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EXECUTIVBUMMARY

Analyss of government action for hydrogen in 16 countrieand the EU

Hydrogen can play significantole in a future energy system based on renewables as an
important link between intermittent wind and solar electricity production and energy
consuming sectors traditionally relying on a chemical enerdihatazarrbe stored in

bulk quantities and converted to electricity or heat at the point of use. However,
implementing hydrogen at relevant scale including its production, transport, distribution,
and use requires a certain governmental support as wdlerafi@al policy and
regulatory environment allowing for a positive economic outlook for industrial deployment.

As a result, major economies around the globe are currently assessing their position and
are discussing, preparing, and agreeing on dedigdteden strategies. This study
analyses government action for hydrogen in 16 countries (UK, Japan, South Korea,
Australia, the Netherlands, France, Italy, Spain, China, Ukraine, Germany, Switzerland,
Morocco, CalifordjaRussia, and Norway) and in tedean Union, focusing on the
respective national goals, targeted sectors and infrastructures, current support measures,
requirements on the hydrogen used, and achievements so far, aiming to provide an
informed factual input to policy discussions amdatergecisiemaking.

Quickly emerging hydrogen strategiemdicate dynamically growing market

In a higHevel review of countries representing over 90% of global GDP we found that 20
countries representing 44% of global GDP already have passed dyatgeal

strategy or are on the verge of doing so. Additionally, another 31 countries (another 44%
of global GDP) are supporting national projects and discussing policy action. Main drivers
are GHG emission reduction goals, the integration of renasvalaibas the opportunity

for economic growth. While national strategies obviously differ in detail, reflecting
particular country interests and industrial strengtligntiusstratebat there is a clear,

strong, and lasting global momentum behinthibersal recognition that hydrogen is an
essential and indispensable element of a decarbonised energy system.

The analysis clearly shows that we should expect a dynamically growing market for
hydrogenScaling uppédrydrogerdemand expected for 2050 itiomal strategies to

global level indicates a potential of up to 9@d®r around 270 million tons of hydrogen

per annum, this is @amount as large as thenualprimary energgurrentlyprovided
globallyby renewables

viii

US federal states follow their own strategies with regard to clean transport and energy supply; the study team
has chosen to include Califamtae analysis as it is the most advanced US state in that respect.
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Target sectors notably includegport and industry, the latter particularly in countries

with a strong industrial sector and a high priority on greenhouse gas reduction. In the long
run with a view towards a largely decarbonised world by 2050, the majority of national
strategies andstiussions focus on using green hydrogen sourced from renewable energy
only. However, in the interim other tgpksv carbon hydrogen are seen as an effective

and pragmatic way to ramp up volumes and to get the associated hydrogen economies
started.

Emerging opportunitiesand areas to watchfor industry

The expected market development signals emerging opportunities and areas to watch for
industry including the following:

A Alargecumulativée\ mf o ja jg m / + =z ajm bm> i
will develop within the Eidtil2030.

A Large industrial partnerships will be formed for production and export/import and
industry players should start to engage now.

A Refineries and the chemical industry are expected to become the first important
largescaléhydrogen markets in the +t@&dm.

A The road transport market (vehicles and tismksently stronger in Asia than in
Europe, signallirgdifferencen strategy between OEMSs in the two continents,
which is worth watching closely in the coming years.

A Geen gnthetidiquide-fuels (PtL) can grow into an interesting opportunity with
largepotentialquantitiegarticularlyn theaviation and/or maritime sector
New policies needed to achieve strategic aims

Most strategies focus on targets for green bypgragduction and technology deployment
rather than on measures supporting these. Current measures are insufficient to catalyse the
envisaged strong growth and new policies are required.

Thesgoliy elementhave been found particularly helpful in iegtEmmercialisation
A Sectoral quotzanstimulate large scale demand create markets

A Targeted support for establishing comprehensive value chagsnpeteiidor
sustainable businesdivity.

A Moving from CAPEX to OPEX suppobewitiportanto establish sustainable
business cases for operators.

A Globally high G@ricesvouldhelpto further reducthe cost gap

A Instruments need toopidea longterm perspective and securiignastment



International Hydrogen Strategies
Report

A A broadly agreed green or low carbon hydrogen certification mechanism is crucial
for market development.

A Any activities should be complemented by measures supporting public acceptance.

The time for policy discussions is now and policymdKésslyvile open to sensible
approaches and good arguments.
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1

1.1

INTRODUCTIONATIONAL GOVERNMENBAIPPORT FOR HYDROGEN

By 2025, hydrogen strategies can be expected tocacongies representi
over80% of global GDP.

A total of 16 countries plus the European Union have been selected for a m(
analysis:

- Europe : European Union (@ehmany (DE), the Netherlands (NL), Frani
United Kingdom (UK), ltaly (IT), Spain (ES), Switzerland (CH), Nc
Ukraine (UA), and Russia (RU)

- Rest of the world: Japan (JP), South Korea (KR), China (CN), Aug
California (CA), and Mozo (MO)

Backgroundof the study

Internationally, the discussions around hydrogen as a future energy carrier and renewable
feedstock for industry processes are increasingly gaining momentum. One of the main
drivers for this development isiticeesasingwareness of the fact that large amounts of

green hydrogen are required for fully decangdargescaleapplications in industry,
transport, heatind power. Additionally, since several of the larger industrial nations in
Europe and Asia anpiate aimited capability of producing sufficient amounts of green or

low carbon hydrogen domestically, countries with beneficial conditions for producing
renewable power at low cost are seeing substantial opportunities for economic growth by
hydrogen gort. As aesult, hydrogen has become an item on government agendas across
the globe and an increasing number of national administrations have established or are
working on a hydrogen strategy, already support hydrogen demonstrations activities, or at
least are ithe status of initial policy discussion regarding the future role of hydrogen.

Focusing on national strategies and associated documents, this study analyses governmen
action for hydrogen in 16 selected countries (UK, Japan, South Koraa,thfaustrali
Neherlands, France, Italy, Spain, China, Ukraine, Germany, Switzerland, Morocco,
Californig Russia, and Norway) and in the European It)fiongson the respective

national goals, targeted sectors and infrastructures, current support measures,

US federal states follow their own strategies with regard to clean transport and energy supply; while not a
"ANjpiomt ©( oc” nop_t o inthe analysiss it is th¢ mostiadvanged WSistatg p _
in that respect.
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requirements on the hydrogen used, and achievements so far, aiming to provide an
informed factual input to policy discussions and corporate-hadisign

By the analysis of the respective country approaches, we aim to serve the following
objectives:

A Provide arunderstanding dhternational trends and developments towards
supporting hydrogen as a low emission energy carrier

Show a taxonomy of internatidryalrogen strategies
Compare national activities and put them into context

Generate a solid background for upcoming policy and strategy discussions

> > > >

Identify major topics for the political discussion

Country selectionfor a detailed analysis

A preliminary screening of hydrogen strategies in 56 countries around the world,
representing over 90% of global GDP, reveals that nine countries already have an existing
comprehensive national hydrogen strategy and further aéevanthe process of
developing on@eeFigurel). Togetherthese 20 countries stand for 44% of global GDP
Anotler ¥ countrieg38% of global GDBje already supporting hydrogen pilot and
demonstrations projects (without dedicated hydrogen strategy)7acwliniries first
government and/or stakeholder discussions regardoggemyare ongoing. Hydrogen
activties are wellgead around the globe with major interest being located in Europe, in
the Asia and Pacific region, as well as in the ArflegoeR).

National hydrogen

31 Europe strategy available

1 Asia
& the Pacific

6 South America
& the Caribbean

National hydrogen
strategy in preparation

Support for pilot and
demonstration projects

5 Middle East No. of countries 17 Initial volicy di .
& Africa analyzed nitial policy discussions
North
3 America . No relevant activities
August 2020, World Energy Council, LBST
Figurel: Analysis of 56 countries for their hydrogen activitiesAugust

2020)
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2  WORLD

C%NUTSYL " National hydrogen strategy available Initial policy discussions
ludwig bolkow National hydrogen strategy in preparation No relevant activities .
e systemtechnik
5 Status: August 2020 Support for pilot and demonstration projects Not assessed
Figure2: Status of international hydrogen activities of national

governments August2020)

Based on this psereening of internatiohgtirogen strategies a total of 16 countries (ten
in Europe and six in rest of the world) plus the European Union have been selected for a
more detailed analysis:

A Europé€: European Union (EU), Germany (DE), the Netherlands (NL), France (FR),
United KingdoUK), Italy (IT), Spain (ES), Switzerland (CH), NorwagiidO, Uk
(UA), and Russia (RU)

A Rest of the world: Japan (JP), South Korea (KR), China (CN), Australia (AU),
California (CA), and Morocco (MO)

The rationale behind the country selection was ta balsnced picture including the

most active countries, a global representation, and a broader spectrum of opportunities and
aims, also including countries with a potential for significant hydrogem bgperisrt

was enhanced with interviews camgdby the World Energy Council with selected
experts from France, the Netherlands, Australia, Morocco, Germany, Japan, Italy, California,
Switzerland, and China.

®  Portugal was chosen to be covered only in a brief summary in Annex B, as the strategy was finalized late in
the course of this study.
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Structure of the report
Thereport is structured into the following:

ChapteR summarises the goals of national governments in supporting hydrogen
technologies and applications along with the associated time horizonsépthezachi

Sectors applications and relatedfrastructuredevelopmest targeted in national
strategiesare addressed ihapter3. Here, we also conmhen plans for largeale
hydrogen import or export as well as on the role of synthetic fuels derived from hydrogen.

Policies and regulatorgasuresupporting hydrogen adoption are discussed in dhapter
Here, we also review plans for ramping up hydrogen production as well as requirements on
the source of hydrog@ng 2bluec vs.2greer Hy).

Chapter5 looks at what has been achieved by current policies and associated market
development and discusses lessons learned, and conclusions are presentéd in chapter

Annex A provides an overview on releydriden transport vectashich are currently
discussed. More detail on the individual country strategies of the selected geographies is
presented iAnnex B
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2 WHAT ARE THE GOALS OF NATIONAL GOVEREPMMENT

Greenhouse gas emission reduction is a main driver for hydrogen adoption in
analysed, along with the role of hydrogen in the integration of renewable wing
energy

Hydrogen is clearly recognised as an essential elerdenadi@nised energy syst
Other goals notably include secure energy supply and economic growth.

Market ramyup will happen in in three phases: market activation in the current
sustainable growth after 2030, and a large arestadllished markiey 2050.

2.1  Classification ofstrategies inselected countries

Most of the selected countries already have a dedicated national hydrogen strategy (AU,
ES, NO, NL, EU, FR, JRNOER) or are currently preparing such strategy (RU, CH, MO).
Fve countrie®nly providsupport fopilot and demonstration projects without a specific
strategy (CA, UK, IT) or have just initiated discussions in this resapedcCH)As

depicted ifrigure3, moststrategies have bedeveloped and announced recently, i.e. in

2020 oin late 219, (AJ, NLNQ DE, EU, E®nlythreeof thesekctal countries vea
strategylder than one ye@P, FR, KR)

2017 2018 2019 2020 2021
Germany
Jun 2020
Japan South Korea ]
Dec 2017 Jan 2019 ;
ey Netherlands s
) ‘o) Aor 2020 Bl cu Jui2020
J J I I France Sep 2020
l (Green H, strategy)
| I ® |
I In preparation:
£ [ |
I I | B Russia
France Australia~ Norway | Portugal E# .
Jun 2018 Nov 2019 May 2020 | Jul 2020 Wl chive
(H, deployment plan) £— Morocco
Spain
Jul 2020
Figure3: Timelne of national hydrogen strategiegpublication
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For a betteview on certain hydrogetated goals of the selected countries the national
strategies arelifferentiated by the respective role of hydrogen imports or exports
(Figured) as well as by the level of detail of the strdiegyeb).

