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Good news!

Electrification both in supply and demand
Important key driver is low cost renewable electricity
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Bad news!

All electrics can result in

Grid capacity problems (congestion) 4 ”*i,,?
Need for (expensive) storage ¥
Scarcity of critical raw materials required

for energy transition

Henckens, M.L.C.M. The Energy Transition and Energy Equity:
A Compatible Combination?, Sustainability 2022, 14
Even with an 80% end-of-life recycling rate, the increase in the
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Hydrogen Council:
Hydrogen can play 7 roles in the energy transition

Enable the renewable energy system ==p Decarbonize end uses

Enable large-scale  Distribute Help decarbonize

renewables energy across sectors .

: : . ¥ transportation
integration and powerand regions

generation

Help decarbonize
industrial energy use

Help decarbonize
building heat and power

= Actasa buffer to
i II increase system
H resilience

Serve as renewable
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Comprehensive System Engineering
for the analysis and design of energy systems
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Hydrogen

Fit for 55 package (summer 2021) with proposals
for

* achieving the CO, reduction for 2030

 becoming the first climate-neutral continent in
the world by 2050

 Hydrogen deployment with markets and
regulation in incentivizing the uptake of
hydrogen.



2030 TARGETS REVISED RENEWABLE ENERGY DIRECTIVE

4 The revised Renewable Energy Directive promotes the use of
h dOGw Of renewable renewable hydrogen:
y rogen EIQCtr Olyse rs » Extending the EU-wide certification system for renewable fuels
. 10 m""on to" to include hydrogen
in the E U nes » Decarbonising industry and heavy-duty and long-distance transport,

of renewab|e hydrogen with concrete targets
prOdUCEd in the EU TRANSPORT INDUSTRY

2.6% 50%

for renewable fuels of renewable share

non-biological origin in hydrogen
consumption

drogen factsheet —

://ec.europa.eu/commission/pressc CO, STANDARDS FOR CARS AND VANS

2 1 3 67 6 The CO, standards for cars and vans set technology neutral targets to

4 reduce emissions by 2030 and by 2035. Hydrogen can be part of the
— solution, in particular for heavy-duty vehicles, if the industry chooses to

invest in this technology.

Hy

ALTERNATIVE FUEL
INFRASTRUCTURE REGULATION

The Altemative Fuel Infrastructure regulation will also support the deployment
of altemative fuels infrastructure, including refuelling points for hydrogen.

One refuelling station will be available every 150 km along the TEN-T
core network and in every urban node.

FUELEU MARITIME PROPOSAL

The FuelEU Maritime proposal covers all renewable and low-carbon fuels
in maritime transport, including decarbonised hydrogen and decarbonised
hydrogen-derived fuels (including methanol and ammonia).




promote

hydrogen

https://ec.europa.eu/commission/presscorner/detail/en/IP_21 6682 Dec. 2021. 2" part Fit for 55

e Establishing a market for hydrogen (in two phases: before and
after 2030)

* Enabling the development of dedicated infrastructure, including
for trade with third countries

* A new governance structure: European Network of Network
Operators for Hydrogen (ENNOH) to operate hydrogen
infrastructure, cross-border coordination and interconnector
network construction, and elaborate on specific technical rules
and DSO-H on national level.


https://ec.europa.eu/commission/presscorner/detail/en/IP_21_6682

RePowerEU — 8 March 2022/ 28 May 2022
Hydrogen accelerator - to develop infrastructure, storage facilities and ports, and replace demand for Russian
gas with additional 10 mt of imported renewable hydrogen from diverse sources and additional 10 mt of

domestic renewable hydrogen.

MARCH 2022

In recent months Europe has been facing high and volatile energy prices.
After Russia’s unprecedented military attack on Ukraine, security of 0
supply concerns exacerbate the situation.

