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DETLEF STOLTEN
([
Detlef Stolten Global Forum on Mechanical Engineering

08.09.2021

Director, Institute of
Techno-economical Systems Online
Analysis(IEK-3),

Juelich Research Center
(Germany) d.stolten@fz-juelich.de
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Climate Change is to be Addressed
o
Detlef Stolten Extreme Weather Events Get Stronger to Unprecedented Levels

Director, Institute of
Techno-economical Systems
Analysis(IEK-3),

Juelich Research Center
(Germany)
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AN 7'*' Torrential Rain Causes Severe Losses and Damage all over the World

= /=

EtA SE AIIE9]

|_|' e & = o

X sk

s B

. Severe flooding has hit Turkey’s Black Sea region

Detlef Stolten ‘ | ,
Director, Institute of Germany: e Y & R ey I ’,:
Techno-economical Systems One weather event D oetastag s shobs flotd dmge s ol - > B S S
Analysis(IEK-3), 2 States affected : REUTERS
\Juehch ReseGrCh CenTer 30 bn € assigned for rebUI|d|ng and Support rnlz;zlat{:;uvtie:ht;:::rsewho lost their lives when Zhengzhou's subway system became
(Germany) Real damage higher (insured properties to be added)

German federal budget 2019 : 343 bn € (www.bmwi.de)
Overall public budget DE2019: 1103 bn € (cp. www.destatis.de, Press relase #005, 21/06/01)

... So do Wildfires all over the World.

The increase is proven and undisputed,
Is it anthropogenic or natural, is there any science on it? l . JULlCH

_| : Member of the Helmholtz Association IEK-3: Techno-Economic Systems Analysis Forschungszentrum
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- Five Scenarios of the IPCC and the Resulting Global Warming

- Carbon dioxide (GtCO./yr) 2021- |2041-
A1zl

120

100

80
o 60 Global warming / best estimates

taken from table SPM.1 for the
Detlef Stolten i scenarios on the left side
. . (cf. much more differentiated presentation

Director, Institute of in the IPCC 2021, SPM)
Techno-economical Systems 20
Analysis(IEK-3), < SSP2-45
Juelich Research Center 0 .

SP1-1.9
2100

2015 2050

IPCC, 2021: Summary for Policymakers. In: Climate Change 2021: The Physical Science Basis.
Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change [Masson-Delmotte, V., P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L.

Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T. K. Maycock, T. Waterfield, oo
O. Yelekei, R. Yu and B. Zhou (eds.)]. Cambridge University Press. In Press. ’ J U L I c H
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“Observed warming is driven by emissions from human activities, with
areenhouse gas warming partly masked by aerosol cooling”

nillm
A'gl E OI Observed warming Contributions to warming based on two complementary approaches

a) Observed warming b) Aggregated contributions to c) Contributions to 2010-2019
2010-2019 relative to 2010-2019 warming relative to warming relative to 1850-1900,
1850-1200 1850-1900, assessed from assessed from radiative
%€ attribution studies °C forcing studies e
20 2.0 2.0
1.5 == 15 1.5
‘[ 1.0 —l ’ 1.0 1.0
. 0.5 ) ’ 1 0.5 0.5
| B E e m é zb ,
Detlef Stolten 0o [ oo | . k.
Director, Insfn‘ufg of - s -
Techno-economical Systems
Analysis(IEK-3), T I e 4
. = = = =
Juelich Research Center g £ 3 & & 3 8 § F 7 S&% s & 3 8 23 &
= 3 =% o =) =) ) c » ® D= £ 3, <] 3¢ o
(Germany) sz 2 4 g a3 ¢ 3 333 2 & § 882
E 23 3% e s 4 23g¢g & &3l
= = o = [= m ]
2 & 2 2 7 ! 8 F 2 ¢ g 2
s 3 &8 3 & 28 :
B g @ = 23 o
° 8 3 2
m 7] S
2 &
m
&
Mainlyhcontrilqute to Mainly;]contrit?ute to
. : changes in changes in
Source: IPCC Climate Change 2021,SPM, p. 8 non-CO, greenhouse gases anthropogenic aerosols

2 JULICH

-| : ? Member of the Helmholtz Association IEK-3: Techno-Economic Systems Analysis Forschungszentrum
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Juelich Research Center
(Germany)
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“D. Limiting Future Climate Change” Major statements of the IPCC 2021 Climate Change

D.1 From a physical science perspective, limiting human-induced global warming to a
specific level requires limiting cumulative CO, emissions, reaching at least net zero CO,
emissions, along with strong reductions in other greenhouse gas emissions. Strong, rapid
and sustained reductions in CH, emissions would also limit the warming effect resulting
from declining aerosol pollution and would improve air quality.

