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 Offshore wind In Europe

 Grid connection concepts for offshore wind
* Energy hubs/islands

* Wind turbines/plants for energy islands

* Bornholm as a test centre for energy island
technologies
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Offshore wind in Europe in 2021

Offshore Wind in Europe

28,333 MW -
Connected to the grid

.' Cumulative

12 Countries

5, /85 Turbines
122 Wind Farms

wWind’

) I
EUROPE ~ *Figures in the map are in MW
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Offshore wind farms map
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Offshore wind farms — large & far

FIGURE 10
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North Sea Summit — Esbjerg, May 18

Havvindsatsning i Nordsgen

| forbindelse med et topm@de om havvind underskriver
regeringslederne fra Danmark, Tyskland, Holland og Belgien
. en erklaering om at seette turbo pa udbygningen af
N Orth Sea Summit havvindmgller i Nordsgen og udbygge mindst 150 GW i 2050.

e President of the EC Ursula von der Leyen
German Chancellor Olaf Scholz Z:a;(,f;;n:nﬁa:wn
Dutch Prime Minister Mark Rutte hi20s0: 25 e

Belgium Prime Minister Alexander De Croo

Plan for det regionale

. . . . samarbejde mellem
e Denmark Prime Minister Mette Frederiksen Danwark, Tysktand,
Holland og Belgien
Ar2030: 65 Gigawatt
Ar 2050: 150 Gigawatt
150 GW by 2050

(+ UK 100GW and NO 40GW)

TYSKLAND

KILDE: STATSMINISTERIET
GRAFIK: ANDERS THYKIER
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North Sea Summit 12/9/2022

* Belgium, Ireland, Denmark, France, Germany,
Luxembourg, the Netherlands, Norway and
Sweden

* The 9 countries pledged to build at least 260 GW
of offshore wind by 2050, with intermediate
targets of 193 GW by 2040 and 76 GW of
offshore wind by 2030.

Ministers and top officials from the 9 “North Seas” countries and the EU Commission met in Dublin today. That’s
Belgium, Ireland, Denmark, France, Germany, Luxembourg, the Netherlands, Norway and Sweden. They adopted
a declaration with ambitious new volumes for the expansion of offshore wind. They discussed how exactly to
deliver those volumes, with a special focus on how to strengthen Europe’s offshore wind supply chain.

Source: windeurope.org
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The Baltic Sea Energy Security Summit
Bornholm, August 2022

e Denmark and its neighbours around the Baltic Sea,
Sweden, Finland, Germany, Poland, Latvia,
Lithuania and Estonia, signed a declaration on 30
August that aims to rapidly expand their offshore
wind power capacity.

e The ambition is to have 19.6 GW of offshore wind
capacity by 2030 — a sevenfold increase compared
to the current 2.8 GW.

e The substantial potential for offshore wind power
in the Baltic Sea basin, reaching up to 93 GW

Source: State of Green

Thursday, 15 September 2022 DTU Wind and Energy Systems ESIG Webinar 9
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Grid connection concepts
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Grid connection system

HVAC HVDC

Wind farms [

Offshore
AC substation

Offshore
AC substation

Onshore AC
5| substation with
reactme
compensation

Onshore HVDC
converter station

g e 3 SO
1\\ A e
Source: ABB
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Grid connection HVAC

HVAC

HVAC with compensation

Main components of HVAC transmission system Offshore HVAC Offshore Trarnsformer  _ Offshore Turbines
Booster Station(s) substation(s)  Accommodation
Turbines Platform
\~
Onshore
xisting Orshiore:  Or3hor \
National Grid HVAC R — =
Substation Substation Station

Transition Y.
P . Joint Bay

Overhead
Line HVAC HVAC

Onshore Onshore Interconnector cables
Export Export HVAC Offshore Export Cable HVAC Offshore Export Cable Array Cable
Cable Cable

Datum: ETRS89 ~
Projection: UTM32N —
] 25 Snm
[ SR © Vaserrar wind Fomer L 2016
‘Contans data vom the Danen Geoda Agency, D200, May 2016