Providing companies and households with affordable, secure and clean
energy requires decisive action, starting immediately with price mitigation
and storing gas for next winter. g

The case for a rapid clean energy transition under the European '
Green Deal has never been stronger and clearer. '



REPowerEU; Joint European Action for more affordable and sustainable
energy, EC 8-3-2022

REPLACED BY

ADDITIONAL TO FF55 BY

REPOWER EU TRACK FOCUS FF55 AMBITION BY 2030 REPOWEREU MEASURE THE END OF 2030 (BCM equivalent)
2022 (BCM estimate
equivalent)

estimate
- LNG diversification 50* 50
GAS DIVERSIFICATION NON-RU NATURAL GAS
- Pipeline import diversification 10 10
17 bcm of biomethane Boost biomethane production to 35bcm by 3.5 18
MORE RENEWABLE GAS production, saving 17 bcm 2030
5.6 million tonnes of |Boost hydrogen production and - 25-50
HYDROGEN renewable imports to 20mt by 2030
ACCELERATOR hydrogen, saving 9-
18.5 bcm
Energy efficiency measures, EU-wide energy saving, e.g. by turning down 14 10
ELECTRIFY EUROPE HOMES saving 38 bcm the thermostat for buildings’ heating by 1°C,
saving 10bcm
Counted under overall RES Solar rooftops front loading — up to 15 TWh 2.5 frontloaded
figures below within a year
30 million newly installed heat  [Heat pump roll out front loading by doubling 1.5 frontloaded
pumps installed in 2030, deployment resulting in a cumulative 10 million
saving 35 bcm in 2030 units over the next 5 years
POWER SECTOR Deploy 480 GW of wind Wind and solar front loading, increasing 20 Gas savings from higher ambition

capacities and

420 GW of solar capacities,
saving 170bcm (and producing
5.6 Mt of Green Hydrogen)

average deployment rate by 20%, saving 3bcm
of gas, and additional capacities of 80GW by
2030 to accommodate for higher production of
renewable hydrogen.

counted under green hydrogen,
therestis
frontloaded

TRANSFORM INDUSTRY

ENERGY-INTENSIVE INDUSTRIES

Front load electrification and
renewable hydrogen uptake

Front load Innovation Fund and extend the
scope to carbon contracts for difference

Gas savings counted under the renewable hydrogen
and renewables targets

COM%3A2022%3A108%3AFIN

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri



REPowerEU translated to the Netherlands

e 2030: EU REPowerEU Hydrogen Accelerator is 10 million ton hydrogen production in EU and 10 million ton
import.

* Translated to the Netherlands (still to de decided)
 NL 1 million ton green hydrogen production in 2030 & 1 million ton hydrogen import in 2030
* 9 Mton zero-carbon hydrogen from and via the Dutch North Sea in 2050

 What is needed for these 2030 goals:
* 10 GW offshore wind-hydrogen production produces 1 million ton hydrogen

 Ore.g.5GW offshore wind-hydrogen (0.5 million ton) plus 2.4 BCM gas converted with methane
pyrolyse to turquoise hydrogen (0.5 million ton)

* Import 0.5 million ton hydrogen by ship and 0.5 million ton by pipeline

* Re-purpose existing gas pipeline at sea for hydrogen, realize new dedicated hydrogen pipeline to
lJmuiden.

* Hydrogen storage at North Sea 1 million ton, to balance supply and demand and for strategic reserve.




REPowerEU translated to Netherlands

* The R&D challenges

* Where is the best place to generate green H, given (existing)
infrastructure and (future) demands

* How do we get H, from production to consumption

* Where do we store H, (e.g., competition
with offshore CO, storage)?

* How do we monitor transport, usage,
and storage? B m |\ F
* How do we reach 2030 goals in a way [ Er)
that we can upscale the system to reach 2050 goals easily?
* How to design an integrated energy-hydrogen system?




What is necessary to organize for roadmap realization

o B W N =

.Hydrogen Certification system for blending, green, (blue and) turquoise hydrogen

.Open access, publicly regulated hydrogen offshore pipeline with private/public ownership.

