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Why do we want green hydrogen?

1. Hydrogen in a Green Energy System
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https://www.cleanenergywire.org/factsheets/germanys-energy-consumption-and-power-mix-charts
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https://www.cleanenergywire.org/factsheets/germanys-energy-consumption-and-power-mix-charts

ﬁ Primary Energy Consumption in Germany %lUE
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https://www.cleanenergywire.org/factsheets/germanys-energy-consumption-and-power-mix-charts

@ Primary Energy Consumption in Germany %lUE
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https://www.cleanenergywire.org/factsheets/germanys-energy-consumption-and-power-mix-charts

ﬂ Seasonal Storage and Import Dependency %’UE
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ﬁ Hydrogen Demand Projections %’UE
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Global hydrogen demand change 2019-50 by sector
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1. Awviation and maritime include direct use of hydrogen and hydrogen-derived synfuels including kerosene, diesel, methanol, gasolineg, and ammonia. The
category also includes some hydrogen-derived synfuels in road transport

2. Mew industry includes all new uses of hydrogen in Industrial processes, eq, iron and steel production, whereas chemicals and refining are traditional
hydrogen uses
3. Other includes buildings and electricity generation

Source: McKinsey 2022 10


https://www.mckinsey.com/industries/oil-and-gas/our-insights/global-energy-perspective-2022

ﬁ Hydrogen Demand Projections
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B Chemicals [l Refining |l Road Transport Aviation and Maritime' [l New Industry? Other3

Global hydrogen demand change 2019-50 by sector
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Significantly growth of global hydrogen demand is projected
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1. Awviation and maritime include direct use of hydrogen and hydrogen-derived synfuels including kerosene, diesel, methanol, gasolineg, and ammonia. The
category also includes some hydrogen-derived synfuels in road transport

2. Mew industry includes all new uses of hydrogen in Industrial processes, eq, iron and steel production, whereas chemicals and refining are traditional
hydrogen uses
3. Other includes buildings and electricity generation

Source: McKinsey 2022
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https://www.mckinsey.com/industries/oil-and-gas/our-insights/global-energy-perspective-2022
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Is hydrogen the Swiss-Knife for the energy transition?

2. Hydrogen Applications

12



Chemicals | Short-haul aviation | (Lignt aviation) Aviation
& processes | Local CO2 remediation | [ Desuipnurisation [Smppng[Long-haul aviation | & shipping
| Hydrocracking Fertiliser
[ Chemical feedstock ' g | Coastal and river vessels |
Methanol
[Hydrogenation [Medium-haulaviation J

| Clean power imports]

Island grids

[ Long-term storage ]

| Regional trucks |

| 2 and 3-wheelers |

[Rural trains ] [ Remote trains ]

Power system balancing

Power l
system

[Long distance trucks and coaches ]

[Non-Road Mobile Machinery] Land
transport

[Metro trains and DUSESJ

| Commercial nealing]

[ High-temperature industrial heat ]

[MidlLow-temperature industrial heat ] [Domestic heatingJ

Heat

I:> Green hydrogen has multiple cross sector application options

Source: Liebreich Associates
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Green Hydrogen Ladder?! %’UE

Unavoidable

Fertiliser || Hydrogenation || Methanol || Hydrocracking || Desulphurisation

Shipping* || Non-Road Mobile Machinery || Chemical feedstock || Steel || Long-term storage

Long-haul awiatiun*] [Cnastal and river vessels || Remote trains || Vintage vehicles” | | Local CO2 remediation ]

Medium-haul aviation* || Long distance trucks and coaches || High-temperature industrial heat || Generators

Short-haul aviation || Local ferries || Commercial heating || Island grids || Clean power imports || UPS

Light aviation || Rural trains | | Regional trucks | | Mid/Low-temperature industrial heat [Domestic heating

H“ [Meiru trains and buses || H2FC cars || Urban delivery || 2 and 3-wheelers || Bulk e-fuels || Power system balancing

High competition
* Most likely via ammonia or e-fuel rather than H2 gas or liquid

