW Offshore Area Case Study

For a 2.6GW offshore wind generation area, the use of Bipole HVYDC solution with metallic return is aRigysed
10is an illustration of the Bipole HVDC transmission scheme, with VSC stations and HVDC cables each rated at
1.3GW and offshore AC cables with maximum rated capacity of LGW. An example panearitbtion is outlined
across the offshore network.

2.6 GW
Offshore Areaq
HVDC Cable

Metallic return |
able [LWDC) :

0

HVDC Cable

FigurelQ: 2.6GW Bipole HVDC offshore network design

This Bipole HVDC arrangement with metallic return can be built sequentially as:

O

Stage Xsee green area FigurelQ): 1 offshore ectifier; 1onshore nverter; 1fully ratedHVDGubseacable
andl1 LVDGQeturn cable;

With anticipatory LVDC switchgear at offsharelonshore stations;

Stage 4seebrown area irFigurel0): Otheroffshore iectifier, onshore mverter; adjacentHVDC dale and
onshore LVDC cable.

O O

If the two onshore converter stations are located across an onshore transmission boundary, then this integrated
BipoleHVDC schemwith return cablecan deliver between 400MW to 800MW of boundary capacity benefits
beyond 50% othe time to onshore transmission operataas a loadfactor between 70% to 4090 he sequential

build approach described for the 2.6GW Bipole solution can be extetodexamples of other offshore wind areas.
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The tchnical requirements for delivery of bodary capacity improvements are:

O Implementation of switching arrangements at offshore HVAC cable collection system;
O Design, testingnddemonstration of power sharing controls for HYDC converter statiamd;
O Coordinated controls for HVDC links, offshoréAl@\¢ollection system and onshore grid

In terms of the AC and DC protections offshore, gh@posedsolutionsare standardand similar to existingschemes
in Germany and Norwagffshore examples where the AC interconnection is normally op&o,exampleof wide
area control and protectiomonsiderationgequiredfor coordinationoperationacossthe offshoresubstationsis
outlined in[16].

Table2 is a summary of thaigh-levelcomparison of the converter station requirements, cabtsas, availability
andboundary capabilityor the 3 different HYDC configurations using the case of a 2.6GW scheme

Table2: Summary of 2.6GW HVDC Connection Arrangements

Arrangement Converter Requirement | Cable Requirements | Availability Boundary

Offshore Onshore ezl
Platform Station
Bipole with 2 Rectifiers 2 Inverters 2 HVDC Cables Half capacity during single Yes. During normal
Metadllic Return 1LVDC Cable cable or converter outage. operation.
Bipole without 2 Rectifiers 2 Inverters 2 HVDC Cables Half capacity during converter  Yes. During normal
Metallic Return* outage. Zero output during operation
Srvonmentaloonsderations single cable outage.
Two Symmetrical 2 Rectifiers 2 Inverters 4 HVDC Cables Half capacity during single Yes. During normal
Monopole cable or converter outage. operation.

For asymmetricaimonopolebasedHVDGcheme a DCcable or convertefault removes the whole link. Where DC
circuit breakers(DC®9 are usedn multi-terminal HYDGystems only a protected area of the DC circuit is lost, and
other convertors are reinstated within fault clearance timeer a Bipole circuit, a single fault will only remove half
the power transfercapacity, with modern bipole protecticand control enabling monopole restoration within a
similar protection timeframe, whether the fault be a pot®ble or metallic return loss. These arrangements allow
the Bipolewith metallic returnschemeto effectively have a similar topology resilieninecomparisorto two AC
circuits on the ashore systemwithout usng HVDC circuit breaker

Furthermore, analysis of transmission losses for the different HYDC configigréiperformed for the case of intact
operation at full capacity and single cable fault operation at-baffacity.Table3 is a summary of the power losses
in the trarsmission link, excluding the losses in the converter stations.

Table3: Analysis of transmission losses for different HYDC connection arrangements

Intact Single cable fault

HVDC Circuit (Full capacity) (Half capacity)
Arrangement Cable Count  Resistance Total Losses Cable Count Resistance Total Losses
Bipole with Metallic 2 HVDC cables 2*R T 1 HVDC Cable 1*R e
Retorn ] LVDC Cable 1*R 20001°R*12 | ypc cable 1R ke
Bipole without
Metallic return 2 HVDC cables 2*R 1 HVDC Cable 1*R
(Typically nof used in GB due Eqyriy Electrode 0.5°R 200005°R*IA2 ¢ i, Flecirode 0.5%R R
to environmental - -
considerations)

4HVDC Cables 4*(2*R)  2*R*IA2 2 HVDC Cables 2¢2°R)  1*R*IA2
m‘:lz*:;‘g:"'c“' 4HVDC Cables 4*(2.5'R)  2.5*R*IA2 2 HYDC Cables 2*(2.5'R)  1.25 * R*IA2