D.2 Scenarios with very low or low GHG emissions (SSP1-1.9 and SSP1-2.6) lead within
years to discernible effects on greenhouse gas and aerosol concentrations, and air
quality, relative to high and very high GHG emissions scenarios (SSP3-7.0 or SSP5-8.5).
Under these contrasting scenarios, discernible differences in trends of global surface
temperature would begin to emerge from natural variability within around 20 years,

and over longer time periods for many other climatic impact-drivers (high confidence).

Source: IPCC Climate Change 2021,SPM, pp. 36-41 ' ' J U L I c H

Member of the Helmholtz Association IEK-3: Techno-Economic Systems Analysis Forschungszentrum
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Director, Institute of
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Analysis(IEK-3),

Juelich Research Center
(Germany)
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Consequences for Energy Systems

To stay within the COP21 goal of 1.5 degrees negative emissions are needed from 2050 on.

Even the 2.0 degree goal requires negative emissions in the long run.

Assuming that some countries are not in a position to follow that pathway that quickly, others need to get
there even faster than the average.

= Carbon-air-capture CAC will gain impetus

Methane contributes notably to global warming
Sources are fossil fuel extraction, pipeline leakage, agriculture and landfills

= Natural gas use and potential SNG use are to evaluated for their methane slip

Keeping the 1.5°C goal requires a swift and strong change in the energy system of the world

Hypotheses for this presentation:

* Hydrogen in its molecular form is suitable to substituting NG and fossil fuels in many areas

* Hydrogen is a precursor for NH;, methanol, syn-naphta for the chemical industry & for syn-fuels

* Unavoidable process related CO, point emitters can be tapped as CO, sources

+ Bridging technologies are to be questioned for their CO, efficacy and cost efficiency

+ If the switch of the energy carrier is done appropriately, limited emissions will be strongly reduced
by default

Member of the Helmholtz Association IEK-3: Techno-Economic Systems Analysis Forschungszentrum
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Methodology of Designing the Energy Mix
o
Detlef Stolten at IEK-3

Director, Institute of

Techno- ical Syst . )
A Cost Optimization of an Energy System under Constraints
Juelich Research Center

(Germany)

9 JULICH
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ETHOS
g
¢é 7IE- The Energy Transformation Optimization Simulation Suite
= =2l nilln Entirely based on public data + proprietary data possible
hllé Y = | AIISIEQI Applicable for any country / region / continent
ﬂil. Renewable ¢ &% European | &%
e B Energy 3 ple Power

Resources g #6058

S Cli: yourly = €solutioy, Gas Transportation
Buildings . - Grid N

[ ] g N

~ — § Electricity %‘?ﬂ
. . .:".-5.: L"r#“ % g . . A ot %
Detlef Stolten Districts £ et Distribution o et
g i : Grid =
. o [ P 3 Today 2030 2040 2050
Director, Institute of b .
Tochno- ical S Cost optimized -
echno-economica YIS From energy system  local demand and H. Infra-
Analysis(IEK-3), Demand to | ‘ infrastructure stzructure
. M Il
Juelich Research Center Load Profile Lt i
(Germany) ctor Cortarad
ctor Centered = ¥
Transpor- Individual &S
tation Transportation [¥..__.#
H, I nter- w//ﬂ/&%@ ]
NUTS2: EU-wide statistical classification national \4_ 4 ‘
for regions: 800k to 3 mn inhabitants Provision * = J U L I c H
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AN A 7'%: We approach the Energy Technologies as Communicating Pipes
. - Minimizing the Systems Cost under Constraints
A SE AlIRIE9]
B * Which energy technology is to be chosen is determined by technical properties and cost
mill .
ﬂgl + The cheapest way to cut out CO, is chosen.
e B

+ Since cost can be dependent on penetration of a technology (e.g. good wind-sites get successively
taken) this needs an iterative process

« All 1300 technologies considered compete during simulation on > 2000 pathways

* Hourly resolution

« We do not arbitrarily set quantities of certain technologies, unless it is requested
+ Constraints guarantee a realistic view: e.g. only < 5% of the existing capacity of a technology added p.a.