. | Australia ] EU Japan | o |
National hydl'l'f’gle“ Spain  Norway Netherands ~ Germany |
strategy available France  South Korea

: Russia
National hydrogen [ ] Morocco

strategy in preparation

Support for pilot and
demonstration projects

4| Switzerland
Initial policy
discussions
Hydrogen Hydrogen
export import
Figure4: Selected countries classification in respect to availability af

dedicatedstrategy and hydrogenmports/exports

Regardingnydrogen imports exportsmost countries (NL, EU, FR, CH, CA, aig IT,
CH) do not specdyparticular preference or role in their strategic docudDrdntdree
moreadvanced sitegies (JP, CHEhdKR) explicitly consider hydrogen imports due to the
limiteddomestiproductin capacities. The remainingfsitte selectecbuntries (AU, ES,
NO, RU, M@nd theJK)envisagsomekindof hydrogemelatedenergy exptsrat a very
individuakxtent.

Please note that the country selection is intentionally focused on hydrogerscons
rather than on exporters, which have been covered in a previbusssaudbsult, the
country balance betwe@nportingand exporting countries must not be seen as
represelimg any market trend.

4 J. Perner and D. Bothe, International aspects of aopévmadmap, World Energy Council and Frontier
Economics, 18 October 2019
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Norway Spain E EU Japan n

Ntatltonal hyd.'l'oglen Nethertands fmmm i (] Germany ~ South ‘o’
o - A4
Strategy available France m Australia Korea

E Russia

National hydrogen e
strategy in preparation

BN caifornia
Switzerland

Support for pilot and
demonstration projects

Initial policy
discussions
Low level High level
of detail of detail
Figure5: Selected countries classification in respect to availability of

national hydrogen strategy and level of detall

In additionthe strategieseviewedalsoexhibit a vergiversified level of detail. Some
strategies and policy papers are very specific and provide concrete figures for hydrogen
related targets in various areas (JP, KR, CahdCAJ). However, at this point it is
important to mention that thmelividuakco covered bgletailed specifications can vary
significantly between the countries (e.g. JP provides details for a wide range of topics,
whereas CH ordgdresses veigw concretmpicsn the transport sector). Most available
strategies (DE, AU, BUESFR) are characterisedawerag@letailedness as they are
expected to set general boundary conditibich will be specified in more detail at a

later stage in a concrete roadorapolicy framewarther countries (NO, RU, MO, UK,

IT, UA) providess details on hydrogen related topics within their strategies or policies.

2.2 Main national goals behind supportindiyydrogentechnologies

The objectives behind tiaionalsupport of hydrogen technologies and applications are
manifold Generallyhowever, teyservetypical energy poligpals aiming at clean and
secure energy supahd at economic growth

A Clean energy\When produced from renewable sources or basttedow-
carbon technologies such as Carbon Capture and Storgdgel(GgEs)an help
to reduce GHG emissions especially in sectors which asddtarifyt¢e.g. long
distance heaxguty transpoytsteel productipror where it substitutes fossil
feedstock (e.g. in the chemical industsydlirect use in some applicatiom als
allows to avoid local air pollution. Moreover, hydeogblesargescalestorage
of renewable energgidlargeelectrolysrscan acas flexible load suppbeiping
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with theintegration ointermittently generatingnewable energgneratiomto
the energy system.

A Secure energy supplydrogen as a universal energy carrier can help to diversify
the energy supply by reducing current fossil fuel depenaerrgly domestic
production or through imports.

A Economic growth Domestic hydrogen productiod éechnology development
may foster economic growth by creating new jobs and strentjibeaitignal

econories Moreover, exports of hydrogen energy and techrzdogieserate
additional income.

Clean energy Economic growth
e mE e
- — . -—-—
N al N
£F 4 \
= AN | B P i
v ¢ [ ’\
!
m<] ) = m [ )=
= e |
/\ /N \ \ b
VA AVALERANE. e
X \ e & A L7
[ ] \ 4\/7&&! [ ] N Tl
!IE T~ mm
N omm Y B am g -
— = Reduce emissions — — Foster economic growth
Integration of renewables Support nat. tech. development
Secure energy suppl
gy supply Legend
Other o Main
world sector
e Less
relevant  European
. Not Union
F:: sc’:li?i-c addréssed
1= Other
N = Europe
— — Diversify energy supply
Develop hydrogen for export
Figure6: Main goals ofcurrent hydrogen strategies per country
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Strategic goals

N
M Reduce emissions > IT, UA, RU, KR, AU
| = Foster economic > EU, DE, NL, FR, NO, JP, KR, CH, AU, CA, MO ES, UK. CH.UA RU
growth
-@- Support national > EU, DE, NL, FR, UK, NO, RU, JP, KR, GN, AU, GA, MO ES.CH, UA
= technology develop.
E; Integration of » EU, DE, NL, FR, ES, UK, UA, RU, JP, CN, CA, MO IT. NO, CH.KR, AU
renewables
el
export
M ain goal less relevant not addressed all strategies
Figure7: Relevance of strategigoalsacross the selected countries

As depicted iRigure6, Figure7, and Tablel, the broad spectrum of possibilities and
opportunities associated with using hydrisggenerally recaged by all countries.
However, the ambitions and thus the focus of individual £dypicedly reflecheir

national interests as well as strengths and weaknesses that need to be overcome in the
future. In addition, different starting points in developing hydrogen supply and demand
affect the goals behind the individual national hpctoagegies. Coures like DE, JP,

KR, or CA, having pursued the technologies and their implementation for some time
already, will naturally have a different strategic approach compared to newcomers like AU,
UA, or MO. éherally, the more sophisticatedica recent the national $trategy, the

more comprehensive the strategic.goals

Tablel: Main goals of current hydrogen strategies per country
EU DE NL FR ES T UK NO CH UA RU JP KR CN AU CA MO

Strategic goals --=II‘_II$E|EH-- L4 :.:-ﬂi-
m Reduce emissions ’ v VvV VvV VvV Vv Vv v v vV
* Diversify energy supply > Vv vV x v v v ox v ox vV v v v v v x
r foeeme Ppo v VYV x V000V VYV VY
@ Support nationd P vvvVvvVvusx VvVl VYV VY
< echnology develop.
By [eoraton of P vvvvvovvauvyvvay ey v
) Develop hydrogen for > x x x'x v x x x?x vV vV x x x V x

export

main goal (v) less relevant not addressed
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Greenhouse ga&snission reduction is a main driver for hydrogen adoption irtredscoun
analysed, along with the role of hydrogen in the integration of renewable wind and solar
energyBeyondhe greenhouse gas related environmental aspects, air pollution reduction
as an additional element of the strategy is mentioned only by &, €@4). KR, CN).
Integration of renewables is important for both hydrogen importing countries in terms of
balancing the domestic energy system and for exporting countries targeting to become a
green energy supplier for other economies. Especially@ntodayy nndg i  mbt
countries such as e.g. Australia or Norway hydrogen export enables a switch to renewable
or lowcarbon energy export.

The opportunities for the domestic ecoaesityg from hydrogare also well recognised

by most strategies. For established and large economies (e.gorKIR) bidrogen
technology is viewed as an important element to maintain strategic advantage in global
competition mainly through technplégpdership. For themaller and/ogrowth

economies (e.g. MO, UA, CN) hydrogen production and technology development allows to
enter new markets and to improve the respective economic situation. Hence, in almost all
countries the support of national technology developriesel related to economic
growththrough thepportunity to export technology, knowlealye expertise to other
countries. Hydrogen exports play a role mainly for countries with large renewable energy
potential (AU, RU, MO, UA, ES). At this poimbitiismentioning that in the Norwegian
strategy hydrogen is not targeted for direct export but indirectly through the export of
natural gagn combination with offering local sequestration for captured carbon dioxide
Moreoverthe Dutch strategy considbggirogen transit toeighbouringounties (e.g.
Germany).

Finallythe diversification ehergy supply through hydrogen is relevant mainly for energy
importing countries (e.g. DE, JP, CN). In this context, hydrogen istredatee &b
domestic remeables or new sources of energy imputetseasing the dependency on
fossil fuels.

In summary, while national strategies obviously differ in detail, there is a universal
recognition that hydrogen is an essential and indispensable element of a decarbonised
energy system

Associated time horizons

The concreteme horizon®r achieving the different goals by individual countries strongly
depend on their specific starting position, boundary conditions, future ,aamkitions
available resourcés.additionas mentioned previously, some advanced strategies do not
provide detailed timelines for individual strategy implementatioasstepse are

expected to be outlined in future roadnTdps.ultimate gaabf a hydroge strategy,

typically represented by achieving an established hydrogen market by 2050, are expressec
in different ways (s€éeyure8). For example, the ultim&ermamgoal is to achieve GHG
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neutrality where hydrogen is one important element of the future energy system. Some
Asian countries such as Japan or South Kosgadoeon hydrogen and econa@iated

goals and formulate their ldegn objectives as establishing a hydrogen society or
economy. Other counttike Australia plan to become a global exporter by 2050.

To?ay
B ¢ Market ramp-up start (2023) @

S LA
SF= @ H, technology development, g

o oh: technology development, ®

Phase I
Market activation

and development (2030)

demonstration and scale-up

demonstration and scale-up

'q* Expand H, use and supply;
o Develop & demonstrate tech.
P= . Foundation & demo (2025)

i Large market activation (2030;
Figure8:

2(?|J30 growth

Phase II:
Constant market

10 GW electrolysis
until 2035-2040

At least one low-carbon g
industrial cluster

Commercialization of H,
(e.g. imports, domestic PtG)

Commercial mass
production
(high competitiveness)

Major glabal player
in hydrogen market

Phase Ill:
Mature market

2040 development

First net-zero carbon
industrial cluster

® CO,-free hydrogen

(renewable and CCS)

Economic growth
through technological
leadership

on examples from selected countries)

®

Established
hydrogen

2os0market
|
®

GHG
neutrality

Hydrogen
society

Hydrogen
economy

Global

i exporter

Development ¢ hydrogen market in three major phases (based

Nevertheless, in nia$rategies one can distinguish between three major phases towards
achieving the ultimate goals. The first phase until 2030 can be considered as market
activation with technology development and hydrogen dempqag.rin the second

phase until 2040 most countries expect constant market growth wiipaoblglche

scale hydrogen technologies (e.g. in DE usi¥ Hlectrolysis capacity between 2035

and 2040) anéd commerciaation of hydrogen in a number of applications (e.g.
commercial mass production in KR or firsaltman industrial clusters in UK). Finally, in

the thirst phase until 2050 hydrogen markets are expected to mature.
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3 WHICH SECTGRAPPLICATIONSND INFRASTRUCTURE DEVELOPMENTS
ARE TARGETRD
Transport and industaye the most prominent application sectors oVarihdustr

sector has a particularly prominentnra@euntries with a strong induspiaesencand
a high priority on greenhouse gas reduction

WhileAsian countriggand Californialsofocus on using hydrogen in passenger
this subsector plays only a limited role in most European strategies.

Jaan and Korea also have a different strategic approach in the building secto
focus on fuel cell CHPjchionly play a limited or no role in European strategie:!

Scaling demand expectations for 2050 indicates a global hydrogen potenti
9000 TWh

In several countries with high energy needs, a substantial share of this dem
served by imports, initially on the basis of bilateral agreements

Synthetic liquid-feels (PtL) can grow into an interesting opportunity with
guantites based on quota in aviation and/or maritime sector

Infrastructure development requires public financing and central coordir
planning and harmonisation

Existing infrastructui@ gas transport and distributbambe converted to transpi
pure hydrogen.

3.1 Target sectors for governmental Hsupport

Hydrogen as a universal energy carrier can be used in a wide range of applications across
various endser sectors. Typicalgfollowing target sectaran balistinguished

A Industry: Hydrogenis afeedstock for a number of industrial processies
chemical and petrochemical industry (production of ammonia, naeithaeol
called high value chemicalsjin refining of fossilased fuejthese are sectors
already using fosditrived hydrogermday in large quantitiésday usually
producing it osite. Additionally, the steel industry is expected to be a significant
future user of green hydrogen aditieet reduction of iron dnghydrogen is seen
as the only viable way to reduce greengassamissions and replace the current
coalbasedlast furnace procedtoreover, hydrogen can be utilised for gegeratin
process heat.