. Developing new hydrogen pipeline infrastructure at the North Sea, regulated, ownership, permitting, etc.
. Offshore wind hydrogen development at locations and in line with infrastructure roadmap.

.Integrated development of offshore wind-hydrogen, natural gas production, fish breeding and nature

preservation

.Roadmap for hydrogen infrastructure at the Dutch North Sea, which fits in the roadmap for hydrogen

infrastructure at the North Sea total and does not compete with other infrastructure needs

. Offshore Hydrogen infrastructure connected to Dutch and European Hydrogen Backbone
.Roadmap for offshore hydrogen storage and supported by Dutch government and EU commission

.Roadmap for hydrogen storage in depleted North Sea gas fields as strategic energy reserve that is aligned

with future CO, storage requirements and supported by the Netherlands, North Sea countries and EU

10.0pen access, publicly regulated offshore hydrogen storage with private/public ownership

11.Strategic hydrogen reserves owned and operated by public organisation



Open access, publicly regulated, private/public owned, offshore hydrogen

Infrastructure
Norway offshore gas infrastructure as example ??

Do
Norwegian offshore Gas infrastructure, privately
owned, but open access and regulated tariffs ” v g’o/
with one Operator < Lo
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A
 All pipelines in Gassled system et
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https://www.gassco.no/en/our-activities/capacity-management/gassled-tariff-areas/

Area A

Statpipe Rich Gas

Area B

Asgird Transport

Area C

Karstg Gas Plant

Area D

Dry Gas

Area E

Kollsnes Gas Plant

Area F

Tampen Link

Areal

Gjea Gas Pipe

Area

Valemon Rich Gas Pipeline

Area K

Haltenpipe

Area L

Utsira High Gas Pipeline

Area M

Vestprosess pipeline

Area N

Vestprosess processing facilities

Area O

Polarled

Area P

Nyhamna Gas Plant


https://www.gassco.no/en/our-activities/capacity-management/gassled-tariff-areas/

=% Existing or planned Gas-Import-Terminal

Pipelines Storages
28000 — Repurposed 4 Salt Cavern

km pipeline by 2030 New e Aquifer
B === Import / Export + Depleted field
=== Subsea e Rock Cavern

60% share of converted

natural gas pipelines

Other items

* (City, for orientation purposes
* Energy Hub / Offshore (wind) hydrogen production
< Existing or planned Gas-Import-Terminal

ok

Du’blin L o]

Cork

‘ The Eurcpean Hydrogen Backbone initiative consists of a growing group of now 31 European
gas infrastructure companies, working together to plan a pan-European dedicated hydrogen
transport infrastructure. Participating companies are Amber Crid, Bulgartransgaz, Conexus
Baltic Grid, Creos, DESFA, Elering, Enagas, Energinet, Eustream, FGSZ, Fluxswiss, Fluxys, Gas
Connect Austria, Casgrid Finland, Cassco, Gasunie, GAZ-SYSTEM, Gas Networks Ireland,
GRTgaz, National Grid, NET4GAS, OGE, ONTRAS, Plinacro, Plinovodi, REN, Snam, Swedegas,

TAG, Teréga and Transgaz.

Bordeaux Buchar

Bilbao

Cost of transport: €0.17-0.32 per kg of

oo / hydrogen, per 1,000 km

frastructupi':gn Europe can be reused for hydrogen

* Tarifa

Gas Plpelme Capacity 10-20 GW, Electricity cable capacity 1-2 GW
Gas transport cost roughly a factor 10 cheaper than electricity transport



Hydrogen storage Salt formations and
in Salt Caverns caverns in Europa

dropower
4 : Wiﬂd fa rm offshore
wind farm

AQUIFERS
- Hydrogenv .