Source: Liebreich Associates; ‘European perspective, for other regions with different conditions (e.g. South America) some hydrogen applications can be more/less promising 14



https://drive.google.com/file/d/1X-oH04NH1477eig_BmYjtD9mHyTcoiVc/view

. ==
Green Hydrogen Ladder!: Chemicals and Processes §’UE

Unavoidable

-— -

E m Shipping* || Non-Road Mabile Machinery _ -
Long-haul awiatiun*] [Cnastal and river vessels || Remote trains || Vintage vehicles” _

Medium-haul aviation* || Long distance trucks and coaches || High-temperature industrial heat || Generators

Long-term storage

Short-haul aviation || Local ferries || Commercial heating || Island grids || Clean power imports || UPS

Light aviation || Rural trains | | Regional trucks | | Mid/Low-temperature industrial heat [Dnmeshc heating

H“ [Meircl trains and buses || H2FC cars || Urban delivery || 2 and 3-wheelers [Bulk e-fuels || Power system balancing

High competition

* Most likely via ammonia or e-fuel rather than H2 gas or liquid

Source: Liebreich Associates; ‘European perspective, for other regions with different conditions (e.g. South America) some hydrogen applications can be more/less promising 15



https://drive.google.com/file/d/1X-oH04NH1477eig_BmYjtD9mHyTcoiVc/view

Green Hydrogen Ladder!: Aviation and Shipping %’UE

Unavoidable

Fertiliser] Hydmganaiian] Mathanal] Hydmcracking] Daaulphuriaatinn]

Non-Road Mobile Machinery [Chemical feedstock [Steel [Long-term storage

Remote trains] Vintage vehiclaa*] Local CO2 rem adiatinn]

[Lc-ng distance trucks and coaches || High-temperature industrial heat ][Ganaratars]

Commercial heating ][Ialand grida] [Ciaan power imports [LIF'S]

Rural trains ] [ Regional trucks | | Mid/Low-temperature industrial heat [Damaatic heating]

H2FC cara] [Urban dalivanr] [2 and 3-wheelers [Eulk e-fuals][F'awar system balancing]

High competition
* Most likely via ammonia or e-fuel rather than H2 gas or liquid

Source: Liebreich Associates; ‘European perspective, for other regions with different conditions (e.g. South America) some hydrogen applications can be more/less promising 16



https://drive.google.com/file/d/1X-oH04NH1477eig_BmYjtD9mHyTcoiVc/view

Green Hydrogen Ladder!: Power System %’UE

Unavoidable

-— -—

Fertiliser || Hydrogenation || Methanol || Hydrocracking || Desulphurisation

Shipping* || Non-Road Mobile Machinery || Chemical feedstock || Steel _

Long-haul awiatiun*] [Cnastal and river vessels || Remote trains || Vintage vehicles™ | | Local CO2 remediation ]

Medium-haul aviation* || Long distance trucks and coaches || High-temperature industrial heat || Generators

Short-haul aviation || Local ferries | | Commercial heating -—-

Light aviation || Rural trains || Regional trucks || Mid/Low-temperature industrial heat [Dnmesﬁc heating

H“ [Meiru trains and buses || H2FC cars || Urban delivery || 2 and 3-wheelers || Bulk e-fuels —

High competition
* Most likely via ammonia or e-fuel rather than H2 gas or liquid

Source: Liebreich Associates; ‘European perspective, for other regions with different conditions (e.g. South America) some hydrogen applications can be more/less promising 17



https://drive.google.com/file/d/1X-oH04NH1477eig_BmYjtD9mHyTcoiVc/view

-
Green Hydrogen Ladder!: Land Transportation §’UE

Unavoidable

-—

n“ Fertiliser || Hydrogenation [Methanol Hydrocracking || Desulphurisation
E“ Shipping* _ Chemical feedstudc.][Steel Long-term storage

[Lung-haul a‘n.riatiun*] [Cna stal and river vessels] Remote trains | | Vintage vehicles* lLol::aI CO2 rem ediatiun]

Medium-haul aw’ation*] [Long distance trucks and coaches FHigh-temperature industrial heat ]lGeneratorsJ

[Shﬂrt-haul aviatiun] [Lan::al ferries] lCﬂm mercial heating || Island gn‘dsJ [Clean power impartsj [UPSJ