A Transport: Hydrogenis a fuel for fuel cell electric vehicles (FCEVS) including
passenger cars, bygescks, trainsaand industriainachinery includirgrklifts.
Moreover, synthetic fuelsrived from hydrogen are being discussed as a low

12
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carbon fuel in incumbent combustion en@rgesn aviatioand in the maritime
sectoy.

A Buildings:Hydrogen can provide energyh&ating and warm water generation
in private and commercial buildiegbker directly or through producing synthetic
methaneln additiongo-generation of heat and power in combined heat and power
(CHP) pias is possible.

A Power:Hydrogen can re-electrified by dedicatg@sturbinesor stationary fuel
cell in the power sectdipically, it is combined with lesgale energy storage
for renewable power.

A Export: Some countriesonsider hydrogen as a suitable carrier for (renewable
low carbopenergy exports.

Figure9, Figurel0, andTable2 provides an overview over main target sectors of current
hydrogen strategies per country.

Table2: Main target sectors of current hydrogen strateigs per country

EU DE NL FR ES IT UK NO CH UA RU JP KR CN AU CA MO

Hydrogen use sectors --=II:II§K_:E|= I'.I bl I RO -ﬂi-

bt industy P vV VYV VIOV Y xxVx x VY

T4 Power P v v xv xxvVVVVVY O

@@ Transport }\/\/\/\/\/N’»\/\/\/\/Nw\/\/\/\/\/:“

A Buidings } V) ) ™ X X ) X X OOV VX "W

M Export }xxx”x\/xxxz’x\/\/xxx\/x\/
v/ main sector (¥') less relevant % not addressed

1) Hydrogen imports transit to other counties (e.g. Germany) considered.
2) For Norway, hydrogen is not targeted for direct export, but indirectly through the export of NG with local CCS.

The European gas turbine industry has committed to provide gas turbines that can operate with 100%
hydrogen by 2030;
seehttps://www.euturbines.eu/publications/spetigkpotlighbnturbinesandrenewabl@ases.html
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Figure9: Main target sectors of current hydrogen strategies per country
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Hydrogen use sectors

lea sy >
ChF Pover > AUBE N Es G e
&= Transport »
ﬁ Buildings ’ EU, DE, NL, FR, UK, UA, RU, AU, CA, MO
I -

- main sector less relevant not addressed

IT, RU, MO

all strategies

Figure10: Relevance otarget sectorsacross selected countries

The analysis of the hydrogeategies in the selected countries shows that the range of
applications addressed by a strategy often depends on the time when it was conceived as
well as on the ambitions for GHG emission reduction. Typically, newer strategies are
charactesed by highreand more prominent GHG emission reduction targets. Moreover,
increasing GHG emission targets lead to a higher relevance of the industry, building, and
power sectors as significant hydrogen consumers; likewise, the absence of these sectors ir
a strategysioften related to outdatedess ambitioUSHG reduction targets. Hence, the

newer the strategy, the more ambitious and sophisticated it is on the one hand and the
more comprehensive are the discussed applications on the other hand.

Howevertransportand industrnare the most prominent application sectors ptezall
latter particularly in countries with a strong industrial sector and a high priority on
greenhouse gas reduction.

The possibility of using hydrogen in the industry sector asaddnyseveral of the

selected countries, although often without concrete steps, actions, or targets. The focus is
typically on exiag chemical processes such as ammonia or methanol production. In
addition, in Europe (EU, DE, UK, FR) hydrogen insziegkefys an important role due

to specific regulations included in the Renewable Energy DirectiveS{&&imdking is
recognised by few strategies including EUKDER, and AU, mainly in thetienmg as

the transition of the sector to atirelynew technology will take time. Detailed results on

the envisaged use of hydrogen in industry are sahindables.

® Directive (EU) 2018/2001 of the European Parliament and of the Council of 11 December 2018 on the
promotion of the use of energy from renewable sources
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Table3: Main target subsectors in industry per country

EU DE NL FR ES IT UK NO CH UA RU JP KR CN AU CA MO
Industry subsectors Bl E ™ e e o S =
Industry bt } V vV vV VoY vox x v ox o x VooV
Steel v vV x v x x vV x x x () ) x x v x x
Refinery V vV ©) vV v x ¥V x x x v ) x x (v) () %
Chemicals v vV x vV v x vV VvV x x vV v x x v ¥
Other* X ) M Vv M X X x X ) x x v x x

v/ main subsector (\/ ) less relevant ¢ not addressed

* Glass, electronics, cement industry, mining and process heat generation

The transport sector is targeted by all countries mainly for applications which are hard to
electrify such dsngdistancdrucks, buses, rail, shipsaviationWhileAsian countries

such as Japafouth Koreand Chinas well as Califorradsofocts onusing hydrogen

in passenger cars, this subsector plays lonltedrolein most European strategiesr

more details on applications within the transport seclabtsle

Table4: Transportsubsectorsdifferentiation

EU DE NL FR ES IT UK NO CH UA RU JP KR CN AU CA MO
Transport subsectors [ R | el | PSR — e o FlaE =
Passenger cars x Y x v e x v ox v vVvVYox
Buses v v vV vV i Yo x vox v Vv vyvyow
Trucks v vV vV vV v i v vV Vimx vvyvvyvvyoe
Rail v vV x vV 9 Y X ey % v %
Ships v vV vV v Y Vo v ox vm Y v ox
Aviation v V) v X X X X X X X X () X X X
Other* v vV x vV x x X x x X X “ v x v x

v/ main subsector (/) less relevant s not addressed

* Material handling, light utility vehicles, special purpose vehicles (e.g. construction machinery, towing tractors) and drones

Wherethe building sectas targetediwo major applications are discusskdionary
(natural gabased) fuel cells and hydrogen injection into gas pifelimesry fuel cells
are mainhaddressed by countries vaittelevant technolggoase lik&KR, JFPor, to a
limited extenfDE. Hydrogen blending is considered usually at disgrilieed, while
there is a tendency towards dedicated hydrogen pfpelireesporgrid Gas transport
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operators havegnalledhat substantial parts of the current pipeline infrastructure can be
adapted to carry hydrog&as for Climate 2020]

It is inteesting to note the particular Asian (JP, KE) focus on fuel cell CHP for residential
applications, indicating a different strategic approach, whereas the general approach in
Europe is to increase the share of low carbon gas, improve building insukatpn, and
traditional heating appliances or move to electric heat pumps.

Hydrogen relectrification is viewed mainly in the-lerg to balance out renewable
power generation e.g. in AU, &KDE. In some countries (e.g. AU)upaakd remote
power playslso an important role for hydrogen in the power sector.

As mentioned in the previous chapter hydrogen exports ar@meiatpy countries
with large renewable energy potential such as ES, AJUKGDften the development
of domestic hydrogen dech@considered astarting poinfor establishing adequate
value chainequired for hydrogen exports in the future.

Figurell shows expected hydrogen demand as reported by eight individual national
hydrogen strategidd KR, DE, FR, NL, MO NEA,AU)other strategies do not mention
explicit figuresThe overall hydrogen demaocbunts fa830:380TWh4a by 2030 and
8701600TWhia by 2050. The comparatively large ranges are based on different
scemrios (low and high) for Germaing,UK Australiaandthe Netherlands which are
responsible f&3% (low scenario) &% (high scenario) of the aforementioned demand

by 2050Scaling upper hydrogen demand expected for 2050 in national strategies to global
level indicates a potential of up,@OTWh or around 2¥#lllion tons of hydrogen per
annum, this is an amount as large as the annual primary energy currentlyoailyded g

by renewables
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Figurell: Expectedannualhydrogen consumptiorinTWh, per year

The expected deployment of the fuel cell road vehicles covered in eight national hydrogen
strategies is depictedrigurel2 Most strategies providdyoshorto midterm figures

until 2030 with a total o&. 6.5 million FCEVs. Most of these vehicles are expected outside
of Europe, i.e. in South Korea, Japan, China, and California. Gimgtebres include

numbers for the time beyond 20@0negl South Korea (for 2040), China, and California
(both for 208) with 6.6, 10, and 17.5 million vehicles, respectively.
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Figurel2: Expected deployment of fuel cell electric vehicles (FCEVSs)

Hydrogen importsand plans for national Hinfrastructures

Hydrogen import will be relevant espei@gtiighly populated industisatl countries, to
complement insufficient domestic hydregpplydue tolimited availableenewable
resourceer expected issues withbfic acceptanad newenergyinfrastructuresarge

scale longlistancdransporbf hydrogemnables to tap into foreign (renewable) energy
resources countries offering attractive condition®wecost hydrogen productite

high solairradiatian, attractive wind potentialsd load factorandavailalke landarea
Countries offeggrfossilresources combined with geological reserva@€%also eye

export opportunities into countries where local policies are open to blue. hydrogen
Connectingrorld regions with large and attractive hydrogen production potentials to those
with hydrogen production dedigiill be a key challenge in the next decades.

There are various hydrogen carriers and transport techavkitfibkto address the
import/export and infrastructure challéng@sviously, compressed gaseous hydrogen
(CGH) is required anergy input for a number of applications such as FCiésrad in
processes and therefore plays important role in all selected countries. In this context, some
strategies with a significant domestic derfiosiesieededicated pipelines for hydrogen

see Annex A for an overview of the technologies and hydrogen carriers lenggsediélonglistance
transport of hydrogen
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transport within the country (e.g. DE, NL, JP, UK) or foydliogemhexports/imports

(e.g. MEN£U). Some countries such as the Nethextasttecreatinga backbonef

hydrogen pipelingscluding for transit to neighbouring countiitbén the next decade

taking advantage of existing hydrogen infrastruotawiditionplendinghydrogen into
thenatural gas network mainly at distribution level is considered by few strategies (DE, UK,
AU, NL) aanadditional option to integrate hydrogen intexistinggas infrastructure.

In contrast, hydrogen blending ithie gas network at high pressure transport level is
explicitly excluded or postponed by the British and Australian strategy due to expected
safey/technical issues.

Other options for hydrogen exports/imports being currently discussed inclughg transport
liquid hydrogen (bHusingliquid organic hydrogen carriers (LCdth@)converting
hydrogen to ammoni@enerally, all these cartrb@sported by shgs well as by truck
Although the future of the hydrogen transport technology mix is stilGéfienshorter
distanced,H for longer distances, and pipelines for large veleaneso be favoured so

far. The role of Powso-Liquids (PtL) both for hydrogen exports/imports and as a fuel for
domestic application will be discussed in more détafbliowing section

Establishing supply chains for-thsigince transport of hydrogen allowing for import and
export requires large investments in production capacity in the exporting countries as well
as in the associated logistics infrastructureth®sgpply chain on both sides. This is
currently addressed in bilateral agreements between potential exporting and importing
countries, and such bilateral relationships can be expected to prevail in the coming years
Figurel3 provides a neexhaustive snapshot of established and envisaged relationships
of Germany, Japan, and Korea, the main countries preparing for hydrogen, with potential
exporting nadns. The map shows that Germany is envisioning to tap sources nearby,
whereas Japan and Korea need to explore longer distance relationships.

>pmm i ogt( oc hjno kmjhdi io \~“odgdot dn
project bieveen Austta and Japan. In this project, hydrogen from brown coal gasification

will be liquefied to cryogenic ibHHastings, Australia, and sent to Kobe, Japan, by ship
VCtnom\ - +-+X) Aj m o c-doing liguidjhedrogen €arrier,dhe r j n
a€C_mjb i A mj i ahd slipwway in De¢emlager 2019 [Finangial Times 2020].
Smaliscale pilot operation is planned to start in 2020/202%&dalgyeommercialisation

of the supply chain is planned for around 2030.