([

* Demand drives the “market”, technologies furnish the demand
Detlef Stolten + Regionalization via GIS* data of demand and infrastructure
Director, Institute of Technologies compete as communicating pipes do

Techno-economical Systems Pipe B shifted downward

Analysis(IEK-3),
v A B C
Juelich Research Center
$ A B C

(Germany) o

Cost technology C Area signifies the

amount taken of
( Cost technology A respective technology
J \ j Cost technology B case 1

Cost technology B case 2

*GIS: Geographic Information System ‘ ‘ J U L I C H

-| 7 Member of the Helmholtz Association IEK-3: Techno-Economic Systems Analysis Forschungszentrum
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A Glimpse into the Optimization within ETHOS

4 packages

/ Zoom: Heat supply for
f - single family houses

Various heat . ] i~ S
supply technologies 4. / \ .
o Different household . ==
| Single family houses of vood .S heat grids T
1 different age cohorts 5 A Enienen
| and refurbishment rate il N —

EZFH3_stock EZFH2-SP2 EZFH2-SP1EZFH1_stock EZFHz EZFH3 stock

Member of the Helmholtz Association

IEK-3: Techno-Economic Systems Analysis

Information on each node:
» Investment cost » Commodities
» Cost range » Operational costs

» Efficiency » Interest rate
» CO,-emissions P> Lifetime
» Potential

l) JULICH

Forschungszentrum
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Transition Requirements

Detlef Stolten

Director, Institute of
Techno-economical Systems
Analysis(IEK-3),

Juelich Research Center
(Germany)

9 JULICH
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P . .

¢é 7IE: Basic Requirements for a Future Energy System

Ellé ;E: AEEIEQI + In 2050 CO, emissions based on 1990 to be reduced to about zero (climate targets 1.5-2.0°C)

| =

- * Germany: climate neutrality 2045 (cast in law 21/06/24)

ﬂ&l + After the transition period energy should be no more expensive than today
* Limited emissions shall be reduced
» Electricity, fuels and heat must be available with high reliability w/ renewables
* All energy sectors need to be addressed

PS « Teratogenic, carcinogenic and poisonous substances to be avoided in public handling
* Nucear hazards to be considered

Detlef Stolten

+ Radiative forcing to be considered (e.g. methane 30) for new energy pathways
Director, Institute of

Techno-economical Systems
Analysis(IEK-3),

Juelich Research Center
(Germany)

Forschungszentrum

9 JULICH

2 O Member of the Helmholtz Association IEK-3: Techno-Economic Systems Analysis




JIZ=0ig 2021 S22 JIADI= 2
EtASEICl Il 24 JIADIE

A JI=:

Etd S5 M2|E9]

L,

o Transition Pathway

Detlef Stolten ES 2050 — a study as of 2019

Director, Institute of
Techno-economical Systems
Analysis(IEK-3),

Juelich Research Center
(Germany)

9 JULICH
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Hydrogen Demand Triples for the 95% Scenario

4 N\
14
12
%‘10 SZENARIO 80 SZENARIO 95
£ 8
c
-
S 4
I
; e B
o | mmm — . - _—
(2030 2040 2050) | 2030 2040 2050 )

m Buildings ®Industry

Energy mMobility
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P d

% Industry

46

88

in TWh

Steel industry
(H, — direct
reduction)
Process heat
other industry

Scenario 80: Hydrogen demand of 4 mn t p.a. (mostly transport and industry)
Scenario 95: Hydrogen demand of 12 mn t across all sectors (incl. process heat)

