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North Sea Energy Hub 2030:
Building artificial islands to cover Europe’s
electricity demand by Offshore Wind
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Energy in DTU

Thermal systems

DTU Wind

DTU
Energy Mechanical
oton solar PV Engineering
Photonics systems
DTU Electrical DTU Energy
Engineering Conversion
DTU Civil
Engineering
DTU Dynamic systems
Compute and smart cities

Building energy, Solar thermal
and District heating

DTU Energy system analysis and

Management | policy
Engineering
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Center for Electric Power and Energy (CEE)

- Established 15 August 2012 by merging two existing units

(Lynbgy + Ris@)

— Among the strongest university centers in s S sy [ B
Europe with approx. 110 employees and 12 L u St
faculty members —— o

 Bachelor and Master programs: Sustainable Energy !

Design, Electrical Engineering, Wind Energy,

Sustainable Energy ... 318 | ANEANEEEN
Infrastructura g é“ Eg % E ‘
NI I S - 50 sk E o
e = (- G | 28 | 2 0= i
* Direct support from: erojocts § g5 3E : ;‘i% i
s g ‘§' ______ iz 3 g
ENERGINET Orsted e |2 VR[] R EL]E [

SIEMENS ~Danfodi S

DTU consistently ranks among the top 10 universities of the world
in Energy Science and Engineering (Shanghai ranking, 2016, 2017, 2018)
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Strong National and International Collaboration

Selected collaboration partners

I

P NAINYANG NORDIC FIVE TECH
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Academic partners:
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gﬁ;ﬁ;::lyde Berkel ey IVERSITY or cHALMERS
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>80 formal partners

Commercial and industrial partners: SIEMENS 4 ,;.“ a "l‘ == ==
ENERGINET Orsted.s  Radius e
1~ ENErGIsForRsynne  Nationalgrid === = Vesias. ... No;:z;
B easconve oansc NIKT
K@BENHAYNS >100 formal partners
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Povw.'er & Energy Society™
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Wind power in Denmark

January 2014:
Danish wind power generation: 63.3% of the electricity consumption

December 21t 2013:
Danish wind power generation: 102% of the electricity consumption

Single hour July 9th 2015:
Danish wind power generation: 140% of the electricity consumption

March 11th 2014:

In 2017 Denmark achieved only 9 MW wind power generated out of installed 4,900 MW

a wind energy world record:
43,4 % of the Danish power

was produced solely by wind :
F e MultiDCYY

Ref.: Energinet.
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North Sea Energy Hub and multiDC:
Controlling the Power Flows towards a Zero-Inertia System

MultiDCW»




=
=
—

I

Three main drivers

« 100% renewables

« 100% inverter-connected devices

« HVDC Lines and Grids

MuUitDCWY
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Denmarkis unique in being involved in
two first-of-their-kind projects

Kriegers Flak: First interconnection in North Sea Energy Hub: First hub-and-
the world to integrate off-shore wind spoke topology for offshore wind
Ishaj Kriegers Flak - Combined Grid Solution

[ ] CGS-projektet
! ® Omformerstation
/ ® 400 kV station
Bjs.varskov © 220 KV station
AN ® 150 kV station
pJoistup Garde || 550 kv kabel
RN — 150 kV kabel

Kriegers Fiak (DK)
~—

r
||Danmark & @

" Baltic 2 (DE)

.'r
Baltic 1 (DE)

;Tyskland J

Bentwisch

MultiDCW
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Innovative Methods for Optimal Operation of : / /
Multiple HYDC Connections and Grids Ao e
« Innovation Fund Denmark Grand Solutions \k 4
. Partners: N T T
— Two neighboring TSOs: Energinet, e g
Svenska kraftnat
— Three universities: DTU,KTH,
Univ. of Liege » ¢ LIEGE université