4HVDC Cables 4*(3*R)  3*R*IA2 2 HVDC Cables 23*R)  1.5* R*¥IA2
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It is assumed that

R is the total resistangeer pole,and | is the rated currenger poleof a fully rated 1.3GW HVDC cable;
Converter losse6.e. conduction and switching$ about0.7% to 1%f rated power peistation[19];

Cable lossess in the range 00.1% to 0.3%f rated powerper 100km forHVDCable[19];

The arrent flow in thereturn pathof a Bipole schemis assumed tde in the range o1%to 2%of full rated
currentduringintact conditionand 100% during haffapacity operatior20]; and

The resitance of earth return is assumed to be half of the resistance of an equivalent LVD206&ble

OO0 OO0

o

The cable losses ambnverterconduction losses typically confiem the resistance of circuits and depend on the
square of the current carried by the circuit (12R). It is assumed that the current flowing in the symmetrical monopole

circuit is half the current flowing in thiipole circuit.

A sensitivity study is perfoned usingthree values of cable resistancper pole(1R, 1.25R and 1.5Ry the
symmetrical monopole system

O For the intact conditioncables losses of thiipole configurationhas a good match witthe symmetrical
monopoleschemein the case of 1R, buis the cable resistance increased.25Rand up tol.5R the cables
lossedue to the symmetrical monopol&ill become higher than the Bipole scheme

O Single cable fault: cable losses of Bipole configuration is slightly higher than the two symmetrical
monopolesin all cases are resistance per pole increases from 1R to 1.5R.

3.2 Case Study o4.4GW and 5.2GW Offshorrea

The integrated offshore analysis presented in Section 3.1 is applied to the case of a 4.4GW and 5.2GW offshore wi
area, which requiréwo parallel Bipole HVDC schemes with a third cdfigurell shows the integrated offshore
network designs for the 4.4GW and 5.2GW offshore wind areas.

(a) 4.4GW Offshore Wind Area (b) 5.2GW Offshore Wind Area

Onshore {‘ Ofshore Olsd'«;vll\
‘ hore Area Calizo Ofshore Ols:}ﬁvzreo

GBGrid _1.1GW \ 220w LIGW 1w

S AC——— GBGrid 1GW 2.66W LI <
DC ™ RE i I*Aiocil , EDC a——
1 [Ac . g
1.56W > ocly)

Boundary Bx:
LF. = Capacity

Boundary Bx: Botndary

LF. = Capacity ==
|
|

70% > 0.66GW
146W 70% > 0.8GW
40% > 1.32GW
40% > 1.56GW Laow |
}-#4 AC SJ
+ AC
1.13%:‘-‘7
i) 1.1GW
o 1.1GW HVDC capacity per converter and cable; o 1.3GW HVDC capacity per converter and cable;
o 1.1GW offshore HYAC cable capacity & switchgear o 1.3GW offshore HVAC cable capacity & switchgear;
o Anficipatory shared assets including: LVDC o Anficipatory shared assets including: LVDC
switchgears & offshore HVAC switchgear. switchgears & offshore HVAC switchgear.

Figurell: Integrated Offshore Network Design. (a) 4.4GW capacity. (BJ3BN capacity.
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Themaximum capacity of HYDC converters and offshore cables (both HYDC and HVAC) required for the 4.4GW
integrated offshore design is 1.1GW (d&gurell(a)), and that of the 5.2GW design is 1.3GW (sgarell(b)).

Both designs could require shared infrastructure for LVDC switchgear and offshore HVAC switchisgddvice
controls.If all offshore platforms are located nearbiiete may be options fahe two Bipole schemes tshae a

single offshord.VDC return cabléut this would requirean additional LVDC cable for connection of the onshore
converter stations. Aan alternative, each of the biople HYDC scheomsgd be equipped with a dedicated LVDC
cable for the return pathThe optimal arrangement of the LVDC cable scheme can be the subject of cost benefit
assessmentAlso, the integrated network can be built sequentially as described for the 2.6GW offshore area.

3.3 Case Study of 7.8GW and 10.4GW Offshore Area

This section analyses and compares the case of a 7.8GW offshore wind area, which will require three patallel Bip
HVDC schemes with a third cahleda 10.4GW offshore area, with four parallel Bipole HYDC schemes.

Figurel2: Integrated offshore network design. (a) 7.8GW offshore area (b) 10.4GW offshore area

The 7.8GWntegrated offshore networklesign coulgotentially offer boundary capacity in the range of 0.8GW to
1.56GW to the onshore networdcross boundary B (seenhkigurel2(a)), andbetween 1.56GW and 3.12GW asso
Boundary D fothe 10.4GW design (sdegurel2(b)),dependingon the load factor of the offshore wind generation.

This integated offshore network deigns can be built sequentialiyng the approaclescribedfor the example
2.6GWoffshorearea (gen in subsectior8.1).
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