Preliminary result: a climate neutral scenario adds no further H2 demand owing to cheaper
renewable energy w/ direct use of power

Wege fiir die Energiewende — Kosteneffiziente und klimagerechte Transformationsstrategien fiir das deutsche Energiesystem bis zum Jahr 2050. Schriften des
Forschungszentrums Jilich, Reihe Energie & Umwelt/Energy & Environment, Band/Volume 499; Robinius M., Markewitz P., Lopion P., Kullmann F., Heuser P.-
M., Syranidis K., Cerniauskas S., Schob T., ReuB M., Ryberg S., Kotzur L., Caglayan D., Welder L., LinRen J., Grube T., Heinrichs H., Stenzel P., Stolten D.:

https://juser.fz-juelich.de/record/877960/files/Energie Umwelt 499.pdf

Member of the Helmholtz Association

IEK-3: Techno-Economic Systems Analysis

l) JULICH
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AN A I*' Hydrogen and Methane Demand
T e 7 E. y g Scenario 80
1000
2 SH Alel=29]
E|_II-I- a = A Eo 14 ( N ([ ) 800
XS} 12 s
B B s SZENARIO 80 SZENARIO 95 = 400
10 < 200
£ 8 e o
c @© 2020 2030 2040 2050
% 6 . % Scenario 95
o T 1000
© 4 (0]
> c 800
I
¢ 5 . l £ 600
(0]
Detlef Stolten o | m == = 400
Director, Institute of (2030 2040  2050) (2030 2040  |2050) 20‘;
Techno-economical Systems mBuildings ®mIndustry = Energy mMobility 2020 2030 2040 2050

Analysis(IEK-3),
Juelich Research Center Scenario 80: Hydrogen occurs in mobility and industry only,

(Germany) NG demand rises in between before dropping in 2050

Scenario 95: H, in all sectors = infrastructure development & supply chain analysis needed

Wege fiir die Energiewende — Kosteneffiziente und klimagerechte Transformationsstrategien fiir das deutsche Energiesystem bis zum Jahr 2050. Schriften des
Forschungszentrums Jiilich, Reihe Energie & Umwelt/Energy & Environment, Band/Volume 499; Robinius M., Markewitz P., Lopion P., Kullmann F., Heuser P.-
M., Syranidis K., Cerniauskas S., Schob T., ReuR M., Ryberg S., Kotzur L., Caglayan D., Welder L., LinBen J., Grube T., Heinrichs H., Stenzel P., Stolten D.:
https://juser.fz-juelich.de/record/877960/files/Energie_ Umwelt 499.pdf
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AN 7'%: Substitution of Fossils Leading to 95% Reduction in CO, Emissions
e ™ . Roadmap ES 2050
A = NRW BGS Studie
Eh’* EEEI A'gligl Rest
il PtL non-
ﬂ&l energetic | 303
use H,
- :
7 mn t H, Roadmap 72 H2 'mport
(energetic & non-energetisch) 220 energetic
6 mn t ES 2050 energetic use use
>
>
e 450 |Bio-energy
([ -
o=
Detlef Stolten 25— 1000 oo =99 %
Director, Institute of IS 800 6 mntH, f3r1l—(|)2 | Renewable
Techno-economical Systems 2
Analysis(IEK-3), 'g 600 —— =90% 471 1
Juelich Research Center o 750 szonamoss | 1000
(Germany) o) 400 — — 8 T
= 600
o N SZENARIO 80
&2 200 38 % i
§ § 0 VL
OF
Heute 2050 2050

(L]
1 ohne Strom Im- und Export, da vernachlassigbar; 2 Importe als Primarenergie an dt. Grenze l . J U L I C H
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Hydrogen as a Backbone of the Energy Transition

(Scenarip: NRW Study — cost optimized)
20 ct/kw,

=T

| 1

Transportation ~ 160 l\l_
TWh Reconversion of ~ Buildings 2] —
H, to power ~16 Twh  Industry/Energy IJJi'ili
95 TWh ~ 54 TWh
Steel making
~ 43 TWh
ﬁlektrolysers Storage H, Pipelines Hydrogen Storage Trucks
: (==
N V .A_. >
Electrolgzer ..'_ —|_ ‘ \l |-="l —|_ ‘ —|_ .).)\F
%, O
ess througp, reassignment of pipelin€s o