SALT
CAVERNS

Compressed air N
@ ® 3Salt formations
# Salt caverns

¢ Salt caverns in use
for gas storage

DEPLETED
RESERVOIRS

Malta 4] 1000
| I I
km

1 salt cavern can contain up to 6,000 ton (= 236.4 GWh HHV) hydrogen, Salt Cavern CAPEX 100 million Euro

Salt Cavern Capex cost less than 0.5 Euro/kWhy,\» H,

Battery Capex cost in future 50 Euro/kWh?



NortH2 —the Green H, economy

A cross-border consortium jointly
investigating the feasibility of large-scale
production, storage and transmission of
green hydrogen

» 1 GW offshore wind in 2027, 4 GW by 2030
and 10+ GW by 2040

» 3-4 GW onshore electrolyser 2030 in
Eemshaven

» 6-7 GW offshore electrolyser < 2040
> Annual green hydrogen production of 1.0 Sie
million tonnes (= 5.000 full load hours) by > ] g\/ ”
2040, cutting CO2 emissions by 8 to 10 »
megatons a year ®’ ®b 0 R
v o E=S

P 1
Tubelit D casvve RWE .. stneco .. 2

INGEN SEAPORTS
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NortH2 — Physical system

Offshore 1GW H H2 -

Wind Farm
Offshore | e

converter station [
Onshore H2

| Electrolyzer

i

| - & —

Inter-array cables Offshore export cables i

Storage

Centralized onshore electrolysis

Offshore 1GW Offshore Offshore H2
Wind Farm H2-in-Turbine compression station

Offshore H2
production station

Inter-array
H2 pipelines

Offshore H2 export pipeline |

Storage i Storage

Centralized offshore electrolysis Decentralized offshore electrolysis



Wind turbine

_________________________________________________ Centralized onshore electrolysis

LVAC->LVDC LVDC-» LVAC
(low quality)  {high quality)
O LVAC > MVAC

S 6 = = 2@

5 conversion steps
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NortH2 — Agent based model

X

User friendly
parameter input

LCOE/LCOH
(water depth, distance
from shore, WACC)

Sensitivity analysis

]
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Agent-based environment to
investigate the dynamic proces
coordination mechanism,

institutions...

GIS data:
(water depth, distance
from shore, average wind
speed..)

North Sea location
dependent LCOE/LCOH

development

——

Shell

Commercial

RWE equ nu'r.

+ Two types of Agents
(L

companies

]
Behaviour and interactions

Invest and construct new transmission assets

DSOs/TSOs

Interact with new request for new transmission capacity

Learn from doing

TIME DEPENDENT! (WHEN, WHY, WHAT)

/ Generation and

E Windfarms

!

Full electric scenario

o

conversion objec \ / Transmission objects and conne '“”\
|111'Ill'
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' Pipelines
Windfarm & P2G HVAC/HVDC platforms b
Landing points
H2 in turbine scenario Compressors/boosters
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System representation
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NortH2 e
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NortH2 — mput to the model

Agent-based
model input

Average wind speed
(to create a
distribution)

Water depth
<60 mBT
> 60m Floating (2035)

Pipeline
Infrastructure
& landing points

Intermediate Mature

Mature leaming

il

Hydrogen and Electricity
demand over years
per country

Technology
Learning rate

Exclusive
Economic Zones

]
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Electricity
interconnectors
& landing points

,va\’*;,a_rj:y_
e
by 17 gt‘;",‘é{l, Traffic +
/1 PN G existing windfarms
&

Cavern
locations
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4 2RR
Dec%\ir’alize‘d offshore

Year

2024

EUR/MWh

>60
55-60
50- 55
47 - 50
45 - 47
43 - 45
40 - 43
38-40

36-38
34 -36
<34




NortH2 — Preliminary results

Decentralized offshore electrolysis Centralized onshore electrolysis




NortH2 — Preliminary results

€/MWh price H, for large parts of the North Sea lower than
electricity €/MWh price at landing points onshore

Further from shore, H, production cheaper than electricity production

In turbine H, production minimize overall costs and losses

%
TUDelft



Thank you for your attention

Lukszo@tudelft.nl
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