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DANISH GREEN
TRANSITION

STATUS 2020:

64 % green national electricity
production

50% wind and solar electricity
production

37 % green energy system

2030 TARGET:
100% green electricity production

70% emission reduction

2050 TARGET:
Climate-neutral



EUROPEAN GREEN DEAL

300+ GW offshore wind by 2050

 The EU aims to be climate-neutral by 2050

* An EU strategy to harness the potential of offshore renewable energy
for a climate neutral future

* In order to step up offshore renewable energy deployment in a cost-
efficient and sustainable way, more rational grid planning and development
of a meshed grid is key. In this context, the concept of so-called hybrid
projects has been given considerable attention over the last years.*

Today

ENLERGINET

The future

*An EU strategy to harness the potential of offshore
renewable energy for a climate neutral future.



A POSSIBLE VERSION
OF THE FUTURE

The modular Hub-and-Spoke
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"Sea Wind-Power Hub !
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2033, later at least 10 GW.

:' The Baltic Sea:

;2 GW offshore wind by

" NEW OFFSHORE WIND FARMS
@ ENERGY ISLAND NL, BE, DE
QO ONSHORE CONNECTIONS, ALTERNATIVES



ENERGY HUB CONCEPT
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ELECTRICAL SYSTEM »
DESIGN OF ENERGY
HUBS Pl o it




Electrical system design of
energy hubs

Plan, design and operate:
* offshore power system

landing facilities
interconnectors

Measure every electron out there
Quantify and qualify them

* The energy hub is an extreme version of the future inverter- Sharg data to the highest extend O
based power system. possible
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PROJECT PHASES Two main differences

* Little experience for each phase to build on

: : * The linear process becomes cyclic
Phases are typically mostly based on experience nearp vel

Feasibility Phase Specification Phase Implementation Phase Operational Phase
4 N\ 4 Y
Identifying the needs and
alternative solutions
Specification of the existing Detailed equipment Comissioning
Economical and system'’s properties requirements

environmental impact
comparison of the
alternatives

Operation and
maintenance

\i

Performance requirements Protection and control
for the scheme system settings

Modular expansion of
existing system

Preliminary specification of Simulation of critical events

the selected scheme

Preliminary design studies

I C—— N J N J

Investment decision Awarding of contract(s) Installation on site

Progress m—)
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TOPOLOGY CANDIDATES

The largest decision in the feasibility phase

400 kV 1000 MW
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TOPOLOGY CANDIDATES

Technology features of AC-hub

Technology features: 400KV

* Point-to-point HVDC solution 1°°:°MW oy D sy 1 O—

* Using a bipole HVDC system, loss of : an 525KV {Q}Q
largest unit equals the rating of one pole 1°°:°MW 5 [j} o

* Connection of load, e.g. PtX
plants, directly to AC busbar.
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TOPOLOGY CANDIDATES

Connection to other hubs or countries  Connecting other hubs requires a full HVDC link
* De-coupled hubs by control possible

Offshore Hub A Offshore Hub B
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TOPOLOGY CANDIDATES

Technology features of DC-hub

ENLERGINET

Technology features: 7000 MW

1000 MW

e Multi-terminal HVDC technolo QE="(0) oo
gy “’ +j +525 kV

* Using a bipole HVDC system, loss of largest

vVy

‘ T
unit equals the rating of one pole "’W @ QO =

* Connection of load, e.g. PtX plants, directly
to AC busbar of one HVDC

* For cost-efficient expansion, a multi-vendor | ioomw

framework is required. Q=) —_—
‘.’ ‘ +525 kV
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TOPOLOGY CANDIDATES

e Connecting other hubs requires a DC connection only

Connection to other hubs or countries * Connecting hubs affects all DC-system controllers
significantly
Offshore Hub A Offshore Hub B
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MODULARITY BY DESIGN

“Energy islands should be expandable” Modularity and interoperability

* Multi-vendor interoperability is more than a
technical issue - much more

* Relevant regardless of choice of topology

Regulatory and
legal




MIX OF TOPOLOGIES AS A
LEARNING EXPERIENCE?