[1] S. Cerniauskas et al. (2021) Wissenschaftliche Begleitstudie fir die Wasserstoff-Roadmap NRW (erscheint demnéchst).
[2] Ohne Rohstoffbedarf der chemischen Industrie
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[3] Equity Research / Goldman Sachs; Green Hydrogen, September 22, 2020 ‘ ’ J U L I C H
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Hydrogen as a Commodity
()
Detlef Stolten Can these Quantites be Delivered?
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Juelich Research Center
(Germany)
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Worldwide H, Allocation (Reference Scenario) - Flows in million tons

[_INorth America
[ USA

[ ]C. &S. America -85
[ Brazil 8.8
[_IEurope 5 O
[ |Africa
[_IMiddle East -I
[ |Eurasia Germany Japan Europe USA China India Southeast Asia
|:|Asia Pacific Demand in Mt/a 4.57 6.7 314 417 709 36.8 38.1
I China Import costin €/kg  3.61 383 38 368 4.05 384 3.99
[ India o—>
I Japan H, flows in Mt 'J JULICH
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Hydrogen as a Backbone of the Energy Transition

(Scenarip: NRW Study — cost optimized)
20 ct/kw,
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Transportation ~ 160 |\|- P
TWh Reconversion of ~ Buildings 2] —
H, to power ~16 TWh  Industry/Energy IJJi'ili
g ~ 54 TWh
~95TWh .
Steel making
~ 43 TWh
@ektr olysers Storage H, Pipelines Hydrogen Storage, Trucks,
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[1] S. Cerniauskas et al. (2021) Wissenschaftliche Begleitstudie fir die Wasserstoff-Roadmap NRW (erscheint demnéchst).

[2] Ohne Rohstoffbedarf der chemischen Industrie

[3] Equity Research / Goldman Sachs; Green Hydrogen, September 22, 2020
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Cost of Transition
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N =" Cost of Setting up a Renewable Energy Infrastructure for German
i V= y y
o — 3 ©About 1800 bn € over 30 years
E._"é S == AI'QIEQI 5 Cost of the Energy Transition ES 2050 — 60 bn p.a
mill (ES2050 scenario)
K] over the next 30 years @ cost 2019, 95% CO, reduction;
fln B 2000
o @@ cost 2021; 95% CO, reduction
= 1500 (BAU95 scenario)
- 2 peraniie) -20% cost compared to @
2 +11%GDP V=
o 1000 ’ ©Climate neutral scenario 2045
[ + 32% cost compared to @
SZENARIO 80 + 20 9
Detlef S’rol'ren 500 — 52% cost compared to
Director, Institute of =——".04% GDP First rough estimate:
Techno-economical Systems OfF = ; e A climate neutral scenario costs
Analysis(IEK-3), 2020-2050 2020-2050 about 90 bn € for DE p.a.
Juelich Research Center g; tll'T(Z(IJ GDE p-t{i) => affordable)
(Germany) Cost comparison of CO, Reduction Scenarios: detailed veritication process ongoing,
- 80% CO,2050: defined as 100% base line final results to be published 11/2021)

- 95% CO, 2050: adds 180% to the cost of 80%

- Climate neutral at 2019 cost level: adds 52% to the cost of 95% 2050

- Climate neutral at 2021 cost level: adds 32% --

- Full decarbonization of industry comes on top (substitution of raw materiali
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Lessons Learnt

On hydrogen amount:

With cheaper renewables less hydrogen is needed for higher direct use of electricity

With more ambitious climate goals more hydrogen is needed

Reassignment of NG-pipelines to H2 is very cost effective

Both effects level off in our scenarios at about 400 TWh, corresponding to 12 mn tons of H,

On hydrogen market:

Member of the Helmholtz Association IEK-3: Techno-Economic Systems Analysis

Substantial amounts go to industry
The opportunity cost od the industry are lower than market introduction prices
Transportation provides high opportunity cost for hydrogen
Hence, hydrogen in transportation is important for establishing a hydrogen market
Addressing all markets distributes the infrastructure cost to a larger extent
Whether households need hydrogen depends very much on the local situation

— Canrenewables, e.g. PV, geothermal, be installed?

