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Hydrogen — why premium electrofuel?

The strategic Hydrogen advantages

Hydrogen can play a transformative role as a highly flexible energy carrier during the clean
energy transition and in an integrated future multi-sector energy system as follows:

* For Sector coupling - as a bridge between different types of energies

* For Storage — utilizing electrical energy that would otherwise have been lost

* For Storage — enabling use of massive quantities of renewable energy

* For Stability - balancing grid and buffering energy system

* Decouple energy and power parameters for Recharging Infrastructure

* For feedstock — using captured carbon

* For certainty — avoiding CO2 capture from air

Electricity from renewable energy Methanation

A t
= Synthetic
) .
Electrolysis methane
-0 (based on
5 renewable energy)
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Hydrogen is a building block of all electrofuels

NH, ammonia 7 {|“- H H H) HI_ e o,
2 -
H oy o H < / Synthetic gasoline
, | L J 1 J \C—O - Synthetic diesel
g N e e / I-_Q Water Synthetic kerosene
PN : [ Methanol (all based on
H H A A H renewable energy)
H;C CH  HC “CHy

Fischer-Tropsch process

@ ‘ . AN INTERNATIONAL ENERGY AGENCY TECHNOLOGY COLLABORATION PROGRAMME <Energv>1e(hnologv

petwork
iea hydrogen



Consensus on multi-sector applications for Renewable Hydrogen
Hydrogen is a bridge between different energy sector

Hydrogen — Key to support the energy transition

Enable the renewable energy system —— Decarbonize end uses e

Help decarbonize

Enable large-scale Distribute ;
renewables energy across transportation
integration and sectors and

: regions -
power generation 9 Help decarbonize
? industrial energy use
&'@ Help decarbonize
i building heat and
power
Act as a buffer 7
to increase ‘&> . Serve as renewable
system resilience a5 feedstock
)\ = 4
Source: Hydrogen Council 6
@ o AN INTERNATIONAL ENERGY AGENCY TECHNOLOGY COLLABORATION PROGRAMME ‘E..e.gyu’gm.r.::m

iea hydrogen



MtH2/year

Hydrogen for industrial and chemical uses will remain predominent
(Ammonia as Hydrogen carrier not taken into account)

70

——H2 Fuel
—BtL

—— NG blending
—— Refineries
— Ammonia

— Methanol

— — Total

Olfa TIili™-2 : PhD Student
Christine Mansilla® : PhD Supervisor
Jean André® : Co-Supervisor - Industry
Yannick Perez®? : Co-Supervisor - Doctoral school
Valérie Seguin® : Co-supervisor — CEA Liten
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IEA Hydrogen TCP - Global Hub for hydrogen R,D&D

@0 o

STRATEGIC PLAN | 2015-2020

Vision — a hydrogen future based on a clean, sustainable energy supply of global proportions that plays a key role
in all sectors of the economy

Mission — accelerate H2 implementation and utilization to optimize environmental protection, improve energy
security and economic development

. Overarching Objectives

Communicate role and value of hydrogen as flexible energy carrier in future integrated
VISION multi-sector energy system

Membership 20 Countries + EC+ UN + 4
Sponsors + 4 new members pending

* Analysis — IEA & other

* Infrastructure . . .
cousaome Collaborative R,D&D Portfolios
Industry engagement ' e Production
* Storage
* Integrated Systems
S INFORMATION * Integrated Infrastructure
TECHNICAL (G DISSEMINATIO
/"
. J € - g THEME ANALYS’:; THAT - .
p ANALYSIS THAT H, AWARENESS, - Analysis Portfolios
MARKET GRSy —— R, | UNDERSTANDING SAFETY ]
HYDROGEN : & ACCEPTANCE e Technical
* Market
. * Political Decision-making
POLICY SUPPORT  (ERICHE SRS OUTREACH
AND POLITICAL WILL
H, 0 H, N‘,.AWA;IE‘NESS‘
STORAGE PRODUCTION Gacemce)  Awareness, Understanding &
Assessment (AUA) Portfolios
* Information Dissemination
H, INTEGRATION
INTEGRATED IN EXISTING » Safety
H, SYSTEMS INFRASTRUCTURE
* Outreach
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Direct Hydrogen/Fuel Cells
Usage Options
for transportation

q
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Light Duty- Passenger Cars & Captive Fleets; Heavy Transport on Land - buses, heavy
duty trucks, light rail trains, logistics/utility vehicles; Maritime and Air; Portables

Passenger Cars & Captive Fleets Heavy Duty Trucks
s A T =
Toyota Honda Hyundai Hyundai
Mirai Clarity Tucson Genesis

Nikola Motor Company H2
powered long range tractor
trailer

Japanese vehicle production increases
dramatically.