,"The Bal#c Sea:
~2-8W offshore wind by
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| I AC I Futur_e
t expansion
sooum e {p el
WF1a | '

|
T
I M : oc| 1000 MW
500 MW ﬁ@—*ﬂ_ 66 KV to Bornholm ] AC DK2
WF2a | T
|
_|_>|< : X X : Future DCCBs
X ACCBs N

|
I oC 2000 MW

} : : P_ | AC XX
500 MW _’J+ I 1GW
I f ac

WF1b

An investment in the future?

a0
og0 W W o s * Both AC- and DC-connected

WF2b busbars could be established?
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TECHNICAL
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To overcome
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HVDC-BASED WIND POWER LANDING

AC hub — specifying a new offshore power system

* Normal operation wet! Ly | HVDC 1
* Normal operation voltage and frequency bands 3 N o
* Voltage and frequency control V e - ]—@—|—
. WPP n el A

e Disturbances @ ST

* The system’s dynamics during events
e Tight coupling between plants — adverse interactions 9 syduonos @@,

HVDC n
. compensator

Grid-forming functionality

oY
Battery| | f\]
e Where to “grid-form”, how to specify? V[N }@_|>
* Influence onshore i N
? |8 VD

* Offshore fast dynamics propagating onshore

e Loss of largest unit — effect of adverse interactions?
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HVDC-BASED WIND POWER LANDING

AC hub — specifying a new offshore power system

* Normal operation - - g HbeL
* Normal operation voltage and frequency bands @ () DN N .
°. Voltage and frequency control o H? =y 4@{%_ %_}@—F

e Disturbances > |
e The system’s dynamics during events } 9
* Tight coupling between plants — adverse interactions ? Speima @{Q} HvDCn

e Grid-forming functionality N N ?
s Where to “grid-form”, how to specify? ? B““””:—%@_@{

* Influence onshore 9 [ EU— it
* Offshore fast dynamics propagating onshore

e Loss of largest unit — effect of adverse interactions?
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HVDC-BASED WIND POWER LANDING

AC hub — specifying a new offshore power system

* Adding rotating mass — good idea, bad idea? - - g HvDEL
= DK
* Protection philosophy @ RHRa—(D "\ N
° i ‘? Gridfom ing v :
Power quality management —_— ;;f N N
* Hub monitoring and early warning early @ STHe—()
prevention systems
e ...and probably many more. % fﬁ;’giﬁﬁ.‘f@@ HvDCn

? :%@{@{ -

? & 0 VHO—
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HVDC-BASED WIND POWER LANDING

DC hub — specifying not yet proven technology

HVDC 1

e Assessment of risk and benefit WPP 1 . Year202XN ___ i
N _ Y ear 202X N N f
* Interoperability of HVDC systems provided
by different vendors C ) = =
. Y "y
* Technical framework { HVDC 2
*  Regulatory framework oy = Year20WN o Grid
ONE: &
*  Multi-country HVDC grids @@:@{@{ }@_|>
* DCgrid control and operation N N
) HVDC 3
* DCgrid codes Y:ZSOZZ = Year 2022-N — Distributed Hub
° | A + y ‘
N ™
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HVDC-BASED WIND POWER LANDING

Expandability

Issues to tackle:

A very weak offshore AC grid requires
HVDC 1

WPP | Year 202X-N closer attention on HVDC and WPP control
= = Grid

Year 202X N A systems
_ _ * Aseries of problems have been
v N encountered
[ ]

Existing solutions are known from
Germany, among others




HVDC-BASED WIND POWER |

Expandability

WPP 1
Year 202X

HVDC 1
Year 202X-N

Grid

Knall auf
hoher See

Rostiom Eiek!m!echm’ker rite
seln: Die Konverterstation eines
Offshore-Windparks schmorte
durch. Sind alje im Bau befind.

lichen Anlagen davon betroffen?