¥ > Sciences Appliquées
— One major manufacturer: ABB

— Advisory Board: RTE, Nordic RSC

INET = 5%
« 3.5million Euros A 1D D

"l.l' /nnovation Fund Denmark
- 4years; Start May 1, 2017

MultiDCW
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North Sea Energy Hub Feasibility Study (NSEH)

- Funded by EUDP

- Partners:
-DTU
- Energinet
— Dansk Industri

« 2.2 million DKK

- 1.5years e
e

MultiDCW
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Advisory Board - 13 industry members

i

NKT

Siemens
Siemens-Gamesa
Vestas Wind Systems
MHI Vestas Offshore Wind
Drsted
Energy Innovation Cluster
Semco Maritime
ABB
Wind Denmark
Dansk Enerqgi
Haldor Topsoe

MuitDCW
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= The Team

21 persons - 3 countries — 10 nationalities
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What isthe North Sea Energy Hub?
(NSEH)

MuUltiDCWY




Europe has the potential and the need to add significant
amount of offshore wind in the near future

HE

Economically attractive resource potential at the end of 2030

@ Planned capacity @ Required capacity
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2017 2020 2025 2030

Source: Analysis by Ecofys for North Sea Wind Power Hub on offshore
wind capacity additions required to meeting Paris Climate ambitions

Baseline scenario Upside scenario

Source: WindEuro Pe€ https://windeurope.org/wp-content/uploads/files/about-
wind/reports/Unleashing-Europes-offshore-wind-potential.pdf

MultiDCW
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Momentum in Europe and Denmark high

= North Sea Wind Power Hub cooperation
(from 2017)

&2 Port of

" 2Z Rotterdam  (jASUHE
; North Sea

77~ WindPowerHub  emyonneT  ENERGINET

e Danish Government announced that they are
exploring the possibility that Denmark
constructs the first “Energy Island” in the Dan Jgrgensen,
North Sea with at least 10 GW offshore wind by Danish Minister for Climate, Energy and Ultilities

2030

MultiDCW
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Offshore wind development could significantly increase
through hub concept

I

NSEH: necessary to
200 - / achieve the full 180 GW

— potential

=
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: 150 A

% 104

S 100 Hub-and-Spoke concept:

Q@ Hub as an Island HVDC 525kV +

o 54 . Il Innovative A/C Grid Connection Concept 30% |Ower COStS for electrical

g ol 4 u Standalone HVDC 525 KV _ _

T 33 . Bl Standalone HVAC 220 KV Infrastructure Compared with

o 21 . .

- e EEHE KB BN 0 Logacy DC radial connections (AC or DC)
0 _ - Legacy AC

2020 2025 2030 2035 2040 2045

Year

Figure 4 Installed wind power capacity in the North Sea broken down to the different transmission asset concepts for the ICRO approach.
Legacy AC refers to currently operational and planned AC radially connected offshore wind farms. Legacy DC refers for currently installed and
planned DC connected (German) offshore wind farms. The remaining grid connection concepts refer to Table 1

Source: https://northseawindpowerhub.eu/wp- m U ‘JU D‘ W
content/uploads/2017/11/Concept-Paper-2-Modular-Hub-Spoke.pdf
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== North Sea Energy Hub: Wind Power Yield

Wind Speed
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- The NSEH will integrate approx. 10-30 GW of wind (probably closer to 10-15 GW)
- We need several islands to harvest the full 180 GW potential

Data: ERA5, Copernicus, 2016
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Several regulatory and political challenges

« Possible to develop a first Hub-and-Spoke project within the current regulatory
framework

« Timeframe (<2030) ambitious
- Who will pay for the island to be built? International/national waters

« How can wind farm investors use the island facilities? Shall they be shareholders or
lease part of the facilities, or...?

« Shall there exist an offshore TSO? Should we create a new price zone just for the
offshore island?