Products Licence No. 042016_0010.
NOT TO BE USED FOR NAVIGATION
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HVAC with compensati
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w2200 | | andcabieffeattel. - ch]
. 1= s = T J J 58 wind turbin
« Interlink cables i L | A @ osins
» Mid-point compensation (extra platform E}}_ fa Et i 2
. ] Land cable Kbl { ncear '2
« Compensation units: i e Wi
] _}_ _1_‘ 1 220/34kV @
— Passive - shunt reactors dbmarine  sub i
. —]—h‘—" —}Lalnd cable fl fcable| c @ &8 viliid tiirblias
- ACt|Ve - STATCOM s 1 - { 220/34 kV @ 12 strings
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%

HOWO1 reactive

HOWO1 onshore substation : ;
compensation substation

X HOWO1 offshore substation
Substation

Source: Active Filtering in a Large-Scale STATCOM for the Integration of Offshore Wind Power - Lehmann et al
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Grid connection HVDC
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HVDC Hybrid

Sandbank DanTysk

HVDC offshore wind farm
connections in the North
Sea

Butendiek Ishej @ 4 ‘

"""" Denmark

o Bjaverskov Q:,

|
/Y\

Krvegérs Flak

Amrumbank
West

Nordses st i Baltic 2 (DE)
=
Tr;:;lzé;"WmduArk Borkum Baltic 1 (DE)
Borkum Rifigrund 1 f
Borum Ao 2 \ 2
Oftshore-Windparks: R
" ®
= e
L — B Germany
— Bt %
Source: ; SRR = Bentwisch
TenneT o U ® o
NL
= KRIEGERS FLAK - COMBINED GRID SOLUTION
CGS project (interconnector) ® 400 kV substation (AC) ® 150 kV substation (AC)
® Converter station (AC/DC) 220 KV substation (AC) 220 kV cable

— 150 kV cable
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VSC HVDC transmission
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Grid connection - Hybrid

Ishoj

Kriegers Flak - Combined grid solution: Bjceverskov o
« Connecting offshore wind to the shore
« Connecting two countries
« Connecting two markets ‘CGS Kriegers Flak
- Connecting two synchronous areas )

N
\3/

N

S %

> @

¢

OWEF Baltic 2

OWF Baltic1

Exclusive economic zone (EEZ)

12-seamile-zone/coastal waters

Cable routes (schematic):
—— 150 kV grid connection in operation
------ 150 KV grid connection in planning stage
------ 220 kV grid connection in planning stage

Riigen

Lidershagen
150 kV substation in operation

220 kV substation in operation

380 KV substation in operation

400 KV substation in operation

150 kV offshore substation in operation

220 kV offshore substation in planning stage

AC/DC-converter
Offshore wind farm under construction
Offshore wind farm in operation

(JSiedenbriinzpw

¢l e@000O0
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Offshore grids/islands/hubs

Thursday, 15 September 2022 DTU Wind and Energy Systems
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m— We need to connect 200 GW from
= Where do we need to go? the north sea

o
o

Ambitious goals

=2 Assume 5 GW links

FIGURE 3

» 300-> 450 GW of offshore wind by 2050
— +/- 35 GW of wind offshore installed to date .
(2/3 in Europe) jz 2050 vision:
— 100 GW by 2030
— North Sea: 200 GW by 2050 ﬂoigpsrq\y

— Solar will see similar developments

» Offshore requires massive investments (EC.:
2/3" of 800 Billion by 2050)

« Meshed HVDC grids are the only realistic
option:
— Connections are increasingly further from
shore

— Needs to be integrated in the existing
system (hybrid AC/DC)

— Towards new backbone grid

s
Atlantic Ocean

Source: Prof. Van Hertem Figure: WindEurope

Thursday, 15 September 2022 DTU Wind and Energy Systems 23 :
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- HVDC links in North Sea (all P2P) SR
« For "only” 28 GW offshore wind
: L — Sweden
\
{ e =
\ i B
\'\ @v’l
\\ _ahe
2% \ oy
4 A = ‘o,
*"\\\\ ey YFUaoghaamet-w 00 -
ireland " B .95 0o o
Kingdom Germany

4N-tiicriands = Need to change the paradigm towards
multi-terminal offshore grids & hubs!