‘ ‘ [Light aviation] - _ [Mideuw-tem perature industrial heat ] [Dumestic heating]
- \

High competition

* Most likely via ammonia or e-fuel rather than H2 gas or liquid

:> Due to very different conditions in Colombia than in Germany/EU (electricity grid,
regulations, transport distances) the role of hydrogen in land transportation in Colombia
IS probably more important

Source: Liebreich Associates; 'European perspective, for other regions with different conditions (e.g. South America) some hydrogen applications can be more/less promising 18



https://drive.google.com/file/d/1X-oH04NH1477eig_BmYjtD9mHyTcoiVc/view

Green Hydrogen Ladder!: Heating %’UE

Unavoidable

-_— =

Fertiliser || Hydrogenation || Methanol || Hydrocracking || Desulphurisation

Em Shipping* || Non-Road Mobile Machinery || Chemical feedstock || Steel || Long-term storage
mj&‘ Long-haul aviation™ [Cuastal and river vessels || Remote trains || Vintage vehicles* | | Local CO2 remediatinn]

Medium-haul aviation* [Lﬂng distance trucks and coaches || High-temperature industrial heat || Generators

‘ [Shnrt—haul aviation || Local ferries neating Island grids || Clean power imports || UPS

w [Meiru trains and buses || H2FC cars || Urban delivery || 2 and 3-wheelers [Bulk e-fuels || Power system balancing

High competition

* Most likely via ammonia or e-fuel rather than H2 gas or liquid

Source: Liebreich Associates; ‘European perspective, for other regions with different conditions (e.g. South America) some hydrogen applications can be more/less promising 19



https://drive.google.com/file/d/1X-oH04NH1477eig_BmYjtD9mHyTcoiVc/view

Green Hydrogen Ladder?
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Unavoidable

— -

[ Methanol

Hydrocracking || Desulphurisation

n“ Fertiliser || Hydrogenation

E“ Shipping* || Non-Road Mabile Machinery

Chemical feedstock ] [ Steel

Long-term storage

[Lung-haul aviatiun*] [Cua stal and river vesseLsJ lRemﬂte trainsJ l‘u’intage veh'rcles*J chcaI CO2 rem ediatiun]

L

Medium-haul aviatiun‘] [Lnng distance trucks and cuaches]

FHigh-temperature industrial heat ]lGeneratursJ

[Shart haul awatan [Lﬂcal fernes] lCGI‘I‘I mercial heating J

Island gnds] lCIean power lmpartsj [UF’SJ

_ ‘ ‘ Light aviation [Rural tralns] [Reglunal trucks] [Mlda’Lﬂw -temperature industrial heat] [Dumeshc heatmg]

H2FC cars

Urban delivery || 2 and 3-wheelers [Eulk e-fuels

Power system balancing

L\

High competition

-

* Most likely via ammonia or e-fuel rather than H2 gas or liquid

:> Green hydrogen is a very promising energy carrier in many sectors but should not be
used dogmatically if there are more promising options

Source: Liebreich Associates; 'European perspective, for other regions with different conditions (e.g. South America) some hydrogen applications can be more/less promising

20


https://drive.google.com/file/d/1X-oH04NH1477eig_BmYjtD9mHyTcoiVc/view
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How will we transport and distribute hydrogen?

3. Hydrogen Infrastructure

21



« Hydrogen production cost differ
significantly between regions
depending on the renewable
energy resources

« Hydrogen transportation
between regions is very likely

« Due to hydrogens low energy
density at ambient conditions a
conditioning is needed to
Increase the energy density

Onsite Hydrogen Supply Cost [€2020/kgn2]

Source: Sens et al. 2022a 22



https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?via%3Dihub

A 4

Hydrogen Conditioning
(increasing volumetric energy density)

Physical Conditioning
(pure hydrogen)

Chemical Conditioning
(bounded at another molecule)

A

A 4

Hydrogen (g)

Compressed Liquefied Hydrogen (I)
(up to 700 bar) (-253 °C)
Ammonia Liquid Organic Hydrogen Carriers Methanol
(N,+3H, = 2NH,) (H,LOHC nH, = H,LOHC) (CO,+3H, = CH;0OH+H,0)