MuitDCW
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== The Baltic Sea Energy Island
o
Proposal by @rsted A/S
o -
Sadan vil @rsted gere
Bornholm til energio
Oilo Uppsala
! s ) Forste stadie
augest K
9 2 Breb Stocléhalm
anger Fre .
e | Senere udvidelser
PN
Norrkiping
Kristiansan d Linképing
------ Farste stadie
RRcrod s N SVERIGE stramforbindelse
Vendsyssel < Senere udvidelser
o af stremforbindelse
Kebenhavn
Aarhus Q
Copenhagen -"-. Ystad
Denmark L
P Sjmliand  Malmo
Odense
Gd¥nia ......................... 4' _R?nne
Rostock Gd.G‘ k /5\0'
DDDDD ansi
Labeck = /f )
Hamburg o
g aSzczecin
Bremen Bydggszcz
a
= Polanc
Amsterdam Hanover . e;ln Poznan
& a 5 cWolfsburg a
The Haguec Notherlands FEaRY L6
Dortmund 3
5 1L VS TYSKLAND o
- oogle Dresd Wroctaw
Bructels ~~ Cologne Germany s Misp dts £2019 Google, ecBass POLEN

Source: https://politiken.dk/klima/art7512833/Gigantisk-vindmgllepark-ud-for-Bornholm-kan-blive-et-grgnt-gennembrud-for-Danmark

Bornholm: existing Danish island
with approx. 40,000 residents

Area equal to the size of Corfu
(Kerkyra), Greece

1-5GWSs offshore wind farms

HVDC converters on theisland
(Bornholm)

Power-to-Gas on theisland

Connection to Denmark, Sweden,
Germany, and Poland

MuitDCW
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Question #1:

What is the optimal topology for the
North Sea Energy Hub?

MuUltiDCWY
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OASHORE DNSHORE
CONRECTION 1 CONNECTION
AC RADIAL poInT 1’ POINT

Lo - <30 km: 66kV AC

AC HYBRID

DC RADIAL

<80km: 220 kV AC

>80km: 325/525 kV DC

-'I'E\
LEGEND A ss & o e
66 KVACCRBLES ——— 325KV OC CABLES 9% HUAC PLATFORM
5  HUDC CONVERTER STATION ———— 375/575 KU DC CABLES nj% HUDC PLATFORM

MultDCYY

https://northseawindpowerhub.eu/cost-evaluation-of-north-sea-offshore-wind-post-2030-towards-spatial-planning/
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Norway

ACRIng

UK ontheisland

Standard Frequency 50 Hz
Low-frequency AC (16.67 Hz)

\@

Denmark
HVDC | Point-to-point HVDC

sermen NuUltiDCYY

Netherlands
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DCRIng
ontheisland

UK

2SN

Vo Denmark
& HVDC Multi-terminal HVYDC Grid

MultiDCW

NES
Germany

Netherlands
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AC
VSC
> .. N
% orway
But: No commercial HVDC
Breaker yet
UK

Impossible to build a DC grid
without protection

— ™

DSN

Vo Denmark
& HVDC Multi-terminal HVYDC Grid

MultiDCW

NES
Germany

Netherlands
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=2 For now: Focus on the ACring

Challenges and Opportunities

. Zero-inertia AC Ring N %ﬁ‘
— Fast transients "

— Possibly the first real zero-inertia power system in
the world

Norway

ACRIing

UK ontheisland

- How to guarantee N-1security?
— Coordination of VSC converters

Netherlands

Germany

MultiDCW
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Insight #1: Low Frequency AC has a larger stability region and allows longer
distances, but costs and weight of transformers may cancel out the benefits

16.67 Hz

50 Hz

llllllllllllllllllll
I A BB N R R RN NN AR E SRR RN AR R A

+ 16.67 Hz leads to larger Seaa 2 (s

stability region than 50 Hz S S

| : 2 & $ AT DL " ; “ e D OC POy O O DR, n:::m:

But: 1 = [CEEEasssaasan
- The costs for 16.67Hz 3 : |

transformers are 3x higher SEmL DoODOUCCaoCIDCoUCoEU0OUC0CIO00a0000

0.5 % e 000000
, i) 0.5 =€ 0000000000 OOOOOOCOOO00000DD000000000
. ¢ X oo oo e R PP e R e et P
- The weight for 16.67Hz s S s
- . S e b st o ECOTEOOCEO00I 0000000
transformers is 3x higher : : e e e
: : : s
COOOO0CCO00CEY 00000000 X L0
DO0000000CK X 0000000000K D
[’J.( . 2 b ll:::m L LU mm
L []-f lllll: lllllllllllllllllllllllllllllllll =
0 0.5 1 1.5 L 1
P g (ow) 0 0.5 _ 1 1.5
Pwind (puw) ]
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Zero-inertia vs low-inertia systems
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Zero-inertia Low-inertia

Synchronous

Offshore VSC Onshore VSC Condenser AC hub

AC hub _| UK @— Offshore VSC Onshore VSC
~[ = - UK
Vdc Q %—F@{:— -

Q

o
o

dc

O ,
ﬁ _}I
V. Q
. - -/ +—German = —
WPP ) -—3 ~ ? y WPP (QH_ [ [ 2:|Germany
Vdc P! Q \'/dc Q
—(@ )}-=- ——Netherlands = =
O _fZ:l %ﬁ—f@l— @+ _ [ /__—Netherlands
WPP Vee @ WPP P,Q Vo Q
f —8{ E L IDenmark - - | Denmark
@ g :l @-I_ = ___i o~ 4,_'
—(0)=— Vae Q —O==1 PrQ Ve Q
WPP O —3 ~/ +—{Norway WPP OH P gl —{Norway
Vdc 6 P, Q \:’dc Q
Grid forming == Grid following == Grid forming == Grid following

MuitDCW
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Zero-inertia Low-inertia
Grid-forming

Grid-following
Synchronous /
Offshore VSC Onshore VSC Condenser AC hub

AC hub
_@ m,_l UK @— Offslore VSC Onsh;re VSC Uk
f‘; ~[ @l / =
—@—:I— Vdc Q = = i =~ 6
= G — b= PQ Vi
; E | erman = =
WPP @ _f 2? y WPP @+ :___ﬁ 2:|Germany
Vdc P! Q \'/dc Q
— ——Netherlands |©| ©| = =
©-|=|— —@ ﬁZj W Q :———ﬁ ZjNetherlandS
WPP Vee Q@ WPP P.Q Voo @
O —8@% Denmark OH .~ —— ~/ —Denmark
> —» — — | -—>»
- — Ve G M —or—| o Ve
WPP ) —3 ~/ +—{Norway WPP OH P gl —{Norway
~[ '
Vie Q P,Q Vie Q
Grid forming == Grid following == Grid forming == Grid following
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Grid-forming vs grid-following converters

i

Grid-forming %ﬁb Grid-following
Pwind Qwind Pwind Qwind
WPP WPP
R Q.
= i - ——
Converter VIS Converter f
)
Synchronous
generator/condenser

Wind generates the power

Wind generates the power

Frequency generated by the converter Requires synchronous machine (synchronous

Converter acts as a slack bus condenser) to set the frequency
Converter acts asa PQ bus

Convertersets P,Q asly ‘U DC;}»

ConvertersetsV, 6

19 December 2019 DTU Center for Electric Power and Energy -- Spyros Chatzivasileiadis
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Zero-inertia vs. low-inertia configuration

Synchronous
Condense

~"""|AC hub
@— Oﬁsior:e Ve On:h;rjvil »
%ﬁa—lr@l—-:h PQ Ve Q
WPP —|'((2}|~L _ o l—JGermany
. P, Vee  Q
1. N-1security - How should the X — Qi evorens
WPP P,Q Jee Q
converters share the control Y {7} toeman
cy —KO=—{ PO Vo Q
effort to keep the frequency within DU Nty
. . . P, Q Vie Q
limits on the island?
] AC hi&;s ore VSC Ons o;eETUK
2. Which topology can better ] VE‘,C [
. o . =(0)) ” —]Germany
withstand disturbances? "\ —\’Ea’
Wg)=—SN F () ——?= 2:|Netherlands
WPP Vae Q@
=(0)) ” —{Denmark
%ﬁr@: —\g:ZE
/ 2(0)) ” +—{Norwa
WPP ‘—\g:za y

| Grid forming  — Grid following L) C;}»
I Tl L
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Frequency droop