Friday, 30 September 2022 DTU Wind and Energy Systems WEM 2022 Seminar 19
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« Baltic Sea — on the existing island of Bornholm
* North Sea — app. 80 km from the west coast of Denmark

North Sea Energy Island - 10 GW

Friday, 30 September 2022 DTU Wind Energy Wind Energy Denmark 2021 20
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Energy islands

- u North Sea
elia

-~ Wind Power Hub

Princess Elisabeth Zone
ENERGY ISLAND AND

WIND CAPACITY UP TO 3.5 GW '

— First offshore wind energy zone
2.3GW INSTALLED CAPACITY

-
T
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ay =

Tl
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NEMO L INITED
THE
ORTO

T

A
|NTERCONNES NATURA2000

':.unnun
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Ostend

¢ r o\
A, skt r
Bruges The modular Hub-and-Spoke concept is a technically feasible solution ’.
that can adapt to specific design requirements. The consortium is well #
placed 1o develop, build and operate Hub-and-Spoke projects.
tyconnection point 10 gower comversion o End User
annestion goint

110 Eiect mnectio

H2connecten
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Optimized wind turbines/plants for energy islands
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Optimize wind turbines/plants for energy islands

e Grid codes for wind parks “‘ -

Requirements imposed by the power system operator
that ensure stable operation of the power system

o Based on power system characteristics

Onshore power system

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems
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Optimize wind turbines/plants for energy islands

e Grid codes for wind parks “‘ -

Requirements imposed by the power system operator
that ensure stable operation of the power system

o Based on power system characteristics
= Require additional equipment and controls
= Every wind park has to comply

= Results in higher cost and/or nonoptimal operation

Onshore power system

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems
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Optimize wind turbines/plants for energy islands

e Grid codes for wind parks : “‘ <

Requirements imposed by the power system operator
that ensure stable operation of the power system

o Based on power system characteristics
= Require additional equipment and controls
= Every wind park has to comply

= Results in higher cost and/or nonoptimal operation

* Currently in DK:

Onshore power system

= All wind parks, on- and offshore, are directly
connected to the onshore power system

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems
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Optimize wind turbines/plants for energy islands

v

* Energy Island: <

Energy Island " I = ‘ b
o
o
. ¥
3
O

(4
Onshore power system |
LD
. E

—

HVDC

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems ESIG Webinar 26
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Optimize wind turbines/plants for energy islands

v

* Energy Island:

= HVDC decouples the offshore from the
onshore system

Energy Island - \5

. HVDC D 7

Q
@

Onshore power system

Offshore power system

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems
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Optimize wind turbines/plants for energy islands

v

* Energy Island:

= HVDC decouples the offshore from the
onshore system

= Onshore HVDC converter establishes the
connection to the power system Energylsland

> Responsible for grid code compliance

Onshore power system

Offshore power system

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems ESIG Webinar 28
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Optimize wind turbines/plants for energy islands

v

* Energy Island:

= HVDC decouples the offshore from the
onshore system

= Onshore HVDC converter establishes the

ConneCtion tO the power SyStem Energy Island !
> Responsible for grid code compliance i
= Offshore system has different a 0@

characteristics and different needs

Onshore power system

Offshore power system

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems ESIG Webinar 29
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Optimize wind turbines/plants for energy islands

v

* Energy Island:

= HVDC decouples the offshore from the
onshore system

= Onshore HVDC converter establishes the
connection to the power system

> Responsible for grid code compliance

Offshore Wind [

= Offshore system has different
characteristics and different needs

= Task: Define new grid code requirements
for wind parks connected to energy
islands