In another project, small amsuwit hydrogen were already @ibin a container from

Australia to Japan by using the liquid organic hydrogen carrier (LOHC) methylcyclohexane
(MCH), in 2019 [AuManufacturing 2020]. In July 28rg@peoject that will use ammonia

to export renewablgdirogen from Sawdliabia was announced [Air Products 2020]. This
project is expected to come onstream already in 2025. Furiaongkeexport/import

relations are discussed e.g. between MENA countries and Japand Karepe and

from South Amiea to future international hydrogen markets.
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~
@)
Demonstration Project
Agreements/Talks/Plans
BN - JP AHEAD hydrogen supply chain utilizing the LOHC methylcyclohexane
demonstration project operational phase: January 2020 - December 2020; up to 210 tons to be transported
AU-JP Hydrogen Energy Supply first LH, pilot supply chain currently under development
Chain Pilot Project full-scale commercial supply chain operational in 2030 (300,000 t p.a.)
combine Korea's strength in hydrogen vehicles and Norway's in production and
) supply capabilities

KR -NO MoU cooperate on technologies and demonstration hydrogen economy (including liquid
cargo vessels)
establishment of a hydrogen alliance

DE - MO MoU Joint project on a hydrogen production plantin Morocco
joint research hydrogen supply chains in West Africa

DE-NG package of measures expand the strategic partnership

P-NZ Mo€ use New Zealand's abundant renewable energy sources
planned construction of a pilot hydrogen production plant using geothermal energy

P-AR MoC promote investments _ _ _
framework to integrate Argentina to sustainable energy global value chains

KR - AU Lol develop a hydrogen implementation plan by 2030
develop joint cooperation projects in the hydrogen field
envisaged cooperation = expansion of int. collaboration / scale-up hydrogen in the

EU-US-JP Joint Statement global economy

initiate and implement an effective framework for cooperation on hydrogen

KR - IL MoU bilateral cooperation in the hydrogen economy
Hydrogen Bridge Initiative between DE and UA,; first talks held in 2019

DE - UA Initial talks and MoU MoU between German H2 Association DWV and Eastern European Association for
the Development of the Hydrogen Economy

i, Hydrogen from Saudi-Arabia’s oil sources
JP-SA Initial talks Shipping of ammania
KR —SA Initial talks hydrogen from Saudi-Arabia’s oil sources

MoU: Memorandum of Understanding; Lol: Letter of Intent; MoC: Memorandum of Cooperation

Figurel13:

Selected nternational hydrogenimport cooperationsof JP, KR,
and DE(Status June 2020, not exhaustive)
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Expectedyrowth of the hydrogen refuelling station (HRS) infrastructdiéerent
strategies is depictedrigurel4. TypicallHRS deployment is addressed mrasiwith

a strong vehicle industry (e.g. KR, JP, DE) and depends mainly on further development of
hydrogen demandthretransport sectarlence, the level of detail in this respect can vary
significantly between the strategies (e.g. no concretddigfussralia vs. detailed plans

for Japamnd South Korea). Based on the numbers inaiutiechational strategies or
announced in other relevant docunraoist countries (CN, FR, CA, JP, KR) expect to reach
around 1,000 HRS until 2030 ahead oftid BCEVs deploym@aealsoFigurel 2).

This can bseenas an attempt to solve the chickamdegg problem betwedhe
infrastructurand FCEV flegévelopmenSurprisinglyn Germany as a country with the
most HRS in Eurofma. 100 HRS in 2020)d a dedicated infrastructure company
H2MOBILIT,Yuture plans are vagpeedicting additional 300 HRSr 202@lepenadhg

onthe evolution of new FCEVs fiit2810BILITY 2020ther countries (NL, ES) expect
even lower number of HRS until-2035.

#HRS CN (high): 4,800 (2030)

1.250 KR: 1,200 (2040) @

CN (low): 1,000 (2030) -

P
~

1N | CA: 1,000 (2030) —
~

1.000 -
® JP: 900 (2030) ff” ——KR

-
Prd
-
-
-
-
-

_— ——DE
e —~Jp
750 i « NL (low)
——NL
CA
500 FR (low)
FR (high)
-+-CN (low)
250 ——CN (high)
S ES: 100-150 (2030) -+-ES (low)
0 e 50 (2025) ——ES (high)
2020 Phase I: 2030 Phase II: 2040
Market activation Constant market growth
Figure14: Expected hydrogen refuelling station (HRS) growth

Role of efuels

In the contextfahis study-éuels are defined as synthetic furelduced froifienewable)
hydrogenIn a broader sense such production processvealiquid fuels such as
synthetic diesel, gasolioekerosenehle conversion processes arekalseon as Power
to-Liquids PtL), synthetic methane (also known as-ReMethane PtCH), as well as
ammonia and methandlpart from ammonia, all othefuels require the addition of
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carbon, usually in the form ofboa dioxide, which is generally taken from the

atmosphefe
Power-to-Liquids Power-to-Methane
=\ L: Blending obligation I l IT: Mentioned in NECP
for aviation (14% in as one of multiple
2030; 100% in 2050) renewable gases
B DE: 2% in aviation in
2030 to be considered B Dt: Option for heating
= ES:Support PtL production in buildings
I . g
and use in aviation
: EU: (Long-term) option @ JP: Potential relevant
al Au: for ships and planes option to import energy
%E NO: Mentioned for aviation

Figure15: Role of Powetto-Liquids(left) and Powerto-Methane (right) in
national hydrogenstrategies

Ammonia Methanol
Potential carrier for energy Potential carrier for energy
exports/imports: exports/imports: DE,, ES, MO, JP
EU, DE, NO, ES, MO, AU, JP, KR BT e

. — —
= EI? — - Green feedstock for industry:
® o EU, DE, ES, NO, AU
Green feedstock for industry: [ el

EV, DE, M. £5, MO, AL Potential fuel for ships: EU, KR
— Sy otential Tuel Tor snips: ,
B == T s R p

RN
R

Potential fuel for ships:

EU, NO, UK, AU, KR, AU Potential fuel for aviation: EU
B 3= 5= &R e ||
Figure16: Role of ammonigleft) and methanol(right) as energy carrier in

national hydrogenstrategies

In general,-&uels provide an additional option for hard to decarbonise applications e.g. in
the transport sectors and can be used as-deigjty energy carrier for ldigance

energy transpostithout significant changes in the engines or supply infrastigctoee

PtL is mainly viewed by some national strategies (NL, DE, ES, EU, AU, NO) as an importar

& While local sources of concentratedassii carbon exist, aghike volumes are not sufficient to meet large
scale production needs.
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fuel in the aviation and maritime seckgai(el5 left). For example, the Dutch strategy

plans a Pthlending obligation of 14% for aviation in 2030 and expects full substitution of
fossil fuels in this sector until 2050. Also, the Gerategystlls for a discussion of a PtL

share of 2% in the aviation fuel mix until®2080ontrast, Pt¢id less prominent within

the national strategies of the selected countries, being mentioned only as an alternative
within the gas infrastructure DE) or considered as a potentially relevant optiguott

energy (JP). As showRigurel6 ammonia and methanol are mainly viewed as potential

shp fuels (e.g. EU, AU, NO, UK) or as a carrier for energy exports and imports (DE, MO, JF
KR, AU).

At presentnational strategies mainly focus on hydrogen and less on other fuels derived
from it. As a resuléfuels only play a limitedle in the natmal strategies and are
mentioned mainly the more receand more advancedes As a result, gpotential

role of efuelsmeris a more detailed discussion withinfainther developmenf the
nationaktrategies.

Hydrogencarriers

While hydrogen has the highest gravimetric energy (@¥visikgpf all chemicalthe
volumetric energy dengityVhiitre) of hydrogen aambient temperature and pressure
(15°C, 0.MPa)is very low. As a resuttneeds to be conditioned or conventeda

higher volumetric density form in order to facilitate long range transport of larger volumes.
The most relevamptinsarepressurising the gaompressed gaseous hydrogen),CGH
liquefaction(liquefied hydrogen A Hiquid organic hydrogen &g (OHQs and
conversion into a higher derdiggmical

A CGH: Like for any gas, compression reduces vahshecreases the volumetric
energy density. This is used for pipeline transport and storage e.g. in vehicle tanks.

A LH: Hydrogen becomésryognic)liquid at a temperature «€¥53°C. During
liquefaction, the energy density increasdsbygt 3 orders of magnitude.

A LOHCLOHCare liquid organic substarites can absorb hydrogey chemical
bondingand releas& againby supplying higtemperature thermal energy
Prominent examples for LOHCdil@@rzyltoluenandmethylcyclohexane.

A Chemicals Candidates for potentially suitable chemicals in principle include
ammonia as well as methanol and other more complex hydrdGarizyafly,

24
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Based on the 2018 kerosene consumption in Germany, the 2% green kerosene quota would require an
electrolyser with a power rating of aroun@@/50 produce the necessary drgdnogen.
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mae complex hydrocarbons have a higher volumetric energy density, but will also
require more effort for extracting the hydrogen.

Figurel7 (taken from Annex A) showsaerview of selected hydrogen carriers along with

their volumetric and gravimetric energy densities. The choice of hydrogen transport vector,
meaning the hydrogen carrier including the conversion and storage technologies, for long
distance transport of hgden will eventually be made based on the resulting economy of

the entire supply chain for a given transport relation, CAPEX and OPEX of each step along
the supply chabreing the relevant parameters. Processes to consider include conditioning
or converen, storage, transport, and conditioning or extraction.

0 > 10 = 20 23 30 Lo:?:'u-ser heating '-:élge
Diese| —T————————— 1 fossil
Methane (0.1 MPa) ] benchmark
Hydrogen (0.1 MPa)
Hydrogen (10 MPa) X hydrogen
Hydrogen (50 MPa) ™ and
Liquid hydrogen (-253°C) - hydrogen
LOHC (DBT, useable H2*) m=m carriers
Ammonia (lig., useable H2*)  S—
Pil diese| ———
PtL methano| ' — | it
m Volumetric energy density [kWh/L] Gravimetric energy density [kWh/kg]
*after dehydrogenation/cracking with external energy
Figurel7: Comparison of energy densities of different energy carriers

For economic reasons, converting hydrogen into a more complex higher density chemical is
mainly dis@sed for projects, where the respective chemical is used as such and no
reconversion to hydrogen is necessary.

Annex A provides a more comprehensive overvigwlrogen cders supply chain
considerations, available technologass,structure, aradhantages and disadvantages
of selected hydrogen transport vectors.
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WHIH SUPPORT STRATEGIES OR MEASURES ARE DPSCUSSED

R&D activities, regulatory measures, as well as faidaciin placeor plannedn
almost all analysed countries support e development, demonstration,
deployment of hydrogen and hydrogen teclasolog

Sectoral quotorgreen feedstock and fuels in industry and transport can stimul
scale demand.

Moving from CAPEX to OPEX support will leslialblish sustainable business (
for operators

Public acceptancaiisderstood agucial tesuccessful technology deployment.

Europearnvisagegublicfunding is largeanging fron22-42= z howeversome of
that applies ta broader range of teclogies where hydrogen is one of several o)

Looking aR050,over half of the countries analyeetdis on using green hydro
sourced from renewable enemgy. @her types low carbon hydrogen are seen
effective and pragmatic way to rampmplpnes in the interim.

Government activities supporting kitechnologies and applications

A broad range ofxisting and planned regulatory measures to support hydrogen are
implemented and discusseithin the analysed countries. They can be grouped into five

major categories:

A Research and development (R&M)th the main objectiveitaprove hydrogen
technology

A Regulatory measure$o set specific boundary conditions for the development of

hydrogen tated value chains and markets

A Financial supportproviding different kinds of funding budgets for theupuild
and operation of hydrogen technologies at all value chain steps

A Acceptance and trainingaiming at spreading hydrogelated knowledge and
gainirg acceptance for all stakeholders

A Governance and other measuresonitoring and steering the implementation of

national hydrogen strategies based on a set of different governance and control

instruments

The development, demonstraaonl deployment of hgden and hydrogen technology

is backedn almost all analysed countries by supporting R&D activities, regulatory

measuress well as financial support (Sgerel8andTable). Theremainingategories

for measures shownFigurel8 areonlyaddressed by advanced strategies with a more
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comprehensive scqgeg. DE, AU, JR) this context, the range of support instruments
and mecanism is broad witndifferent focus bedin each country based national
interes$ and preferences

Howeverstrategiegieneralljocusmoreon targets for green hydrogen production and
technology deployment than on measures supporting these targets. Many policies in place
are still focuseon R&Bpriented action, whickmaingelevant but less important than
fostering commerdgtion. In most cases, policy developiaeiaggingbehind the

strategic ambitiorand crrent measures are insufficient to catélgsavisaged strong

growth New policies required to achieve these targets amrgjilliscussaad are only

starting to emerge.