n o1 riesige Kasten steht gyf gelben
Stelzen, misser, i der Nordsee. Dije

A/ Luft in seinem Hauptraum ist rein

wie in einer Chipfabrik. Es herrscht Ubey.

druck, und das auf einer Plattform rung

hundert Kilometer vor Borkum,

Doch am 23. Mz dieses

22 Ubr abends, macht

ruch breit. Der Kunsts

¢

vor noch frohen Mutes gewesen. Endlich
hatten sie alle 8o Windrader des Parks zu.
sammenschalten kannen. Die Dreiflis
dreh; rai

g

lage zu Gleichstrom

e Elektrizitat mjy voller Leistung 7,

den Haushalten am Festland fliefen.

Bard 1 ist der erste jener grofen Off.
Windaar

TRyStE TS

nnen RIChL v
i-Techniker.,
Fur die gesamte Okostrom-Branche ist
das ein Problem, Gerade hatte sie wieder
Ruckenwind Verspurt, nachdem Bundes-
wirlschaflsmjnisxer Sigmar Gabrie] (SPD)
mit seiner Novelle des E; Ener-
ien-Geset: {EEG) die Ol'fshmve-wind-
raft weitgehend verschont hatte,
Dio I

¥esioien kommen zuriick, die Pla-
ne fur Wmdparkpmjehe in Nord- und Ost.-
See werden wieder ausgerollt. Doch mit

ENLERGINET

Eigentlich sofite Bard Anfang Junj wie.
der ?lmm ans Festland liefern, da;

Ursache fur die Misere ist eine Eigenart
der deutschen Ollshom—Windparls: Sie lie-
gen fast alle so weit von der Kuste entfernt,

s der von ihnen C©rzeugte Strom mit her.
kommlicher Technik nicht beim Verbray-

mi

Die Hoch wasserkabe]

encountered

funktionieren aber uber grogere Entfer-
nungen nicht mit der 8angigen Wechsel-
stromtechnik. Die Elektrizi.
L4t muss deshalb mjy Gleich-
Stromkabeln an Land trans-
portiert werdosn

Das klingt einfach_iss aber
aui See ein anspruchsvoties
Unterlangen. Die sogenann-
ten Hochspannungs-Gleich-
strom-

nlagen,

im Fachjargan ayuch kurz
HGU-Anlagen genannt, wer-
er von drej
Herstellern_ el fweir
"boten, und nur Zwei habe
bereits solche Gewerke fur
den Offshore-Einsatz gqp. ro
sachlich gebaut- ABB und
Siemens,

ABB war der erste Anbie-
ter vop Ollshore-HGU-An-

A series of problems have been

' m
Existing solutions are known fro

Germany, among others

Der Spiegel Wirtschaft24.08.2014
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HVDC-BASED WIND POWER LANDING

Expandability

HVDC 1 .
WPP 1  Yew20XN o Issues to tackle:

Year 202 DN DN * All existing issues
C 0 = = * Introducing additional equipment in an
N n

extreme environment
HVDC 2

WPP 2 { _ Year 202Y-N

Grid * Flexible controls and equipment: How
should we invest in an uncertain future?

Year 202Y

CYre=- @
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HVDC-BASED WIND POWER LANDING

Expandability

HVDC 1
WPP 1 _ Yeaw202X-N _ Grid
Year 202X u u
N v Issues to tackle:
: = = * All existing issues
N N
{ HVDC 2 * Introducing additional equipment in an
WPP 2 _ Year202Y-N _ Grid .
Year 202Y N N n extreme environment
@E{Q}{@{ B }@ * Flexible controls and equipment: How
N N should we invest in an uncertain future?
HVDC 3
WPP 3 Year 202Z-N L
YVear 2027 %: e /\/: Distributed Hub
[% w]
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HVDC-BASED WIND POWER LANDING

Expandability

HVDC 1

/

OPEAN;

= = ENERGY

WPP 1

EUR

—_— e
- -

HVDC 2

<
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e
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WPP 2
Year 202Y

!MNWWM

l

HVDC 3

WPP 3

_ Year 202X-N _
"y y ‘

— Year 202Y-N —
[ N D ]
N AN
— Year 202Z-N —
Year 2027 /\/7 /\/7
[ DN w]

Grid

Grid

Distributed Hub

Issues to tackle:

All existing issues
Introducing additional equipment in an

extreme environment
* Flexible controls and equipment: How
should we invest in an uncertain future?