- Frequency droop control for offshore
converters

— Power output reduces as the frequency
INncreases

« Allows multiple converters to operate in parallel

Regulate the frequency of the offshore system

Frequency: f (p.u.)

Af
@ "
@ i

2 T | ic

Active Power: P (p.u.)

MuitDCW
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Regulate the frequency of the offshore system

Frequency droop

- Frequency droop control for offshore

converters

— Power output reduces as the frequency
INncreases

« Allows multiple converters to operate in parallel

— Any power imbalance is shared among the
converters

— Ratio of frequency droops determine the
power output of the offshore converters

- Offshore converters must operate with the

same frequency at steady state

Frequency: f (p.u.)

Af

_f2
4

N

| | >
P, R 0 P

Active Power: P (p.u.)

MuitDCW
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Power sharing strategies in multiple VSC-HVDC

o
o
systems
Equal frequency droops Different frequency droops
AP, = AP,= AP, A f —Vsc, AP, #+ AP, # AP, A f —Vsc,
—\V/SG; —VSG,
—VSG3 —VSG

VSCs share equally any power imbalance in the offshore Different power sharing based on the freq enﬁ%%
system values

DTU Center for Electric Power and Energy -- Spyros Chatzivasileiadis
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Insight #2: Equal frequency droops perform better

Equal frequency droops Different frequency droops

0.9 0.9
— 1 — !
A

0.85 Fl—Pl” 3 0.85 P,
. ( - - -
5; 0.8 F 2 08
= -
S 075t 5 075}
:
é 0.7} é 0.7
S © V\’

0.65 f | 0.65 F |

[]6 L L 1 1 L 1 1 ﬂﬁ M o M M M M o

0 0.5 | 1.5 2 2.5 3 35 -+ 0 0.5 1 1.5 2 2.5 3 35 -+
Time 1(s) Time ti(s)

e Smooth power response — No overshoot Power oscillations between the offshore converters

e Better power quality

MuitDCW
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= Response to disturbances

0.9

0.85

P . (pu)

0.75

0.7

Insight #3: Zero-inertia configuration
preferable for providing frequency

700 MW power request from
one of the onshore systems

Time (s)

support to the onshore grids

Zero-inertia
H‘\ Low-inertia
- \__.‘____.-——‘-_:—
0 1 1.5 2 2.5 3 35

0.7

0.65F

P . (pu)

0.55F

0.5

700 MW wind variation

0.6F

Zero-inertia
—— Low-inertia

\_—

1 1.5 2 2.5
Time (s)

3 3.5

4

Insight #4: But, in a zero-inertia configuration

disturbances propagate faster to the

onshore grids.

MultiDCW
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RMS vs EMT simulations
for low- and zero-inertia systems
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== Synchronous generator-based system
signal processing voltage dynamics frequency dynamics
Grid dynamiCS Fibre optics Network line dynamics WAMS
. ! e ¥ Turbine
Generator dynamics —» AVR & PSS || Governor
E e e E Swing dynam.
| t : —t : : t : : >
10 us 100 ps 1 ms 10 ms 100 ms 1ls 10 s T

[ RMS |

[ EMT )

- Distinct time scale separation between generator and network dynamics
— Able to disregard the state equations describing the network dynamics
— Network and generator dynamics are decoupled under normal operation
- EMT simulations mainly used under fault-conditions (line-switching, short-circuit fault, etc.)