In most countrie®R&D support aims at practical R&D activities such as demonstration
projects on all elements of the hydrogen value chain as a strategy to activate the market.
Hence, the major objectives are technology cost reductions, efficiency im@ogements
gaining experience with key hydrogen technologies as an element of market preparation.
For examplén the Netherlands, applied research and innovative actions are supported in
different MOOI (Misstoriented Research, Development and Innovatiders tand

programs such as the DEI+ (Energy Innovation Demonstration SchemelR&D Japan,
budgets of 25 and 2Dz r = m~ h\ ° \'g\dg\] g~ di -+, 3
refuelling, respectively. In the same yedrz83r " m~ \ g\ dg\ ] ghainaj m ct
Powerto-Gasand hydrogen to power technologiéere is also a tendency towards
moving from showecasing individual technology pilots towards demonstrating entire
hydrogen valughains, successful programmes having e.g. been launched by the European
FuelCall \'i _ Ct _mj b i Ejdio Pi_ "mo\fdib A>C
Netherlands and in Germany.

Table5: Existing and planned hydrogen support measures by country

EU DE NL FR ES IT UK NO CH UA RU JP KR CN AU CA MO
— — S A - ot Sy .
Support measure type EmTII T IIEERE B mm e o FaE =

;6_ R&D support > ++ ++ ++ ++ ++ + ++ + 0+ ++ ++ ++ ++ H+ + 4
m Regulatory
++ + ++ 4+ H++ + + 4+ 4+ 0 4+ ++ ++ ++ ++ +
measures
= Financial
] ++ ++ ++ + ++ + + + + 0 + ++ ++ ++ ++ o+
support
@ Acceptance
2.8 . + + o + 4+ 0 0 + 0 0 0 + + 0 ++ ++ o
== and training
o Governance
o + ++ + + 4+ 4+ 0 0 0 O + ++ ++ 0 ++ ++ 0O
and other

++ Strong focus  + Less pronounced 0 Not mentioned

27



28

International Hydrogen Strategies
Which support strategies or measures are discussed?

:é R&D support m Regulatory measures é‘] Financial support

Other o Main
world sector

o Less
relevant European
Not Union

Asiaj addressed

Pacific

Other
Europe

Figure18: Existingand planned hydrogen support measures by country

Regulatoryneasures such as legislative actions can be viewed as a very strong and direct
instrument to support hydrogen technalgya forenewable drydrogen technologies

in certain markets are a mpmeent example of such measures, have been applied
successfully. Examples, not all exclusively aimed at hydrogen, include the neandate for
emissiorvehicls in CA the renewable energy quota of the European Renewable Energy
Directiveand the possibility of mandatirtiasharein the aviation sectas mentioned

in the NL and DE strateglasSouth Korea, the Renewable Portfolio Standard Policy
(established in 20r&quiredarge power producers to meet a minimum portion of their
power generation from new and renewable technologies, including fuel cells. Alternatively,
they can purchase Renewable Energy Certificates to meet their obligation with a mandatory
share rising from 7% in 2019 to 10% by 2022. The certificates are riddu¢hl pe
multiplied by a weighting factor for specific generation technologies. Generatgbn from
cells is weighted with 2, onshore wind has a weighing factor of 1.

Another strong regulatory instrumguoite complementary to quas the banningf
specifi technologiesotably in the transport sedtoe, Dutch ban of diesel buses and the
plan to put into service oréro emissidmuses for public transportation from béiiy

an example

On a general note, it is of course important to allow forelmydnoghydrogeterived
fuels to count towards the respective policy targets. A prominent example is the change in
EU Renewable Energy Directive (&t&Bt) compared to the incumbent directioe,
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alloninggreen hydrogen in refineries to count towsedED renewable energy share
in transportwhereas in theurrentFuel Quality Directi{2009/30/EC}he renewable
guality ohydrogen usedslithin a refinerig not accounted for.

Finally, the harmonigat of legislation on the one hand and standards, codes and approval
mechanismand review of regulation (e.g. for gas infrastructure) on the other hand are
expected to play a relevant.riete instancen the one hand, the Japanese government
supportghe revision of a variety of codes and standards for fuel cells and hydrogen
infrastructure. This will lead to an tatfim ofthe currently rathetrict regulation on
hydrogen refuelling staspreducing the related refuelling costs. On the other hand
countries sudis Australia oseveraEuropean countrias well ashe EU are going to

review current legislationsstgpport hydrogen technologies. For example, the EU will
revise the Energy Taxation Directive to avoid double taxation of IGyemgdy, in

Europe the EU Directives play an important role for activities and measures in individual
Member States (e.g. AFIREDI", CVD). Hence, the regulations in the Member States
are often similar and national governments (e.g. NL, BiEys#eathe implementation of
European Directives into national law to stimulate hydrogen .activities

The actual financial support for hydrogen technologies in individual countries depends on
the corresponding economic strength and advancement of tea birdtegy. As a good

practee, coordinated, strong, continyoasd focused financial support enables the
creation ohucleifor hydrogen technologies (e.g. fuel + station + vahiths.context,

rather than providing funds for initial investmemist of newer financial support
instrumentgim at supporting the operating cost differential to incumbent technologies
and solutionse.g. through reduced road toll/fees as in Switzerland or thicallgiu so
carboncontracts fodifference (D) asug@stedn the Germarand European strategy

As shown iffablet the envisagegublicfunding budget in Europe is very large ranging
from22-42= zHowever, it is important to ntiiat some of the buddejuresincluded

here are not solely dedicated to hydrogen technologies but to a broader range of
technologies where hydrogen is osevafrabptions (e.g. for battery electric and fuel cell
electric vehicles).

10 Alternative Fuel Infrastructure Dire®ivective 2014/94/EU of the European Parliament and of the Council

of 22 October 2014 on the deployment of alternative fuels infrastructure

11

Renewable Energy Directidieective (EW2018/2001 of the European Parliament and of the Council of
11December 2018 on the promotion of the use of energy from renewable sources.

12 Clean Vehicles Directildérective (EU) 2019/1161 of the European Parliament and of the Council of
20June2019 arending Directive 2009/33/EC on the promotion of clean andfBdergyroad transport
vehicles
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Table6: Public unding budgets in Europe
. Fundin .
Country i g Details Source
i budget
- 1411 BE + 10 B€ ETS innovation fund (not only for H, but for low-carbon tech.) Public
EU * 665 B€ for FCH2 JU via the European Horizon 2020 Framework Program announcement
« NIP funding (2016-2026): 1.4 BE
= Basic H2 research (2020-2023): 310 M€
= "Reallabore” (2020-2023): 600 M€
» National decarbonisation programme in industry (2020-2023): > 1B€ Hvd
ydrogen
Germany 13-21 B€ | . "Zukunftspaket Markthochlauf”: 7 B€ strategy
* International partnerships: 2 BE
* Energy and Climate Fund (Energie und Klimafonds EKF): total 8.1 B€
cars 2.1 B€; LDVs 0.9 BE; buses 0.6 BE; e-fuels 1.1 B€; charging and refuelling infra. 3.4 BE
« FC heating appliances: 700 M€; Hybrid-electric aviation: 25 M€; Zero-emission ship: 25 M€
= Low Carbon Hydrogen Production Fund: 110 M€ (100 million GBP); Hydragen Supply
Competition: 36 M€ (33 million GBP)
— « Industrial Fuel Switching Competition: 22 M€ (20 million GBP); Industrial Energy
EGhs Transformation Fund: 345 M€ (315 million GBP); Energy Revolution Challenge: 113 M€ (103
UK 307975 Me million GBP); Clean Steel Fund: 275 M£ (250 million GBP) Public .
i *» Hy4Heat programme: 28 M€ € (25 million GBP); Alterative H2 heating: 33 M€ (3 million GBP) announcemen
= Innovative large-scale energy storage solution competition: 22 M€ (20 million GBP)
« Ultra-low emissions bus scheme competition: 5 M€ (4.4 MGBP); Hydrogen for Transport
programme: 15 M€ (14 MGBP)
I I + 100 M€/a for the implementation of the hydrogen deployment plan H; :iepl(g)g;ﬂ;)nt
an
>7BE * 50 M€/a from multi-annual Energy Programme (PPE): support for decarbonated H, P
France 7 BE for the devel ‘ b H, development
. or the development of a green hydrogen economy plan (2020)
——l 35-45 Mga * Ca. 35 M€/a within DEI+ to support operating costs of green hydrogen production Hydrogen
Netherlands : « Ca. 10 M€/a between 2019 and 2025 for zero-emissions buses strategy
e * PILOT-E programme in 2019: 7 M€ (71 MNOK)
Hle= 67-78 Me * Ca. 50 M€ (550 MNOK) by Norwegian Research Council for H, technologies Hydrogen
Norway « Unspecified funding as part of COVID-program of 11 M€ (120 MNOK) expected strategy
» Fast ferry program: 10 M€ (205 MNOK)
Public
110,000 € ! + Research onwide range of hydrogen technologies for Ukrainian Academy of Sciences
Ukraine announcement

The largest budgets considered in the national strategies come from G@twanyydl3

France (2 z a

fogen as part of the 18z

2018 hydrogen deployment p&ang the European UnioAl{E z %(
commitment within their respective strategies. In Europe, additional funds can be provided

13

development of decarbonised hydrogen was subsequentigeahoio@ Sep 2020.
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Announced by French economy minister Bruno Le Maire on 7 Sep 2020; a national strategy for the
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by individal Member States within thecatbed Important Projects of Common European
Interest (IPCEI) which allow for direct state aid for selected ngldtegieorojects.

Tabler provides an overviewpnbblicfunding budgets for hydrogen announced in the rest

of the world. According to the dateong commitment can be expected in Japan, South
Korea, CaliforniandAustralia with a budgetbetween 20d00Hz di ~\ *c "~ j pi
morethan1=z di o | ,@nlyg)portibn of thépeseardn\programraf 1 =~ _d ~\ o
to nuclear power would be used for hydrogen technologies. In @nesgrites figures

indicate past FCEV subsidies, on the one hartdeastimated market size for hydrogen
technologies, on the other handinbemation orconcretdunding budgets hardly

available.
Table7: Public unding budgets in rest of the world
| Funding :
Country | g Details Source
i budget
PY : * METI budget for hydrogen and fuel cells (2018): 221 M€
231-357 M€ * R&D budget for power-to-gas technology (2017): 10 M€ Public
Japan | ; . ) announcement
i » Subsidies for clean energy vehicles (2018): 126 M€
s H i » PP budget for hydrogen (2019): 82 M€
@, H H Public
i 234 M€ | - Hydrogen R&D and development budgets (2019-2013): 88 M€
Korea : : announcement
; i« Ansan, Ulsan, Wanju/Jeonju as candidate cities for the hydrogen economy: 64 M€
e | + FCEV subsidies in 2018: 11 B€ public
China | { + Estimated market size in H2&FC: 39 B€ (2020); 130 BE (2030) announcement
o « Assembly Bill No. 8 in total by 2023 for up to 100 public HRS: 55 M€ (65 M$) o
i 178 M€ |+ Clean Transportation Program renewable H, production: 7 M€ (8 M$ 2 projects) Public
California ! : announcement
H i » lean Transportation Program renewable for 64 public HRS + fleets: 116 M€ (136 MS$)
ﬂ 203 M€ « Hydrogen funding at Commonwealth level: 305 M€ (500 MAUD) Public
Australia | i = State governments funding: 98 M€ (160 MAUD) announcement
= Research programme "Atomnaja Nauka, Technika i Technologii" including commercia ublic
1B h prog ] k. hnik hnolog luding \ Publ
Russia i production of hydrogen in nuclear power plants until 2025 announcement

Acceptance and training related issues are addressgdeonigolintries typically with

more advanced strategies. The corresponding measures include a wide range of knowledge
management as well as campaigns and activities to introduce the opportunities of hydrogen
to a broad public. A goedamplas found in theAustralian strategdvocatingxplicit
participation of local communities in economic benefits from the development of the
hydrogen technologgdavalue chains. Some strategies also foresee professional training
for technical and rescue forces whickxagerted to cope with the hydrogen technology

in the future.