Source: Sens et al. 2022a

23



https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?via%3Dihub

(increasing volumetric energy density)

Hydrogen Conditioning

A 4

Physical Conditioning
(pure hydrogen)

A

Compressed Hydrogen (Q)

© Low energy demand for conditioning

(up to 700 bar) \ & High purity & most of the time demanded product

¢ Low volumetric energy density
¢ Missing global infrastructure

Source: Sens et al. 2022a

24


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?via%3Dihub

Hydrogen Conditioning
(increasing volumetric energy density)

Physical Conditioning
(pure hydrogen)

A 4

Liquefied Hydrogen (I)

(-253 °C) \

@ High volumetric energy density
@ High purity & low reconditioning effort

$ High conditioning energy demand & boil-off losses
$ Missing global infrastructure

Source: Sens et al. 2022a

25


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?via%3Dihub

C T T ]
—
(|

Hydrogen Conditioning

(increasing volumetric energy density)

© Handling in given infrastructure
© Demand for pure ammonia

$ High energy demand for dehydrogenation
$ Purity of dehydrogenated hydrogen

\ 4

Chemical Conditioning
(bounded at another molecule)

A 4

Ammonia
(N,+3H, = 2NH,)

Source: Sens et al. 2022a

26


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?via%3Dihub

Hydrogen Conditioning

(increasing volumetric energy density)

© Easy handling in given infrastructure
© Demand for pure methanol

¢ High energy demand for dehydrogenation
¢ Availability and high cost for green carbon dioxide

\ 4

Chemical Conditioning
(bounded at another molecule)

A 4

Methanol

(CO,+3H, = CH,OH+H,0)

Source: Sens et al. 2022a

27



https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?via%3Dihub

Hydrogen Conditioning
(increasing volumetric energy density)

\ 4

© Easy handling in given infrastructure Chemical Conditioning
& Not flammable / explosive (bounded at another molecule)

¢ Very high energy demand for dehydrogenation
¢ High cost for carrier material

A 4

Liquid Organic Hydrogen Carriers
(H,LOHC nH, = H,LOHC)

Source: Sens et al. 2022a

28


https://www.sciencedirect.com/science/article/abs/pii/S0196890422005386?via%3Dihub

Hydrogen Supply Chains

TUHH
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700 bar GH2 supply cost [€50,0/Kdcaho at nozzlel
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700 bar GH2 supply efficiency

[kWh LHV CGH2 at nozzle/kWhinput]

m Dispensing

Reconversion - only heat

B Reconversion - excl heat

O Transportation

OLH2 pumps

H Conversion - only carrier

m Conversion - excl carrier

m Storage

O H2 production - only losses
OH2 production - excl losses
—Min/Max cost

o Efficiency

(* = heat demand for the reconversion is supplied internally by using the needed energy fraction from the released hydrogen; ARG = hydrogen production in Argentina (Patagonia); CGH2 = compressed gaseous hydrogen supply chain;
CH30H = methanol supply chain; GER = centralized production in North Germany; LH2 = liquid hydrogen supply chain; LOC = local production directly at the airport in Central Germany; LOHC = liquid organic hydrogen carrier supply
chain; NH3 = ammonia supply chain; Pip. = pipeline import; Pipe = pipeline distribution to filling station; Ship = ship import; TUN = hydrogen production in Tunisia; Truck = truck distribution to filling station

Source: Sens et al. 2022b
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https://www.sciencedirect.com/science/article/abs/pii/S0360319922031275?via%3Dihub
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In the case of a pure gaseous hydrogen demand, which is most of the time the
case, a compressed gaseous hydrogen supply chain using a pipeline and salt
cavern network, seems to be the most promising conditioned hydrogen option.