MuitDCW
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= Inverter-based generation systems

signal processing voltage dynamics frequency dynamics
Grid dynamics Fibre optics Network line dynamics | WAMS
Generator é '_ ......................... : Tlll'blllE:
_ > AVR & PSS || Governor
d\/namICS E e e i Swing d}fnam_
Conver'ter — PWM Harmonics Inner control Outer control
dynamics : :
i ; : -t | : + : :
10 uys 100 pus 1 ms 10 ms 100 ms 1ls 10 s T

- Generation-unitsin zero/low inertia systems are too fast
« Overlapping of network dynamics with converter controllers

MuitDCW

[1]: “Understanding Stability of Low-Inertia Systems”, Uros Markovic, Student Member, Ognjen Stanojev, Evangelos Vrettos, Member, Petros Aristidou, and Gabriela Hug

19 December 2019 DTU Center for Electric Power and Energy -- Spyros Chatzivasileiadis



=
—]
—

i

Insight #5: RMS simulations are not enough for zero- and low-inertia systems

Stable region Unstable region
o . . 150 T T T T
« The dynamics for zero/low inertia systems i
are too fast [~ RMS o
100 3 /zooc" —{ e ° o ¢
L |
50 F o % ~
« RMS simulations, such as in Powerfactory, °
cannot capture all instabilities S ¢
@
50 F 0 o
 Need for EMT; but EMT are very 00,1 ¢ ..
. . . " q L4
computationally intensive 100 % e
R 2 10 10 2 30
by
The RMS model does not

capture all unstable modes

MuitDCW
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RMS simulations are not enough
for zero- and low-inertia systems

Stable region Unstable region
150 | T T T
Zero-inertia systems N oo .
1. For what type of disturbances is RMS = EMT 7 o o1 , ¢ °°
still good? sob ,° O —
= of ¢
2. For what phenomena do we need new o
simulation tools”? S0 O e
o, o: * . . .
-100 %o * o
Ongoing work: 0 20 10 l\ 10 20 30
RMS vs EMT: The need for new e
simulation tools The RMS model does not

capture all unstable W&ﬁt ‘ D C }}»
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Planned Next Steps

i

« North Sea Energy Hub as a “Live Lab” at
PowerlabDK
- RTDS: Low inertia vs Zero inertia NSEH
- Use of areal controller for the Synchronous Condenser
- Use of real converters and storage

« HVDC multi-vendor compliance with RMS-based tools

- Determine requirements for HVDC converters in low-
/zero-inertia systems, so that RMS tools capture all
important transient phenomena: Different vendors must
comply with that

™

Coordination of HVYDC (additional multiDC goals)

- HVDC corrective control as a market product

- Hopefully test the most promising functions at Energinet and M ‘U DC}}»
Svenska Kraftnat!
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Open-source models

MuUltiDC
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19 December 2019

Nordic dynamic model

424 buses
80 synchronous machines

2 asynchronous areas

e Opensource (including HVDC models)

e Modeling both in RMS and EMT

 Powerfactory and RAMSES (U.Liege)

DTU Center for Electric Power and Energy -- Spyros Chatzivasileiadis

THE NORDIC TEST NETWORK

LEGEND

®  400-420kVnode
@  300kVnode
@  Neighbouring country

L00-420 kV transmission line
J00KV transmission line
ACinterconnector
HVIC inter connector

ESTONIA

“$™ LITHUANIA

THE ™ POLAND

NETHERLANDS
GERMANY

RUSSIA
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Nordic market model

e Bothfor zonal and nodal markets NORDIC EQUIVALENT
D  PDewmark
. ) & Norway
e @Gridreduction for flow-based market Pi éwlcdaw
. lan
coupling ®  Neéighboring comntries
. . ] —> AC interconmections
— Estimation of the equivalent PTDF = }VDC interconnections
matrix

A. Tosatto, S. Chatzivasileiadis, HVDC loss factors in the Nordic :
Market. 2019. Submitted. https://arxiv.org/pdf/1910.05607.pdf 1) U ‘U DC;»»
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NSEH: Need for Storage?