Governance structures are also typically considered by more sophisticated strategies.
Dedicated advisory groups usually consisting of industry, aaadegoiernment are
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often a core elemantthe formulation and/or implementation of further hyaedateal
activities in various countries (e.g. JP, KR, DE, AU, IT). Fothe@ephan strategy
provides a detailed description of future governance structures including a committee of

underscretarieséh n " g ~o  _ hdidnomd n \n r agg \n
central office to support the decision making. In Southakbr€a, _mj b ~ i @"j i
Kmj hjodji >jhhdoo™ "« r\n “no\]gdnc™ _ di

and b serve aapangovernmental control towkr.addition tahe classical governance
structuresinternational cooperation is recsghas a key strategic element in most
countries. Its practical implementation is usually expected to be addressadttrectly
governmental level. Moreover, due to the request for renewable, mydnygetrategies
underline the need and importance of global hydrogen certification mechanisms.

Hydrogen sources

Hydrogen can be produced from various feedstoakmgri#renttechnologies. The
most relevardifferentiator between the source options is the ldwelaskociated GHG
emissionsTrese include emissions from the hydrogen production ipself&ss also
from the feedstock or electricity supply.

Renewable yldrogen is usually defined as hydrogen from water electrolysis using
renewable electricity (e.g. from wind andes@agy. It is usually considered to be carbon
neutral. Sometimdsydrogen from biomatsr \' gnj g\ ] "gg _ \'n " m
will generally have a larger carbon footpastsibasel hydrogen with carbon capture

and storagéCCSjechnology as well as hydrogen from methane pywahesis the

carbon is disposed afg alsoassomted with a low carbdpotprint. In tese cass,
remainingGHG emissiongsult e.g.from upstream emissions likeeomplete GO
extraction from the flue gas/@ndmissions related to methane leakages during natural
gas production and transpdéibssilfeedstocke.g. for natural gageformingor coal
gasificatiorfwithout CCS3 dominating tod@n ct _ mj b.Todaykhen¢ ismqm”™ odj i
internationally agreed terminology or cantensity thresholdr the categ@ation of

hydrogen productioptiors. However, the European Union is supporting the creation of a
classification as part of a scheme for guarantees of origin for low carbon hydrogen within
the CertifHy project.

All analged countries are quite aware of the relevance and importanoarbbloand
renewable hydrogen to be able to aclmesteand longerm GHG emission targets
however, they take differing approaches on their respective paths ren@eisission
future(Figurel9).
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EU DE NL FR ES IT UK NO CH UA RU JP KR CN AU CA MO

Main hydrogen sources “- II—II%"‘ n -- e (o i-

I I D D S S —— 8 N | 8 8 §F |
Around 2030 > —§ & — — — — f—
I N N . —— 5 1 87 & ¥ ¥ 1 N __§ B |
Towards 2050 > — — 5 1 8
|
Renewable ™™= Fossil based with CCs Methane pyrolysis Fossil*
* In Russia in 2050 mainly based on nuclear power
Figure19: Consideredmedium and long-term hydrogen production

options by country

In the mediurterm (around 2030), renewable and-fuss#id hydrogen (with amithout

CCS) are generally considered viable opyiomst countriesprae mainly make
renewablé¢and existing fostibsedhydrogersubject of the discussion. However, this is
usually related to the limited scopehe discussiofe.g. only addressiaglditional

hydrogen production for the transport secttirg good availability of renewable energy

In the 203Qtimeframe, renewable hydrogen plays a lesser role in the hydrogen strategies
of South Korea and Japan. The Japanese strategy is veguseachrfaost efficient
production and import of hydrogen, addressing the switch to renewable hydrogen in the
years after 2030. The Korean strategy is driven by economic growth and technology
leadership in the ende sector. kddition, Korea haastherlow GHG reduction targets

As a resulKorea only plans to maggenewable and lesarbon hydrogen souraes

relatively late stagwmpared to other countriesfact, fosstbased hydrogen (without

CCS) is planned to still play a major r@e4id.Hydrogen production from methane
pyrolysis is only addressed m&diurderm bridging technology in the official hydrogen
strategies of Germaawydthe European Unjomhile Russialso sees a potential rivle

the longer termHoweveroadedisaissions about methane pyrolysis only popped

few years agalong with a few more prominent international research projects in the field
this possibly being the reason for limited appearance in official strategy papers and
discussions.

Towards 2050,mrewable hydrogen is considévduk significarity all countries. In fact,
a range of countries consider renewable hydstigeronly longerm optioNL, ES, UA,
DE, CH, MO, E@ther countries also accept fbasid hydrogen with CG&called
blue hydrogen, as a leiggm option in their plafidK, JP, KR, AU, FR, CNRNO

As shownin Figure20, some countries set ambitious targets fowablee hydrogen
productione.g. up to 950Wh4a in 2050 in Australiap to 300rWh4a in EU in 2030
or ca. 100Whja in 2050 in Ukrain€igures for theorrespondingequired large
electrolysis capacities, however, are provided by ettgtEyiegsed-igure21): 40GW

in EU until 2030, I®W between 2035 and 2040 in Gernmaard/3-4 GW in the
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NetherlandstGW in Spajiand6.5 GWn France until 30. The EU target alone signals

acumulativemarketa j g m / + =z aj m bm “until2830 _mj b " i
max. min.
CA = 6 14 40 143

] | 15 119
AU ol 04 18 4 %5
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Figure20: Targetedrenewable hydrogen production
45, Electrolysis capacity in GW,,
B U 6GW (2024) .
40 40 GW (2030) EU
-e=DE (low)
——DE (high)
FR
=e=NL (low)
——NL (high)

DE: 5 GW (2030)
B 10 GW (2035-2040)
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2020 Phase |: 2030 Phase II: 2040
Market activation Constant market growth
Figure21: Targetedelectrolysis capacity

34



International Hydrogen Strategies @
Which support strategies or measures are discussed?

Oj _\ t ct-X(RtXdemanstration plants are in the single digit Megawatt range at
best. The above lafgmale production plans signal a transition to plants which are at least
two orders ahagnitudes larger and a stark move to an indsio@alof the sector. This
striking development can be sefiaibie8, showing the number and capacity of current
arnd announced PtX plants in the selected countries.

Table8: PtX plants ramping up fast in the selected countries
(data source: LBST)

EU DE NL FR ES IT UK NO CH UA RU J KR CN AU CA MO

— — N7 . PP - <. I
— £ —|—-|— ® ‘e - -‘ E-N -
- —II‘—IImmI-H || ¥ L

PtXF"”?”“'”}64342814415001501310
operation
POXMW in }57 22 1 1 <1 1 35 1 1 0 0 11 <1 <1 6 < 0
operation

PIX plants in > 6 77 14 19 8 4 16 13 2 0 0 2 1 7 10 3 1
preparation

N g 3

PtXMW.m . > 9500 750 3800 1.600 161 2000 308 288 40 O 0 0 ~10 5200 20 3 100
preparation

*announced, studied, under construction; incl. plants without detail on size (as of July 2020)
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WHAT HAS BEEN ACHIEVED AND WHAT CAN BE LEARNED SO FA

The countries selected for analysis in this study reprdebntvarying background
regarding their respective history and ambition in the hydrogermedetal. and nature

of the progress regarding the deployment of hydrogen technologies,napjalichtio
infrastructurebviously depend in particular on when activities have started. The European
Union has already been supporting R&D projects for two decades and countries like
Germany and Japan are already looking at a similarly long historynoérdeghal
experience, while activities in other couwinigsstarted gaining momentum in recent

years (e.qAU, K, CH, UA, MQeverthelessuccessful deployment can be found across

the board and they can be traced backew &iggersnotable exangs of which are

provided below

Table9:
learnings

Achievement

German HyLand funding call initiated strong
and comprehensive regional planning activities
which continue even without funding

i Trigger
3-tiered funding call supporting concepts,
i project design, and implementation

Overview of policy achievements, triggers, and associated

Learnings

= Move from isolated pilots to demonstrating

comprehensive value chains

* Support collaboration

+ Target commercialisation

= 1

Dedicated local authorities using available
i opportunities and funds

* Provide early support to thought leaders and

regional initiatives

Dynamic hydrogen ecosystem developmentin
Australia driven by government and industry

»

preceded by field-testing and large-scale
{ monitoring

Japanese projects for hydrogen import

* Endurance pays off

* Long-term programmes enable industrial

development and cost reduction

* Leverage international cooperation

* Identify opportunities for economic growth

Large-scale electrolysis projects developingin
and around refineries

A |

RED Il allowing for green hydrogen in refineries
i 1o count towards GHG reduction targets

+ Tailored regulatory incentives work

* Identify the right levers enabling

early business cases

Alstom, Hyundai, and Toyota see their R&D
investment bearing fruit

=y
EN 9. o @

{ Government support leveraging private
| investment

Refuelling infrastructure emerging in several
countries

e o Il = &

Dedicated individuals in corporations

+ Support early movers in industry

+  Public-private partnerships help to align

interests of industry and government

FCEV vehicle deployment

Regulatory measures
i (road tax reduction, ZEV quota)

+ Targeted regulatory incentives work

+ Identify the right levers enabling

early business cases

Achievements and triggers

The current move from R&D support, which has been the dominant public support
mechanism irné past, to supporting commercialisation and the demonstration of entire
value chains has helped to create large and successful partnerships, mobilising sizeable
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private investment. Examples include the German HyLand funding programme, which
initiated strog and comprehensive regional planning and demonstration activities, some
of them even continuing without funding, and the European hydrogen valley initiative that
has led ttHEAVENN projects in the North Netherlands, which is expected to also become
the lome to even larger and more comprehensive rojects

Regional clusters of players have emerged around the world, initially triggered by dedicated
individuals or small groups of people in regional governments and administrations.
Examples include the abaestivity in the North Netherlands, the Italian cluster in Northern
Italy around Bolzano and the pytliate partnerships in the Heide region in Northern
Germany, as well as the lstanding hydrogen focus in the US state of Cali@trara.

early mover examglencludethe fuel cell trains developed by Alstom, which have
benefitted from the opportunity to quickly enter into regular service in North & ermany

the early development by Hyundai of FCIMthiKorea, which are now an impdrtan
cornerstone in the national hydrogen stradegyifying these early movers and providing
adequate support as well as forging and fosteringppiblie partnerships are important

for such activities to bear fruit.

It takes a lot of time to develogustrial and residential markets and to mature the
required technologies and solutions. Therefore, it is impgrtanid® a reliablend
longtermframework for industrial investment taidr support programmes such that
stakeholders remain on lb#or the long period until commercialisation. The Japanese
aEneFarmx programme for installing residential rietB fuel cells has started in 2009,
preceded by fietdsting and larggcale monitoring, clearly shows that endurance pays off.

It is by novthe largest and most successful volume deployment of this technology and has
enabled Japanese technology companies to globally lead in this sector.

Largescale electrolysers are being planned in Europe in and around refineries, based on
the BJ Renewable &gy Directive recg®EDI) that now allowgreen hydrogen in
refineries to count towattie renewable energy share in transgmuired in REDThis

is a good example showing that tailored regulatory incentives work well if they include the
rightlevers enabling early business cases. It is interesting to note that the underlying policy
mechanism is a renewable quota for transport fuels, in this case leveraging significant
private investmerRegulatory incentives have also helped initiate faldatad vehicle

(FCEV) deployment in California (witketfteemissiovehicle ZEV mandaegjuiring
vehiclemanufacturers to offer for sale specific numbers of the very cleanest cars available
and in China (providisgbstantial governmespportté i ~ r i = mAnbtheq " cd” g

14

In February 2020,cansortium of Gasunie, Groningen Seaports and Shell Neaerdambuncettie
intentionto launch the NortH2 projgotoducingreen hydrogen using renewable electricity generated by a
dedicatednega offshoreimd farmwith 3 to 4 gigawatts in 20fBasunie 2020].
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regulatory example is the Norwegian requiremestd@missidourist ships and ferries

in the World Heritage fjardshich has kicked off significant clean shipping development
programmes, introducing battery and deiélelectric propulsion systems in maritime
vessels.