— Can houses be refurbished - insulated, etc?

— Are refurbishments of houses restricted under monument protection?

g JULICH

Forschungszentrum
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E: Thank You Very Much for the Attention!

Detlef Stolten

Director, Institute of
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Analysis(IEK-3),

Juelich Research Center
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2021 Global Forum on Mechanical Engineering
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Background

Call for action > huge market

DOMESTIC
SEA

ZERO EMISSION SOLUTIONS
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Energy transitions

Starts with smaller vessels — shorter distance

* From rowing to sail to coal to oil

» Ongoing energy transition from oil to LNG
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Topeka base-to-base vessel:
The zero emission
seaborn alternative
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Topeka Nattruten

2,500 m2 open deck RoRo vessel running on LH2 DESIGN:

| — S— — .
‘ = . W PIEl .
L/ 1l )
E N -
. n el
i < T
E% e .
- - :"__-

Il MAIN DIMENSIONS: 125 M LONG, 24 M WIDE Il POWER DEMAND: APP. 2 MW

Il CARGO CAPACITY: 56 SEMI TRAILERS Il INSTALLED FUEL CELL CAPACITY: APP. 3MW
Il SPEED IN SERVICE: 12 KNOTS Il DAILY LH2 CONSUMPTION: 1,2-1,4 T/D
Il LH2 TANK CAPACITY: 65-100 CBM Il RANGE/ENDURANCE: APP. 400 NM
®peka 31 August 2021 ‘E&Mhﬂm
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Aurora

A maritime liquid hydrogen value chain

demonstrator
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Distribute hydrogen to bunkering hubs between
Stavanger and Kristiansund

SAFE & EFFICIENT [ [ e [ [
LOADING & UNLoADING LI

ﬂ o]

TRUCK TRANSPORT
TO OTHER USERS

®peka 31 August 2021 ‘:‘llmnm




SESSION 1.

=2 g8l

2021 S22 JIADI= 2&

EIASEIQ Tl £4 JIHDI=

L

=
Al

A
<!

-1
e =1

I

|

) 1) IS
2 b o

Steinar Madsen

CEO, Topeka Holding,
Wilhelmsen Group(Norway)

48

@Ship DOCUMENTING LH2 AS MARINE FUEL © BN
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SESSION 1.

=2 g8l

L

=
Al

I

o
=
HE

e =1

A
*
o

A

|

I 4y 12
I 1 ok

Steinar Madsen

CEO, Topeka Holding,
Wilhelmsen Group(Norway)

49

Timeline

Establish market
* Build a strong business case
* Financing

Vessel Qutline
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EIASEQ| 718, £4 JIHDIE

Vessel design and construction
Operation and logistics perfection
Workflow/terminal operations
Logistic tenders and contracts

Commercial and

Technical Operation

I

HyShip
HyShip Grant Start Yard Yard Start HyShip HyShip
Declared Tendering Contract Operation Operation Final
Monitoring Reports
®peka 31 August 2021 ‘Bmm
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NET ZERO NET ZERO
LIMITING GLOBAL CO, GHG

WARMING TO 1.5°C ENTAILS

ri I 1
2020 2030 2040 2060 2070 2080 2090
1 1

WARMING TO 2.0°C ENTAILS

NET ZERO | NET ZERO
Co, GHG

*Source: Global warming of 1.5 T (IPCC Special Report, 2019)
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Load demand in winter is higher while res production is lower

Renewable Enerqy Simulation for Germany 2050, in GW, Hydrogen Council, 2017
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Conventional
SMR + CCUS

Distribution & Storage
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Renewable
(Electrolyser)

Renewable
(BtH*)

“*Biomass to Hydrogen

Refuelling

LOHC*,, NH3
Metal hydrides

<Liquid Organic Hydrogen Carrier

SMR + CCUS : Blue Hydrogen
* SMR (Steam Methane Reforming), CCUS (Carbon Capture, Utilization, and Storage)