MuUltiDCWY




@ What kind of storage makes sense for the NSEH?
- Still not clear:
- How much do we need?

- Should it be on the island or at the coast,
distributed in different countries?

- The most popular solution at the moment is
(possibly) a combination of:

-Power-to-Gas
—-Battery Energy Storage

- Most popular Power-to-Gas: Hydrogen

— much denser energy carrier than other options

— but substantial losses in the conversion U ‘U DC}}»
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Power-to-X overview

I

Sector coupling and Power-to-X

Pathways wm [ i Heat
y Electrical mm Chemical ard cold
Green power - Heat . intftla‘;ttl!;:;
i e umps
Wind, solar, hydro s pump /' B dooi
— Natural & beverage
N gas grid
" Re-electrification - Chemical
---------- as turbine, industry
v Dtl-cgl.l_s:. Fertilizers,
. SN base
E - Electrolyzer ehEmicas
e, -Hydrogen Ammonia synthesis ———— (EEEEE—.—--- -~ -~
\ ........ B ! g from Nz and H:
\\ .............
\‘-‘ """"""""""""" e-Fertilizers
\
\
Electric cars \\ Methanol and hydrocarbons

fuel cells

synthesis from COz and H: .
. \ Agriculture
Mobility ’
Heavy trucks, Petrochemical ‘\\

aviation, industry
Source: Siemens marine Fuels

T DCWY
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Power-to-Hydrogen: Electricity is key

I

« Electrolysis: 2H,0 1+ Egeeyricity = 2Ha+ O,
300 _| - - —Y
20+
[N TOTAL ENERGY
DEMAND
200 ¢t
A
_I
2 150+
%
=,
ELECTRICAL ENERGY
100 DEMAND
50 t
0

0 200 40[':1r [DC;:“:-DU 800 1000 MU ‘U DC;}»
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Power-To-Hydrogen: Technologies

Proton exchange membrane

Alkaline electroliser Solid oxide
AEL PEMEL SOEL Electrolyte

Anode Cathode

Operation parameters '

Cell temperature (°C) 60-90 50-80 700-900 Bipolar plate Hydrogen

Typical pressure (bar) 10-30 20-50 1-15

Flexibility

Load flexibility (% of nominal load) 20-100 0-100 —100/4+100

Cold start-up time 1-2h 5-10 min hours il

Warm start-up time 1-5 min < 105 15 min

Efficiency “Bipolar plate Wcoms-rmperere Y

Nominal system” efficiency (LHV) 51-60% 46-60% 76-81% assembly

...specific energy consumption (kWh/ 5.0-5.9 5.0-6.5 3.7-39

Nm?¥) ?’;\fgen,
.................................. ater

Fig. 5. Schematic representation of a PEMEL cell.

MultiDCW

19 December 2019 DTU Center for Electric Power and Energy -- Spyros Chatzivasileiadis



DTU
= Problemstatement

o

1. Investment cost comparison:
HVDC transmission vs H, transmission pipelines

Investigation on the theoretical limits of the possible
production of CH,

2.

MuitDCW

eiadis

DTU Center for Electric Power and Energy -- Spyros Chatzivasil
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0Ty Transferring the Offshore Wind Energy: Hydrogen

o
o
o
HVDC only vs HVDC+Hydrogen
a  F
Norway Norway
UK Energy Island UK
Denmark Denmark
Netherlands Netherlands
Germany Germany

MultiDCW

DTU Center for Electric Power and Energy -- Spyros Chatzivasileiadis
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Results: H, vs HVDC transmission

Distance [km]
50 100 150 200 250 300 350 400 450 500
x10*
2.5 -
T 2-
Green: H2 route Emm
Red: HVDC ;‘E . %
2 =
; S 05 o
Average casescenario: £ "7 D%_
0
Specific Energy Consumption ™
for Hydrogen Production 5 N
n=>5.75 kWh/NI’T\3 Power [GW] 0 o Distance [km]
Investment Costs