= Potential for cost savings due to reduced
equipment and optimized operation

Onshore power system

Slide: Daniel Miller, DTU

Thursday, 15 September 2022 DTU Wind and Energy Systems ESIG Webinar 30
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Bornholm as a test centre for energy island
technologies
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= Bornholm as atest centre for energy island technologies
* Energy Island Bornholm:

Vision for Bornholm som Nationalt Center for Gren Energi, der i krydsfeltet mellem teknologi,
innovation og erhvervsudvikling vil udbygge Danmarks gronne fareposition

" BornhOlm Will be the fi rSt ever energy Bornholm etableres som @rstersgens
island

grenne transporthub, hvor skibe tankes 7 5 e
med grenne braendstoffer produceret med

Power-to-X (PtX). : Vider?udvikling af Borni:]olm som Europas forende
. . . . . testo for intelligente og fleksible energil@sninger. Der
= Inhabited island with existng gang for il energ
infrastructure

skabes nem adgang for virksomheder til energi-, loT-
og datainfrastrukturer som etableres i projektet.

...........

R o > & : Etablering af et levende hus i Renne Elveerk med
] AI r p O rt’ fe r ry’ p O rt’ etc. ______ y ' _____ : innovation, samarbejde og erhvervsudvikling for
= Accessibility derisks testing of new

virksomheder, forskere og studerende og som er et

' 1 synligt varetegn og internationalt fremvisningssted
Pt N ; : i for grenne energilgsninger.
- ) "
e o :
l t M o~ -~ E

Etablering af et Residential College i det levende

Energisystem med 100% hus - et lzerings- og udviklingsmilje hvor forskere
/ I8 & Ved"afeﬁnde energiiel ; og studerende kan tage ophold og samarbejde
!/ & bt g hernvarme d iveerkszettere og etablerede virksomheder.
’ PR Udskibnings- og med ivaerksee 9 .
n LO Ca l p OWG r SySte m pa rt Of t h e e n e rgy & R servicehavn for Over tid udvikles det til et egentligt inkubations-
. ’, . FRN vindenergi i @stersaen milje.
Island ’ L4
g L : & Der etableres en Innovationshub med fokus pa et nyt
,’ 5 i si iy ; erhvervsekosystem inden for gren energi. Dette faciliterer:
/ ok a g I 1) eksisterende virksomheder pd Bornholm,
,’ 1‘ ESP SN LS & 2) tiltrekning af nye (iszer internationale) virksomheder
; i i ri: ~ ‘i i" til Bornholm, der ogsa kan veere traekkraft for A A
gy T oa : ' udviklingen
i A 4 i & A b 3) startups, som slar sig ned pa Bornholm. AA A A
&b g PR
LS d i A kg Ak A A A
i 2 EN N
Bornholm etableres som verdens ferste Energie med 2-3 GW R S
5 P
offshore vindkraft og el-forbindelser (HVDC) til Sjeelland L j; i i LN b Rk bk A
og Tyskland. Desuden er der et potentiale for videre Aok Yy & Ay
vindkraftudbygning i @stersgen pa gigantiske 93 GW. & A& & 1 N j: ‘if; ;*; ke ﬁt" > }’ x kA
Bornholm har unikke erhversudviklingsmuligheder i ‘5; Ak onon g A )33 Gw Il-lavvmdpotentlale}a A
knyttet til denne udvikling bl.a. omkring test og . i & i bk | @stersgen
demonstration af energig-teknologi, underlever- AoA A b
Slide: Daniel Muller, DTU

anderindustri, udskibningssted og servicehavn.

LN NP NI NP N N NN N
Wind and Energy Systems
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Bornholm as a test centre for energy island technologies
Energy Island Bornholm:

Vision for Bornholm som Nationalt Center for Gren Energi, der i krydsfeltet mellem teknologi,
innovation og erhvervsudvikling vil udbygge Danmarks gronne fareposition

- BornhOlm Will be the fi rSt ever energy Bornholm etableres som @rstersgens
island

grenne transporthub, hvor skibe tankes 7 5 e
med grenne braendstoffer produceret med

Power-to-X (PtX). : Vider?udvikling af Borni:]olm som Europas forende
L L L M M testo for intelligente og fleksible energil@sninger. Der
= |nhabited island with existng gang for il energ
infrastructure

skabes nem adgang for virksomheder til energi-, loT-
og datainfrastrukturer som etableres i projektet.