=8 —» 1] 700 bar
> N 4/CGH, [—>
H,
compressor “11700 bar
_.@.» % CGH,
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LH, pump o LH>
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Transportation Applications
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Stationary & Power Applications
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Method (Y\')) (ton/day) (%) Cost ($/kw) (year)

150~300

Large scale

SMR
Small Scale

Alkaline
electolyser

PEM
electolyser

0.15~15

~150

~1

108 ~306

0.1~10.8

~ 108

~0.7

70~85 400~600 Mature
~51 3,000~5,000 15 DT
stration
65~82 850~1,500 5~8 Mature
65~72 1,500~3,800 25 Early market

Technology Roadmap (Hydrogen and Fuel Cells), 2015, IEA
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(MCH, C;H,,)

98.19

374

0.769

6.16

* LOHC (Liquid Organic Hydrogen Carrier)
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F{ZHEH T (200bar), A-22F 22

700 bar
HP Storage

W

MP Storagé
350 bar

300kg @ 200bar
Gaseous Tube Trailer

PUPTETEE  oi+A 05, B2 23 - O)|2HY, (a2 M

—» LH,Storage Tank

I I 700 bar

HP Storage

] P:I:‘P_—' %—E [— }.

MP Storagé
350 bar

— Gaseous Hydrogen >» P —mm—
iqui PUMP 1 bar
— Liquid Hydrogen p ;
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@ 21 NI 400971 (395ton/day) 2| &85 +AHSH ZHE 214

» 3 Major &|Ak(Linde(Praxair), Air Liquide, Air Products) 2t &85} 7|= stH

Continent Location Operated by Capacity Commissioned in
America  Canada/USA Alrod ‘A‘;F*L’igz?é‘:" 16Site 300 TPD ~ 1982~1997
Europe o Sermany. Alr P;?fﬂgtj; ande: 4site25TPD  1987~2008
. India, China, Japan Linde, Iwatani 11 site, 25TPD 1985 ~ 2008
G Japan Iwatani(Linde), KHI 5 site 25 TPD 2013 ~2019
3 FASZY (Air Liquide) 5TPD 2023
4 24 (Linde) 35TPD 2023
Korea =M SK 7tA (0]%) 30TPD 2025
(Plan) ey A GHLYZAL 7tASAL (1) 30 TPD 2024
ol SK (Air Liquide) 90 TPD 2023
=L SK (0]%) 130 TPD 2025

* TPD (ton/day)
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Water
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Hydrogen fromAir
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Synthesis
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(Enhanced Oil Recover)
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GH, Fuel Tank
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LH, FGSS LH, FGSS

U4 7| H2BT A A (LH, FGSS)
PEMFC LH, Fuel Tank PEMFC

@ Gas Valve GasValve a8
(:) Pressure I% — L LH, Ei:] ——
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700 bar 1~10 bar

K ZES
GH, FGSS ] * A8Y AM2A|ZH0| ZEIR|A| S AS DHIF|E|
2 (TR 71H42) o TQEA|RH0]| [h2 OFH A (S0
LH,FGSs - H8Zxz . A A Ztlo) IhE OFHA AZAIZI0| i Che 2iele|

(Ale2)

=13
Bl i)

* FGSS, Fuel Gas Supply System
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Air taxi
Airport to the city @

+ Fighttime 10 minutes -§

!
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= o

Munich

» Price: ~€100/~$123
» Travel speed : ~200km/h

Munich Airport Marienplatz, Munich (city center)
sp-100km-8{[[TTIII] = t:zTank
10P—100km»BMMM [ ] Fuelcel
Dﬂﬂ:ﬂ Battery
rop-sooken-| 1 1 [ 1T AT AT AT AT AT EATATACAATAL
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5P-500km-H
10P-500km-H
0 1,000 2,000 3,0

Mass (kg) ’
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* [ NG Import Countries(2017) - 1. Japan(84M ton), 2. China(39M ton), 3. Korea(38M ton)
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* Policies of countries leading hydrogen development and implications for Korea, International Enerqy Forum-Korea
National Assembly, Seoul, 6 Feb. 2018, Bernd Heid, Mckinsey& Company
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