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) TNO Hydrogen Research Program

OUR AMBITION WHY HYDROGEN? WHAT WE DO?

The ambition of TNO is to Hydrogen can be seen as an enabler for the

. . 6 programs
accelerate the energy transition transition towards renewable energy:

together with knowledge 50+ proiect
S . ‘Unlock’ renewable energy projects
institutions, companies and

governments Various research groups & key experts

Providing long term (seasonal) storage
capability complementing intrinsically

Multiple facilities
intermittent solar and wind

Over 40 years of Hydrogen research
Providing carbon neutral energy for

heavy duty transport

Providing a carbon free source of (high

temperature) heat
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) Research in hydrog‘en supply chain
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) Over 40 years experience in hydrogen
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Hydrogen for the
energy transition
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GREEN HYDROGEN IS THE FUTURE

Djewels project

Electralytic hydrogen
230 projects } 100 MW

M Industrial feedstocks M Gas grid injections W Electricity storage

Source : 1IEA 2019, TNO



y ELECTROLYSIS IS 10 TO 20 YEARS “‘BEHIND’

Global investments (billion US$/yr)

SOLAR

Global electrolysis business to 2030
(100 GW Cumulative production)

w
o

N
(O}

N
o

[EEN
vl

10

:_Ll.l.l.llil

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

400

300

200

100

0

Gobal Investments Non-hydro Renewables

2000

2005

2010

Electrolysis
2015 2020 2025 2030

Sources: investment data: BNEF; and Kramer and Haigh, Nature, 462, 568-9 (2009)



) DRIVERS FOR GREEN HYDROGEN PRODUCTION

Costs of generating RES power

* Full load hours as primary dniver of RES and PtX costs
Wind conditions and solar power potential
Potential for wind and solar combination

Criterion 1

Area-specific resource potential
= Availability of sites for RES and PtX plants
Large land and usable surface area, population density
« Availabiity of water in hot regions / desalination ophons
= Options to extract CO; for PIX production
» Installed infrastructure for PtX transport options

Political stability, energy (political) framework & trade
Criterion 3 [ IRl
= Ease of Doing Business

NG
{ ’

« EUMOECD member & development indicators

X = Percentage of population with access to electricity _ -
© Australia » Logistics performance o
: : « Energy exportsfimports with the EU
= Total RES electricity capacity/generation 2010 and 2030

1
Wind
gﬁrimwy wind, in pants combination
e SHIEST trontier
Primardly PV, in parts combinaticn
.Con’.ommon

IMTZREATICNAL AZRZOTS OF A
FCWTR-TO X RCADMAF

A preporeed or e
¥ g s Dan

High Case

) For illustration only, not an extensive list of strong potential P2X producers
Reference

10.000 Twh || 20,000 TWh 41,000 TWh
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EUROPE SETS CLEAN HYDROGEN AS A KEY STRATEGY

Clean Hydrogen Alliance key priority in Europe’s Europe, industrial consortium proposing
new Industrial Strategy a green deal of 2 x 40 GW

THE EUROPEAN COMMISSION ANNOUNCES THE CLEAN
HYDROGEN ALLIANCE

The Cormmmion preseier’ faday 10 March 7070, 2 venr Esvopean Indestrial Strategy 12 befp Loopes sxbeyy kead S hantin lonad
Arats sxdnily wd gl kel

The Steatesy sets oot e by rvers of Eurmpe’s ndistg | transhorration and 2sopones 2 compedenave et of 24w actons, Iackadng 2 Clean
Hytroges Aliasce b yosierse e fecobonstioe of (adusty ord e rbea nesisil haderthic

Sevie! sacer iwhegrabion 13 3 by part of Dhe oee shidbegy &5 B s b ase o carmiens of anaegy o ehactinely by lekag O et sechurs. Tie
Fydoger 15 3 prre cxangle of sbae Yes com o 2 ol et | s denptve momlen av] sxpe s Svorger ooseteston a0 s f vl T
The Meace will rieg ineathrs Legether with grversesenlyl, intindioedl sod adaivil garteecs, Dulfing ox 1h: sootesshs lwrplile of exising
0niral Aawcos. e o8 i Sone witen e ek of 1A

Bt & bowir S Syotupen cae Sy B B B aronavy av . s

v 0 x o sodheey o By ey o o pobs oty parteesiee o we el advely seppor! 47 s Bl Bebeyor 04 U Exvadie
Crecia
Nors irfarraton on be foond here

A European

Industrial Strateqy
-
©

) Expected summer 2020

Green Hydrogen
) Netherlands and Germany leading foc Popamn Goe !