B st
= Airport, ferry, port, etc. X

' Etablering af et levende hus i Renne Elveerk med
e & :

______ gy TV innovation, samarbejde og erhvervsudvikling for
= Accessibility derisks testing of new

virksomheder, forskere og studerende og som er et

' 1 synligt varetegn og internationalt fremvisningssted
a - -t H ; H for grenne energil@sninger.
l to OCE»’ : '

__________ Etablering af et Residential College i det levende
- Energisystemmed 100% hus - et lzerings- og udviklingsmilje hvor forskere
e I8 & Ved"afeﬁnde energiiel ; | i og studerende kan tage ophold og samarbejde
7 A — og flernvarme : & ' : :
/ I & Udskibnings- og ' ] : med ivaerksaettere og etablerede virksomheder.
u I—O Ca l. p OWe r SySte m pa rt Of th e e n e rgy & IS 3: servicehavn for :@: :: Over tid udvikles det til et egentligt inkubations-
iS la n d ,l . ,3'1 s vindenergi i @stersaen R — ) — 1 milja.
’ PR
g L i“ & Der etableres en Innovationshub med fokus pa et nyt
,’ 5 i si ﬂ; ; erhvervsekosystem inden for gren energi. Dette faciliterer:
/ P i sy £ 1) eksisterende virksomheder pa Bornholm,
,’ : ESP SN LS & 2) tiltrekning af nye (iszer internationale) virksomheder
’ iy i ri: - ‘i i til Bornholm, der ogsa kan veere traekkraft for A A
¢ B h | I I I : Ap et L ; udviklingen
O r n O a S a te St Ce nt re . i A i i & 23 GW Havvind 3) startups, som slar sig ned pa Bornholm. }}n ﬁm ﬁu 2:,
&k Ak
. . L Ao oa PN S N NS
IR ‘
1. TeChnOIOgles can and W|” be tested due tO Bornholm etableres som verdens ferste Energie med 2-3 GW RS i i i:_ N
. . . . offshore vindkraft og el-forbindelser (HVDC) til Sjeelland L j; o S
BornhOIm belng the f| rst Of |ts klnd og Tyskland. Desuden er der et potentiale for videre PN ‘if i & :’: N N N N W
vindkraftudbygning i @stersoen pa gigantiske 93 GW. & A~ & ;4 j: ,5; ;*; . . I
. Bornholm har unikke erhversudviklingsmuligheder & & &5 o 0 G0 93 GW Havvindpotentiale
2. Development Of d dEd |Cated test ce ntre knyttet til denne udvikling bl.a. omkring test og ‘i i i,: Ak A S i @sterspen PP
. . . demonstration af energig-teknologi, underlever- AoA A s
Slide: Daniel MEEN bﬁd ded in the ene rgy is land i nfra structure anderindustri, udskibningssted og servicehavn.
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== Electrical infrastructure of the energy island Bornholm

Offshore Wind Offshore & Island AC system HVDC connections to shore

.....................................
s Eaal o gemmmmRERREERRRaag,, e,
---------
ey ettt R et T ey,

S’panlaeg I Landanlag K
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Slide: Daniel Miller, DTU
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Test centre embedded in energy island

Offshore Wind Offshore & Island AC system HVDC connections to shore
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Main takeaways

« Offshore wind ambitions in Europe are very high & moving towards very
large projects

« HVDC technology is quickly ramping up and is very closely related to
offshore wind (for now)

 “Old” paradigms of P2P connections not good anymore, need to move to
more centralized infrastructure like energy islands and multi-termina
HVDC offshore grids

» Opportunities for “energy island” wind turbines/plants & test centers

ESIG Webinar