700 bar GH2 supply cost [€50,0/Kdcaho at nozzlel

S
SHEAEHEE R IR R R IEEE IR EEYE FTFZ PTOOUCIOMT —XCTTOSSES
=OIF|OIFIOIF O plF F < 20 0lF F <9 0lFF << — Min/Max cost
ip ip Ship Ship Ship Ship o Efficiency
Truck | Pipe | Truck Truck Truck Truck
CGH2 LH2 LOHC CH3OH NH3

(* = heat demand for the reconversion is supplied internally by using the needed energy fraction from the released hydrogen; ARG = hydrogen production in Argentina (Patagonia); CGH2 = compressed gaseous hydrogen supply chain;
CH30H = methanol supply chain; GER = centralized production in North Germany; LH2 = liquid hydrogen supply chain; LOC = local production directly at the airport in Central Germany; LOHC = liquid organic hydrogen carrier supply
chain; NH3 = ammonia supply chain; Pip. = pipeline import; Pipe = pipeline distribution to filling station; Ship = ship import; TUN = hydrogen production in Tunisia; Truck = truck distribution to filling station

Source: Sens et al. 2022b 31



https://www.sciencedirect.com/science/article/abs/pii/S0360319922031275?via%3Dihub
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What will be the gold standard?
4. Regulatory Framework

32



Most important:

. Electrolysis powered by renewable energy

. Methane pyrolysis producing elementary ¢arbon

— Blue H,: Steam methane reformation with CCS
: Steam methane reformation without CCS

Type of hydrogen which is

Further: probably promoted by the
' Brown H,: Coal gasification without Ccs__ LUPCOMINg egal EY framework
I — Red H,: Electrolysis powered by nuclear energy :" e

33




Sy

« Additionality:
— New renewable power generation is needed for new hydrogen projects
— Installation of electrolyzer and renewable power within 36 months
— Phase-in period until 2026

« Temporal correlation:
— Hydrogen production occurring in the same hour than electricity generation from 2027 on
— Until 2026 a monthly correspondence is sufficient

« EXxceptions:
— Electrolyzers supporting the integration of renewable power into the electricity system

— Bidding zones where renewable power generation represents the dominant share of the
power mix in the electricity system*

RED = Renewable Energy Directive ;* and additional renewable power generation capacity would not be necessary or possible

34
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Only announcements or also final investment decisions?

5. Hydrogen Projects

35
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USD 240bn

investments required for # Of
announced projects until 2030  Projects
Europe 76 . 51
Giga-scale
production
North America
® 262
Latin Large-scale
America industrial use
Oceania © 128
Transport
Japan, Korea,
rest of Asia @ 53
Integrated H,
Cliifia economy
: © 40
Africa 6 Infrastructure
projects

:> In 2022 around $ 2,400bn have been invested in the global energy sector

Source: Hydrogen Council 2022 36



https://hydrogencouncil.com/wp-content/uploads/2022/09/Hydrogen-Insights-2022-2.pdf

Hydrogen Projects Undergoing Feasibility Studies
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:> Around 45% is undergoing feasibility studies

- USD 109bn

investments until 2030,
related to projects in planning

Europe 32

North America 13

Latin
America

Oceania

Japan, Korea,

rest of Asia
China 3
Africa 1

# of
projects

®33

Giga-scale
production

® 86

Large-scale
industrial use

® 26

Transport

®13

Integrated H,
economy

o7

Infrastructure
projects

Source: Hydrogen Council 2022
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https://hydrogencouncil.com/wp-content/uploads/2022/09/Hydrogen-Insights-2022-2.pdf

k=
Hydrogen Projects Achieved Final Investment Decisions §’UE

- USD 22bn

Sk (e §. : :
Nk € investments until 2030, # of
SR D [ related to committed projects ~ Projects
AENe
| N',j ' \ Europe 6 G‘iga-3scale
& e P / production
g’ g North America [ 8
8 | 77
. 'I st Latin <1 parge-§cale
Whod 2, America industrial use
N e _)
‘ <) Oceania <1 ® 61
\ Transport
e Japan, Korea
i b} ’
/ _ rest of Asia a e 29
) : Integrated H,
) & econom
i | ¥ cChina 2 y
K- . E ©19
5 Africa <1 Infrastructure
projects