Srof. Dr. Ad van Wik
Jurgo Chalamarkaikis

) identify technology needs, investment 9 P
opportunities,barriers and enablers £ B ap= SDii N Europe.
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) CROSS BORDER COOPERATION'S ARE BEING FORMED TO
DEVELOP NEW HYDROGEN SUPPLY CHAINS

Cooperation between Netherlands and Germany Joined development study with industry for
on infrastructure and storage potential hydrogen supply chains

) PROJECT GOALS HY3

I'he Dutch, German and Nordrhein Westfalen governments have asked TNO and FZ Jillich to study the HyChain — up to TW in 2050 — global supply chains?
m« sibility of a transnational hydrogen economy at the border of the Netherlands and Nordrhein Conditions and impact of emerging hydrogen supply chains
Wwestialer
Project goals are HyChain 1 - Understanding Hydrogen use in industry under transition
1 Analyze the faasibity of a transnational green hydrogen infrastructure in the border area of the Netnerlands and North HyCha?n 2-What is the role °f import ?
Rhine-Westphalia HyChain 3 — Technology overview for transport, conversion and storage
1 Examine the potential of GHG-reduction and incraase of the renewable ensrgy deployment in the industry sector oy a HyChain 4 — Integral model and scenario analysis

trarsnational green hydrogen infrastructum HyChain 5 — Societal and geopolitical implications
I Examine possible business cases for future green hydrogen infrastructure by using transnational (Dutch-German) nydrogen
orcduction and existing transportation and storage facilities

1 Examining industrial interest in green hydrogen infrastructure and potential field of applications as well a5 potential synergies
with hydrogen applications in other sectors
1 Describing the existing regulatory framework in the context o green hydrogen preduction, transpert, storage, trading and

usage and examining the framework that would be needed to establish transnaticnal green hydrogen infrastructure as well as
respective business cases
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) CURRENT MARKET: PRE-FEASABILITY STUDIES, ENGINEERING

AND FIRST LARGE SCALE PILOTS

Feasability and engineering studies (examples)

Orsted «ITM (66)

NL Feasability, 2-3 GW in 2028, Shell,

UK front-end engineering design, 100 MW Gasunie, TNO & DNVGL

NL Feasability and pre- engineering and DK Feasability study towards 1,3 GW for e-

modelling study 1 GW fuels for aviation and maritime
Gasunie, Yara, Shell, Nouryon ISPT, TNO Orsted, Maersk, DSV, DFDS, SAS

First large scale (pilot) projects

@ Nouryon g&5un+e BioMCN
) |
- M Ephy Hicio @ oE NorA

claan gy
Wit

NL, Djewels project 20 MW, FID 2020

H2FUTURE - a European Flagship project e SIEMENS

for generation and use of green hydrogen :"‘_' e
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Austria, H2Future project 6 MW, 2019
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DESIGNING THE FIRST 1 GW ELEKTROLYSIS PLANT

(& Hydrohub
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Power Hub

North Sea Wind ‘

Plant

G(l_nllll-)cﬂ
100 MW green H2 plant \ {
Asse i
TATA & Nouryon S /
NETHERLANDS
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20 MW green H2 plant
Nouryon & Gasunie

° Osnabruck
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HyStock Pilot
subsurface H2 storage
in cavern

" [ 250w green H2 plant g0 K K2
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) OVER 25 LARGE GREEN HYDROGEN PROJECTS BEING
DEVELOPED IN THE NETHERLANDS

1 MW
2 MW
nnb
20 MW

1 MW
1 MW
nnb

5 MW

1-10 MW
10 MW

nnb

nnb

30 MW

50 MW
40-100 MW
100 MW

2,6 MW
100 MW
100 MW
100 MW
100-150 MW
100-200 MW
250 MW
250 MW
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SCENARIO’S HYDROGEN DEMAND NL & GE

Final energy demand for the Netherlands (2017 and three 2050 scenarios)

2017: 2050 Local: 2050 National: 2050 International:
Demand (669 TWh) Demand (405 TWh) Demand (416 TWh) Demand (417 TWh)
B Electricity
B Methane
I Hydrogen
B Others
© Liguid fuels

60 GW Installed electrolyser capacity

Final energy demand for Germany (2017 and three 2050 scenarios)

2017: 2050 Local: 2050 National: 2050 International:
Demand (2591 TWh) Demand (1934 TWh) Demand (1748 TWh) Demand (2024 TWh)

250 GW 60 GW TNO 5



CURRENT AND FUTURE HYDROGEN PRODUCTION & DEMAND

Mainly low carbon Mainly renewable
. 2017 Netherlands 2019 (blue) hydrogen (green) hydrogen
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Source: TNO 2019 P11210

) 2050 ESTIMATES VARY WIDELY, HYDROGEN WILL PLAY A
CRUCIAL ROLE IN A RENEWABLE ENERGY SYSTEMS
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) NEXT GENERATION ELECTROLYSERS
... INNEXT WEBINAR
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yJoin the hydrogen innovation
program and accelerate the
energy transition

FARADAY LAB >

Contact
Lennart van der Burg
Business Development Manager Renewable Hydrogen

0031(0)6 43 95 46 85
Lennart.vanderburg@tno.nl
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