The cooperation between Japan and Australia is a showcase of successful international
cooperation. The Japanese interest for importing hydrogen and the subsequent
understanding by Australian publicpaivdte stakeholders that this is an opportunity for
substantial economic growth has kickeadfaffry of activities in Australia, by now also
including a perspective on significant domestic hydrogen use, and has led to the emergence
of a dynamikydrogen ecosystem development driven by government and industry.

Best practices from the analysis of the hydrogen strategies

When looking at the hydrogen strategies of the selected countries, a few common themes
and best practicemerge, also reflectitng above triggs.

It is important to involve thelevant stakeld®rs in every step of the process and to
provide a common and reliable framework

A Stakeholders are typically involved in devising a strategy, and, once the strategy
has been published, eemon board for the subsequent formulation of a roadmap
involvingboth government and stakeholders.

A A suitably selected advisory group including participants from industry, academia,
(local) government and possibly also the civil society is oftelementérethe
implementation process.

A The European Union and its legislation provide a common and reliable framework
for all EU member states, serving as a trigger for activities in all EU countries.

A Itis realised that the hydrogen market (includingtitmmpeill becomeglobal
As a resujinternational exchange and cooperation is increasingly addressed in the
strategies.

Comprehensive greenhouse gas reduction is driving adoption and hydrogen applications
are not restricted to a single sector

A Hydroge strategies need to address all energy consuming sectors including the
industries using it as a feedstock. As a result, advanced strategies typically involve
various national ministries.

A Green hydrogen use is a central element in all countries, blue hydrogen is envisaged
to play a role in many strategies mainly in a transition period and only in a few
countries also in a longer term. Defining hydrogen qualities with regard to its GHG
footprint and agreeing on corresponding certification procedures will be crucial
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going forwardSeveral future hydrogerporting and exporting countries have
addressed this need in their national hydrogen strategies (EU, AU, DE, NL).

Measures for implementatare usually left to subsequent roadmapping and legislative
activities. However, it is clearly rasegrthat measures need to include a number of
relevant dimensions.

A

A

R&D activities will need to continue, focusing on technology use and demonstration
to learn and further improve the technologies involved.

It is important to harmonise regulations, codes, and standards (RCS) at all steps
along the value chain allowing for a reliable operating environment and a level
playing fieldWhile this is largely in place already for FCEV operation, green
hydrogercertificatioris an important issue still being addre&stblishing a

green hydrogen certification mechaalismingproducesto verifiably prove the

green quality aheirproductwill be crucial for market development

With the move towards commercialisation, financial support mechanisms
improving the competitiveness of hydrogen vs. conventional technologies will gain
importance, requiring a move from CAPEX to OPEX support.

Carbon pricing is a weditablished instrument in many world regions. While
current carbon prices in most countries and regions are too low to enable
sustainable green hydrogen business cases, aigioimaflyrhigh CO2 prices will

help to further reda the cost gap and create a level playing field

Aswith anyintroduction ofiew technology, supporting public acceptance and
participation of local stakeholders is crucial.

Goordinated and concentrated financial support to integrated hydrogen concepts
erables the creation of strong nuclei for hydrogen uptalaral strategies
identify strong and continuous financial support to selected regions, cities or
industry clusteess an important lever faeaing hydrogen eesystems anftr
enabingthe develpment of innovative hydrogen value cfdtysDE, EU, FR).

39



40

International Hydrogen Strategies
Conclusions and recommendations

CONCLUSIONS AND RECOMMENDATIONS

Quickly emerging hydrogen strategies point towards a dynamically
growing market

By 2025,hydrogenstrategies can be expected to coverountries representing

over 80% of global GDP

In a higHevel review of countries representing over 90% of global GDP we found that 20
countries representing 44% of global GDP already have a national hydrogarestrategy

on the verge of doing sathin the coming monthadditionally, another 31 countries
(another 44% of global GDP) are supporting national projects and discussing policy action.

The comprehensive nature of existing and emerging hydrogen straggiggelevant
application sectors, serving environmental as well as economic goals, and building on a
long international experience, is a clear manifestation of the important role the technology
is expected to play.

Hydrogen is clearly recognised as assential element of a decarbonised energy
system

Hydrogemlaysan important role in a future energy system based on renewables as a
essentialink between intermittent wind and solar electricity production and energy
consuming sectors traditionallyimglon a chemical energy carrier that can be stored in
bulk quantities and converted to electricity or heat at the point of use.

The analysis of government action for hydrogie Iré selecteccountries and in the
European Union shows that the marerdrior these authorities are the GHG emission
reduction goals, the integration of renewables, as well as the opportunity for economic
growth. While national strategies obviously differ in detail, reflecting particular country
interests and industrial estgths, there is a clear, strong, and lasting international
momentum behind the universal recognition that hydrogen is an essential and
indispensable element of a decarbonised energy system.

Scaling demand expectations for 2050 indicates a global hydrogeotential of

up to 9000 TWh

Not all countries quantify the expected national hydrogen demand in their strategies, but
the ones that do are all in a similar ballpark with respect to the respective size of the
economyScaling uppérydrogerdemand expectddr 2050 in national strategies to

global levebased on GORdicates a potential of up to 9000 ®W4round 270 million

tons of hydrogen per annum. This srasunt as large as thenualprimary energy
currentlyprovidedyloballyby renewables
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In seweral countries with high energy needs, a substantial share of this demand

will be served by imports, initially on the basis of bilateral agreements

While hydrogen production from renewable energy offers an opportunity for a higher
degree of energy indepemck, densely populated countries with high energy needs are
realsing the limits of domestic production capacities. Notably, Japan, Korea, and Germany
expect to develop significant import capacities. As these require large investments in
production capagiin the exporting countries as welinathe associated logistics
infrastructure along the supply chain on both sides, initial developments will likely build on
bilateral agreements -ideking the capital employed.

Initial applications focus on thetransport and industry sectors

Target sectorsf national strategigstably include transport and industry, the latter
particularly in countries with a strong industrial sector and a high priority on greenhouse
gas reductiorf-or transport applicationspsinstrategies do not differentiate strongly
between using hydrogen directly and converting it into other syntheti¢hérels.
synthetic fuelare mentioned, they are seen as an option for aviation and maritime

shipping

Greenhydrogen iscentral to all strategies

In the long run with a view towards a largely decarbonised world aye? 0f(X, of the
countries analysémtus on using green hydrogen sourced from renewablendyieigy
emphasis on green hydrogen is particularly pronounced iHtveelzér, in the interim

other typesflow carbon hydrogen are seen as an effective and pragmatic way to ramp up
volumes and to get the associated hydrogen economies started.

Market ramp-up will happen inin three phases

The expected development of thenghgdrogen market can be differentiated in three
phases. In theurrent decade, market activation will help to transform current
demonstration into an early market (phase 1), which is expected to subsequently experience
sustainable growth (phase 2), tenadlly leading to a large and vesltiablished market by

2050 (phase 3).

Emerging opportunitiesand areas to watchfor industry

Largecumulativemarket of over1l - f@r green hydrogen production

equipmentwill develop within the EUuntil 2030

Several cotnes are stating clear and massive targets for ramping up green hydrogen
production. The move from the currently installed base of electrolysers in the lower
Megawatt range to Gigawaitre capacities within less than a decade points towards a
massive gwth path in the coming years and the targeted large hydrogen production
capacities translate into a sizeable market. The EU target alone indicaitsiae
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2030.

Large industrial partnerships will be formed for production and export/import

As pointed out earlier, inigalport/impontelationships are expected to build on bilateral
agreements. Corresponding supply chains will benefit from a tight integration, resulting in
partnerships between relevant major stakeholders covering production, infrastructure, and
logistics. Such partri@ps are already being forfnadd industry players should start to
engage now.

Refineries and chemical industry to become the first important lareggeale

hydrogenmarkets in the midterm

Green hydrogen is seenome of the main leversdecarbonizéhe industry sector.

Refineries and the chemical industry are large hydrogen users already today, and gradually
replacingthefos$il\ n~ _ " bm t© ct _mjb i ]t bm i jn
in several strategiés.addition, thEURenewable EngrBirectiveecas{RED IBllows

green hydrogen used in refineries to count towards the mandatory transport sector target
of a 14% renewable energy share, creating a strong regulatory incentive. As a result,
already nowatgescale electrolysers are p@lanned in and aroudropearefineries

Road transport (vehicles and truckgnd fuel cell market currently stronger in

Asia than in Europe

While the transport sector is a relevant application segment in all countries, when
comparing countries with reléxaariomotive OEMs, the expected use of hydrogen in fuel

cell passenger vehicles and trucks is stronger in Asia than in Europe. While Japanese,
Korean, and Chinese plans foresee a relevant role of fuel cell electric vehicles in all road
transport sectorgjiBpean strategies mainly focus on heavy goods vehicles. An interesting
observation and a reflection of an obvious difference in strategy between OEMs in the two
continentsSimilarlyfuel cel in the building and power sector have a pronounced role in
Asia while playing only a limited or no role in Europe.

Green gnthetic liquid e-fuels (PtL) can grow into an interesting opportunity with

large potential quantities particularly in the aviation and/or maritime sector

In a few strategiegreensynthetic fuelsire mentioned as an option for aviation and
maritime shipping. Being able to be used in the existing engines without major
modification, they provide a perspective for decarbonisation in the short term, whereas a
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A prominent example is the recently announced Gigawatt size green hydrogen production plant Air Products,
Saudi Arabia's ACWA Power, and Neom [Air Products 2020]
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direct hydrogen use is sasra potential longer term solution, requiring a more profound
technology development and longer tieaal A possible introduction of quota in the
aviation sector is discussed in the German and Dutch strategies, which would lead to an
opportunity for sigfitant volume demand. Likewise, existing emission reduction targets in
the maritime sector and international pressure to accelerate the path towards them can
help to further enlarge the market.

New policies needed to achieve strategic aims

Current measure are insufficient to catalyse envisaged strong growth

Most strategies focus on targets for green hydrogen production and technology deployment
rather than on measures supporting these targets. Many policies in place are still focused
on R&Boriented actig whichremainsrelevant but less important than fostering
commerciaation. In most cases, policy developiselaiggingbehind the strategic
ambitions. Current measures are insufficient to dhiaéysgsaged strong growiew

policies required thieve these targets are still in the making and are only starting to
emerge.

The time for policy discussions is now and policymakers will likely be open to sensible
approaches and good arguments.

Building on earlier successes, policies should focus omuuoercialisation:

Many countries have already been supporting hydrogen and its applications for quite some
time and successful deployment examples can be traced back to a femhidlydele
in discussing policy options. The following measures agijuedarty suitable.

A Mandatory quota or emission limits have been employed successfully in the past to
help creating a market for low carbon or more efficient techielbdgsigned
sectoral quotafor green feedstock and fuels in industry and transpodan
stimulate large scale demand

A Movingrom R&D support, which has been the dominant public support mechanism
in the past, to supporting commercialisation and the demonstration of entire value
chaindi  ~)b) B mh\lit $" M \gg\gdd jtm @%b A \in
off large projects and a flurry of activity even in regions not receiving funding.
Targeted support for establishing comprehensive value chawsl provide
nuclei for sustainable business

A While public funding towards project invessniewers the entry hurdle for
participants, it usually does not create a green hydrogen business case due to the
high cost of green electridityaving from CAPEX to OPEX support will help
to establish sustainable business cases for operatoleasures may range
from reducing green electricity costs taathemontracts fodifferencgCCfDp
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instrument, whick turrently discussed in the European and German sasategies
a possild futuranstrument.

A Greenhouse gas reduction is one ofithargrgoals behind all hydrogen strategies
and carbon pricing is a vestablished instrument in many world regions. While
current carbon prices in most countries and regions are too low to enable
sustainable green hydrogen business cases, aiglioigattyr high CQ prices
will help to further reduce the cost gap and create a level playing field

A When it comes to commercial deployment, any policy instrument rmgds to p
a long-term perspective and security of investmentn line with typical
investmenlifetimes.