Electrolyzer: 1,498 M€/GW

MultDCYY
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I

Power [GW]

Scenario analysis

Investment cost [ME]

500

5 = 300
o 200
100

Power [GW] 0 0

Distance [km)]

Distance [km]
50 100 150 200 250 300 350 400

450 500

=2

10

12

Center for Electric Power and E

Investment cost [ME€]

FPower [GW]

yros Chatzivasileiadis

Green: H,
Red: HVDC

« 104
%10% 7.
25 -
g 15
2 7
[=]
(6]
15 = 1
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;
¢ 05
=]
0.5
04
0

500

5 ' - 300
: 200
100

Power [GW] 0 o Distance [km] Power [GW] 0 o Distance [km]
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Hydrogen-to-X

X: generic product generated fromH,

C-Route

Methane (CH,): N-Route

Sabatier: Ammonia (NH5):

CO, +4H, —>CH, +2H,0 Haber-Bosch: ' +3H, — 2NH,

Methanol (CH,OH):

Methanolisation: CO, +3H, — CH;OH +H,O d f d
Reverse water-gas shift. CO, +H, — CO +H,0 Inneedo COZ an /Or to

Hydrogenation: CO +2H, — CH,OH have a full PtX conversion

Other hydrocarbons... U ‘U DC;}»
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2 Total CO, Production
iIn Denmark = 10.3 Mt/a
N
A Name Location CO2[Mt/a]
e Aalborg Portland A/S Aalborg @st 2.19
- Nordjyllandsvaerket Vodskov 1.22
.‘..,.,'@; DONG Energy A/S - ,
s Esbjergveerket Seoleie 1.07
o o HOFOR Energiproduktion A/S Kgbenhavn 104
gt s Amagerveerket S .
L] ] hus Helsingho
. KA P VG ot DONG ENERGY POWERA/S  Kalundborg 0.87
g ﬁu‘ ® askilde K:{:q;'&m
“le® e X % DONG ENERGY POWER A/S,
SRS o o Studstrupveerket SRS 0.83
L ]
. : . Fjernvarme Fyn Produktion A/S Odense C 0.75
Kiel A/S DANSK SHELL SHELL- .
I, g 0 75 150 ko RAFFINADERIET Fredericia O
e tiDC
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DTU
= CH,production estimation

« Converting the total CO2 production of Denmark to CH4-:

— Needs 31 GW of offshore wind (45% capacity factor)
— Produces enough CH4 to cover 1.7 times the gas needs for Denmark

CO,
10.3 Mt
CO,+4H,—CH,+2H,0 — CH,
5.2x109Nm?3
31GW 7
Wind Power Denmark gas .
capacity 122 TWh Electrolyser consumption 2018:
installed ” Efficiency = Hs 3.1x10°Nm3
5.75kWh/Nm3
CF=45% |
MuUtiDCYY
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Conclusions

« Exciting times! A series of challenges ahead

- The North Sea Energy Hub breaks ground towards the massive integration of offshore
wind energy

— Potential coupling with Power-to-Gas technologies
— A series of technical and regulatory questions seeking an answer!

« Operation of a zero-inertia AC system

— How should we coordinate the operation of HVDC converters (N-1security, droop-
frequency control)

— How does the zero-inertia system respond to disturbances?
— The need for new simulation tools (RMS vs EMT)

« Whatis the impact of Power-to-Gas + Electricity Coupling? :
P y-ouping MNultiDC
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Thank you!

Spyros Chatzivasileiadis

Associate Professor, PhD .
| www.multi-dc.eu

www.chatziva.com
spchatz@elektro.dtu.dk

ENERGINET ABB OO

¢ LIEGE université = SVENSKA

» . _— At
"} Sciences Appliquées — KRAFTNAT nnovation Fund Denmark )
- MultiDCYY
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