Multi-vendor interoperability at a new
level of complexity



ANALYTICAL TOOLS
AND MODELS e

For electrical design of energy hubs
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Analytical methods
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Open-source
generic models

Vendor-specific
black box models

Platform

Simulation model specification

based on grid code

APPENDIX 1.B ENERGINET

REQUIREMENTS FOR GENERATORS (RFG) —
SIMULATION MODEL REQUIREMENTS

Ths i3 trantstion. I case of

ncis, the Danih version 3pplies.

entso@ ov

Published Regulation

COMMISSION
REGULATION (EU)
2016/631

This
2018631, Requirems

for deae
faclltes and offchore)

defintions of these.

This mema deseribs;

iremens fo stputed simulstion models
sl design and implemenition of stpulated simulation models
ents forstpulated simulation models.
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ANALYTICAL TOOLS AND MODELS

Simulation model availability

Feasibility Phase Specification Phase Implementation Phase Operational Phase
Sre’_ . N e D
Generic models Generic models S 'm.l:ary vendor Vendor specific
ecifi

Identifying the needs and pecitic mOde,S mOde,S

alternative solutions

Specification of the existing Detailed equipment Comissioning
Economical and system'’s properties requirements

Operation and
maintenance

environmental impact
comparison of the
alternatives

\i

Performance requirements Protection and control
for the scheme system settings
Modular expansion of

Simulation of critical events existing system

Preliminary design studies

Preliminary specification of
the selected scheme

I C—— N J N J

Investment decision Awarding of contract(s) Installation on site



Analytical tools and models

All models available Mode| availability issyes

* All necessary models can be specified from the very beginning
* Alimited number of plants, at least in the beginning, makes
other types of analyses possible than for onshore systems.

Plan, design and operate:

offshore power system

landing facilities
Interconnectors
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ANALYTICAL TOOLS AND MODELS

Data and model sharing —an absolute necessity for interoperability
Today

Black-box
Model

Each olant 4 1o detailed EMT model HVDC #1 g HVDC #2 | HVDC #3
* Each plant owner needs access to detaile models
to validate plant performance Ll - -
« EMT models cannot typically be shared between
relevant parties due to IPR (at least it is complicated TSO—public g
and time-consuming) power system
* New system design platforms, enabling data and model Future
sharing, are needed i
HVDC #1 HVDC #2 HVDC #3
* aneedto share models of plant n with plant owner
n+1,2,3,... - T -~

-Closed network

TSO — public
power system QE




ENLERGINET

ANALYTICAL TOOLS AND MODELS

Data and model sharing — an absolute necessity for interoperability

e Each plant owner needs access to detailed EMT models APPENDIX 1B ENERGINET

to validate plant performance REQUIREMENTS FOR GENERATORS (RFG) — SR
SIMULATION MODEL REQUIREMENTS

« EMT models cannot typically be shared between
relevant parties due to IPR (at least it is complicated
and time-consuming)

This is a translation. In case of inconsistencies, the Danish version applies.

A Public version SBN Date:
PHT 13 November 2018

* New system design platforms, enabling data and model oo e

sharing, are needed
* The EMT model must represent all components, control systems
* aneedto share models of plant n with plant owner and protection systems relevant for EMT analyses.

n+1,2,3,..
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ANALYTICAL TOOLS AND MODELS

Data and model sharing —an absolute necessity

* With today's model quality, HIL- and SIL-based
simulations will be needed to support offline
simulations

* HIL and SIL make parallel work by several
vendors possible (and handle IPR -issues)

* Areal-time environment quickly becomes
complex and eventually unmanageable for i
energy hub type systems
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