A green hydrogen certification needs to be put in place

A green hydrogen producer needs to be able to verifiably prove the green quality of its
product. A broadly agreed green or low carbon hydrogen certification mechanism is crucial
for a sucessful market development.

Infrastructure development requires central coordination and financial support

A reliable and accessible infrastructure is a necessary prerequisite for retail and SME
applications and has to precede market development. Shssnfilzidy for hydrogen
pipelineswhere ®risting infrastructufer gas transport and distributionlmagonverted

to transport pure hydrogemd for refuelling statior@omprehensive infrastructure
development requires public financingcentral coordnation for planning and
harmonisation and the appropriate regulatoryenvironment

Public acceptancas key

Public acceptands crucial to any new technology deployment and switasieres
supporting public acceptance need to complement angolicy development
Examples includeducation campaigns,training programimes, and community
engagement
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ANNEXA: HYDROGEN TRANSPORT VECTORS

Energy densityof hydrogen requires hydrogen carriers for shipping

Conventional liquid energy carriers such as e.g. diesel, crude oil or gasoline are attractive
for international energy trade and transport due to their higtetvie (kWh/l) and
gravimetric (kWh/kg) energy density. Diesel has a volumetric and gravimetric energy density
of about 10 kWh/l and 11.9 kWh/kg, respectiveligsee22). At normal conditions

(15°C, 0.MPa) hydrogen is gaseous and has a signifioameityvolumetric energy

density of 0.003 kWh/I, making it less favourable to use for energy transpoe tfiis red
drawback, hydrogen can be conditioned in various ways to increase its volumetric energy
density.

For pipeline transpolntydrogen can be compressed to about 10 MPa. This changes the
energy density to 0.26 kWh Further pressure increase {e:goad distribution) rises

the density e.g. to 1.06 kMwhat 50 MPa. Due to the unfavourable compressibility factor

of hydrogen, a pressure increase has a somewhat smaller effect on the volumetric energy
density as compared to e.g. methane. A sigihifitange in energy density can be
achieved through liquefaction. Hydrogen becomes liquid at a temp@&26&: Diuring
liquefaction, the energy density increases by a factor of about 786 te-<126 kyuid

state. This energy density is drikeomost relevant properties whyid Eonsidered a

promising option for future lasgpale hydrogen transport.

0 > 10 5 20 25 30 Lc'?:';ser heating '-.-élge
Diece| S———— ] fossil
Methane (0.1 MPa) ] benchmark
Hydrogen (0.1 MPa)
Hydrogen (10 MPa) X hydrogen
Hydrogen (50 MPa) ™= and
Liquid hydrogen (-253°C) - hydrogen
LOHC (DBT, useable H2*) mmm carriers
Ammonia (lig., useable H2*)  S——
PiL diese|  ——— be
PiL methano| —e——
m Volumetric energy density [kWh/L] Gravimetric energy density [kWhrkg]
*after dehydrogenation/cracking with external energy
Figure22: Comparison of energy densities of different energy carriers

To avoid the need for cryogenic tempesdtuther technologies are discussed to increase
the volumetric energy density for transport purposes. One being the use of LOHCs such a

59



International Hydrogen Strategies
ANNEX A: Hydrogen transpatiove

e.g. DibenzyltolueAéDBT). LOHCs can absorb and release hydrogen and remain liquid at
ambient conditions. WithTDBhe volumetric density of the transported hydrogen can be
increased to about 1.7 kWhAt the same time however, the gravimetric density of the
hydrogenatedarrier is significantigwer than for pure hydrogen. In its liquid form,
ammonia haswlunmetric and gravimethgdrogen energy density of about 3.7 kwh/l and
5.9kWh/kg, respectivelinother option to transport hydregased energy, is the
production of synthetic liquids fuels (e.g. synthetic diesel, synthetic kerosene, methanol).
Those poerbased fuels (PowterLiquid, PtL) have the same advantage regarding
volumetric and gravimetric energy density and thus transport capability asttasedossil
counterparts. However, PtL fuels are not directly comparable to theeraimmned

hydraen carriers aise effort for reconvertiRg.fuekto purehydrogen is higher and, for

that reason, wherever considered they are usually intended to be used as green
hydrocarbonshd not as hydrogen carrienspure hydrogen ende

Main elements of hydrogen import supply chains

Energy density is enport pamaeter for (cost) efficient storage, transport and distribution.

It directly determines the amount of hydrogen being transported or stored with a certain
vessel size (e.g. ship, trailer). However, the conditioning of gaseous hydrogen into and/o
from its tansportable form requires a substantial amount of energy and process equipment.
Figure23 depicts the main elements of hydrogen supply chains bigged loydrogen,

pipeline transport, LOHC (DPBfd ammonia.The supply of PiL is also shdéovn
comparison.
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DBT is currently developed asolygd carrier e.g. in Germany. Another LOHC that is discussed for hydrogen
transport is e.gMethylcyclohexane (MCH). Different LOHCs have different properties during transport,
storage and/or hydrogenation and dehydrogenation. DBT is used as antkisaraptetin

Referring to the amount of hydrogen after the dehydrogenation of the DBT.
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Conditioning / storage for export Transport Import storage / conditioning Distribution / conditioning Use sectors

- Transport
Liquefaction Storage LH,-Shipping Storage LH,-Trailer Vaporizer P
Vaporizer
3

R > = b
T _—

Compression Storage CGH,- P|pehne Storage CGH,-Distribution by

(optional) (optional) pipeline or trailer

Hydrogen producti

?

i

Hydrogenation Storage

LOHC-Shipping

NH;-Shipping Storage

— — —
PtL-Synthesis Storage PtL-Shipping Storage

Colors: Gaseous hydrogen Liquid hydrogen LOHC Ammonia PtL Main process energy: Electricity W Heat

Figure23: Main elements of largescale hydrogen export/import supply
chains (1) Lkvia ship, (2) CGkvia pipeline, (3 LOHC via ship,
(4) NH via ship, and the supply of Ptlfor comparison (5)

Liquid hydrogen (LE)

ForLH export, the hydrogen needs to be liquefied by reducing the tempe2&&i€.to

This is an energy intensive process, consuming about 13 to'6of\&ebtgcity. After
liquefaction, Lbk stored in a super insulated tesdujringzacuum insulatiyp untiland
duringshipment. The transport capacitynoduigtime Litarrier ship is expected to be in
the order of about 11,000 After shipping to the importing countryislitansferred to

a stationary storage untilther distribution or use2fiznding on the quality of insulation
and the storage duration, small quantities of the liquid return to their gas phase due to
unavoidable heat influx into stationary and mobile stokgydtas soalled boibff gas
(BOG) can be used e.g. as fuglgdsinipment or for stationary applications. BOG can be
kept below 0.5%f the vessel capacity per day.

18~ 13 kWh/kg: some existing plants; ~ 6 kWh/kg: anticipated for future plants
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Depending on the available infrastructure, the distribution, eoncty final hydrogen
use, LHis vapased before or after further distributistribution in cryogenic liquid
state is usually performed by trailers with a capacity of ahgpt 3.5 t

Gaseous hydrogen via pipeline (GH2)

Dio milodji\g ct_mjb i om\inkjmo qd\ kdk
Gaseousydrogen is compressed and fed into high capacity pipelines. To achieve long
distance and higlapacity transport, the gas needs to be recompressed in multiple
compressor stations along the export/import routest¢alegand loAgrm (seasonal)
storageof hydrogen can be implemented by connecting appropriate storages (e.g. salt
caverns, depleted gas fields) to the pipeline. At the import location, appropriate distribution
infrastructure and/or consumers need to be in place to handle and/or consume the
cantinuous flows and high hydrogen import quantities usually associated with pipeline gas
import.

Liquid Organic Hydrogen Carrie($OHC)

For the export of hydrogen via LOHM{banzyltoluepethe first step after hydrogen
production isydrogenation of the carrier liquid. In this process, hydrogen is embedded into
the organic liquid carrier substance. This is dystpastherral reaction. The theoretic
uptake capacity of DBT is 5% gy 1,000dsr0r 6,2g9/kgond(6.2 wt%?). Howewve the

net useable capacity is about 10% less due to incomplete hydrogenation and
dehydrogenation processes.

The hydigerated (and also the dehygierated) liquid can be handled (stored, transferred)

like any oil product. The LOHC is stored in statamaryntil shipping. A regular olil

tanker takes the liquid to the import destination. A tanker filled with 75,000 t of DBT has a
usable hydrogen transport capacity of about 4,008 firrival, the liquid is transferred

into an onshore storage. The La#4@s to be dehydrogenated before the hydrogen can

be used again in its gaseous state. This may happen before or after further distribution.
With LOHC, the hydrogen transport capacity of a road trailer is about 1.5
Dehydrogenation is an endotlaépmoess with a required heat input of abdiwB/kg

at 250 to 320°C and some additional electricity demand for pumps, controls etc. The
released gas has a pressure of beldMR&a3The dehydrogenated carrier liquid needs to

be transported back to the hydnogmurce for reuse.

62

19

wt% = abbreviation for weight %



International Hydrogen Strategies
ANNEX A: Hydrogen transport vectors

Ammonia(NH;)

Ammonia (Njis produced from hydrogen and nitrogen in theBdeiolr process. In
addition to the electredy producing hydrogen, an air separation unit is required to provide
nitrogen. Before storage and expori,idNtrthnsformed to its liquid state to improve
density. Ndbecomes and stays liquid eithamabderate pressure of aboMRa or at

a temperature 683°C. For lareggcale storage and transpibris usually econorally
favourabléo refrigerate NHvhile for smaller quantities liquefaction through compression

has economic advantages. The continuously refrigerated medium is transported by a bulk
NH ship to the import destination. A very large gas carrier (VLGC) with a storage volume
of 82,000 m3 hashgdrogen transport capacity of about 10,90bé imported ammonia

can either be cracked pooducepure hydrogen fadirectuse or further hydrogen
distribution or it can be used directly as ammonia e.g. faar fprobduction, power
generationor asa fuele.g.for ships. Ammonia cracking requires substantial amounts of
heat and electricity resulting in an energy consumption of about 30% of the contained
hydrogen.

Due to the toxicity of ammdhia widespreadistribution of NiHespecially jpopulated
areas, is unlikely to be implemented within future energy import chains.

Powerto-Liquids (PtL)

Poweito-Liquidfuelsare produced from hydrogen and CO.afiddfe Fischefropsch

or methanol route. In the Fisdrepsch process, #3D sygas is converted to a range
of different hydrocartsthat are further processed and separatedefining process
different fuel products such as synthetic diesel, kesopet®|Alternatively, ethanol

can begproduced by synthesis of hydregenC@ The methanol can be used for energy
storage and transport itself or it can be further conntr®ahthetic fuels such as diesel
or kerosene. After PtL production, the synthetic liquids catlesstsportecaind used
inthe same way aseih fossil counterparts.

To produce G@eutral fuels, hydrogen production and G&Upaly need to be £O
neutral. This can be achieved e.g. by usifrgi@logenic resourcesby capturing GO
directly from the air. The first opisaumsually liméd in scale due to available regional
biomasgotentialthe latter option reqsa relevant amount of eneegy equipment
for air separation or direct air capture

PtLfuek are mainly considered as-thidpels to (partially) substitute thessHbased
counterparts in existing applicatisnsh as e.g. aviation, that cannot easily be switched
to battery or hydrogefhe main aim is to reduce the carbon footprifileBtare not

20 Ammonia is considered a toxic inhalationchazar
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used as hydrogen carriers to supply pure hydrogen tepoo@ggsications and are thus
not directly comparable to e.g. hydrogen transport via pipeline, LOHC or in liquid form

Technology availability

Each abovmentioned transport technology has its advantages and disadvantages as well
as different technologgadiness levels for the main technologies within the export/import
supply chain. The maturity of the main technologies is Jrigurezd.

Impot supply chain

Figure24: Principle technology availability of main export/import
technologies

Further technology development escapng is required in all considered hydrogen
export/import vectoasnd also for PtL production and implanivever,ipeline transport

can be considered as the most developed techHoolbgdrogen imporiMajorkey
technology development, upscaling or gaining etefongperating experience are














































































































































































































































