:> But less than 10% as achieved a final investment decision

Source: Hydrogen Council 2022 38



https://hydrogencouncil.com/wp-content/uploads/2022/09/Hydrogen-Insights-2022-2.pdf
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Hamburg Green Hydrogen Hub (Germany)
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Created with mapchart.net
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WASSERSTOFF-
VERBUND HAMBURG

Important Projects of Common European Interest

Erzeugung
Von griinem Wassers toff
zur Dekarbonisierung

Infrastruktur
Zur Vernetzung von
Erzeugung und Nutzung

Nutzung
Von griinem Wasserstoff in der
Industrie und im Bereich der Mobilitét

Aiming for a local hydrogen hub
covering production, infrastructure &
consumption

Construction of a local hydrogen
pipeline network of 40 km starting in
2023, connecting industrial costumers
with a 100 MW electrolysis

Hydrogen import terminal planned

End use of hydrogen in industry,
logistics, trucks, ships & aviation aimed

Source: Vattenfall

40


https://group.vattenfall.com/de/newsroom/pressemitteilungen/2021/neuer-wasserstoffverbund-fuer-hamburg
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Hydrogen in Germany
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Created with mapchart.net

41



« National Hydrogen Strategy set 10 GW electrolzyer capacity installed in
Germany as a target for 2030

« Germany is looking for international (import) hydrogen partnerships
« € 700m for lighthouse hydrogen projects:

— Upscaling and mass production of electrolysers (H2Giga)
— Offshore hydrogen generation without grid connection (H2Mare)
— Technologies for the transport of hydrogen (TransHyDE)

« € 8bn state aid to trigger € 33bn investment for 50 projects including
2 GW electrolyzer capacity and 1,700 km hydrogen pipelines

Source: Daimler, Airbus, FAZ 42




[VE

L
L
o
—-

Hydrogen in the European Union
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Created with mapchari.net
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 The ,REPowerEU" program sets a target of 10m tons of green
hydrogen domestically by 2030 and importing additional 10m tons

« € 225bn* is already available in loans for the REPower EU programm
« € 20bn* are proposed to make available as funds
* Further up to € 40bn* are planned to provide in addition

* First round of hydrogen IPCEI unlocks € 5.4bn state aid for 35
companies unlocking an additional € 8.8bn in private investments

* Money for the green energy transition including hydrogen 44



Eletrolyzer Production Capacities | UE

Electrolyser project pipeline, manufacturing output and targets in Europe and globally, 2022-2030
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:> Around one third of the global electrolyzer production capacity is expected in Europe

Source: |[EA 2022
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https://www.iea.org/reports/global-hydrogen-review-2022

53,000 km of hydrogen backbone
pipelines

€ 80 to 143bn investment needed

60% repurposed natural gas
pipelines and 40% new hydrogen
pipelines

€ 0.1 to 0.2 per kg of hydrogen
when transporting over 1,000 km

Source: European Hydrogen Backbone
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https://www.ehb.eu/page/estimated-investment-cost

:IVE

Which challenges are we facing and how can we solve them?

6. Hydrogen Ramp Up
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Enable demand visibility and regulatory certainty by adopting
legally binding measures

Fast-track access to public funding for hydrogen projects

Ensure international coordination and support credible common
standards and robust tradable certification systems

Build up the needed renewable power and electrolyzer capacities
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Double auction model enables price security for supply an demand
side and therefore investment security

Based on a mechanism in analogy to the Contracts for Difference
approach, the difference between supply prices (production and
transport) and demand prices will be compensated by using grant
funding from the German government

Long-term purchase contracts (10 a) on the supply side and short-term
sales contracts on the demand side (both competition-based bidding)

Initially granted with € 900m funding but is expected to reach at least
€ 5bn to provide sufficient security in Germany
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Thank you for your Attention!
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Questions and Discussion
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Technische Universitat Hamburg (TUHH)
Institut fir Umwelttechnik und Energiewirtschaft (IUE)
EiBendorfer Str. 40, D-21073 Hamburg
www.tuhh.de/iue

Lucas Sens | lucas.sens@tuhh.de
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https://www.linkedin.com/in/lucas-sens-2947b5105/
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https://www.sciencedirect.com/science/article/abs/pii/S0360319922031275?via%3Dihub
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