FCEV registration is now being tracked

in California. Logistics Vehicles

-

* Norway anticipates application of FCEVs
incentives similar to BEVs.

Buses

— s | HYDROGEN [F

=

UPS - first hydrogen fuel cell
electric class 6 delivery van. 17
vans in the U.S. by year end 2018.

- - ] =i | 1|

UC Transit in Oakland, CA, USA - largest
fleet in North America, with 12 fuel cell
buses.

Foshan and Yunfu — $17 million order for
300 fuel cell buses.

EU Coordination a national Call for order in
progress for a 1000 FC Buses

French project for BEV/Range

Toyota a heavy duty drayage
vehicle (class 8), Amazon buying
$70 million of fuel-cell forklifts.

extender:300 vehicles with 20 HRS

South Korea - planning to replace 27,000
CNG buses with FC buses by 2030.

Light Rail Trains

In 2017, Alstom unveiled its Coradia
iLint, which will replace diesel trains in
the extensive, un-electrified sections of
rail in Germany.

Airplanes & Dron

Hydrogen-powered Drone

Fuel cell technologies power
drones varied applications from
lightweight Hycopter to larger
military based applications like the
Boeing Insitu’s ScanEagle drone.

HY4 Hydrogen Fuel Cell Electric
Aircraft, World’s first 4 seater H2
plane.

Maritime

90% of all trade is by ship.
Maritime tourism is huge global
industry.

The Red and White Ferry
Company and Sandia National
Laboratory have teamed up on
a feasibility study for designing,
building and operating a high-
speed hydrogen fuel cell
powered passenger ferry and
refueling station.

Portables

L X
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Battery and Fuel cell: a perfect technologies wedding
in the electric car family

La recharge électrique

Hydrogen as a gas like others electrofuels has unique advantage
to uncouple power to energy due to storage capacity

New fuels/electricity Infrastructure design

will be key for massive deployment

' Different design for power train architecture

== ¥ == — PY —
a1 |

—— = | Na =

Battery Electric Vehicle (BEV) Fuel Cell Range Extender (FCREEV)

P /-8
- " 0 Fonctionnement
n Le motsur électrique assure une propulsion zéro émission.
@ é é Ed La pile 2 hydrogéne produit de I'électricité & bord.

Plug-In Fuel Cell Electric Vehicle (PFCEV) Full Power Hydrogen Vehicle (FCEV) El Le batterie ot la pils hydrogéne alimentent le motsur.

] La batterie se recharge sur le secteur, I'hydrogéne 2 la station.
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Hydrogen Pathways
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Hydrogen Production via Electrolysis : key technology
conventional, renewable and innovative production RES technologies

Via Electrolysis

e

Electrolysers available in small and large sizes (now in MWs!)

Electrolysers available in low and high temperature
technologies:
Low — alkaline and polymer electrolyte membrane (PEM)
High — solid oxide electrolyser (SOEC)

Via conventional, renewable & innovative RES technologies

Coal High-temp
Natural Gas Gasification () Electrolysis
Reforming : (v

N

established indust . L) Photo-biological
process Low gile Biomass ' Electrolysis PEC STCH

. Bio Inspired
Reforming Gasification (gelkii) io Inspire

Approaches
> |

Biomass Pathways ) Solar Pathways

Distributed | @ Grid Hybrid &
SMR Electrolysis Other

Near-term Mid-term Long-term

Production method

a
®
O
iy

=
=
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HyLYZER® - PEM : key milestones @ Hydrogenics

Field test 1.5 MW electrolyser Enbridge / Brunsbuttel
(2x1.2 MW)

PEM Electrolyser Scaling Up

2.5 MW cell stack

Power-to-Fuels

é Miguel Arias Cafiete @ .
@MAC_europa

‘ [~ il Deal! New 32% renewables target for 2030.
Small scale PEM electrolyser 1,5 MW cell stack Dual cell stack design Multi MW design Renewables are good for Europe’ and today,
(HyBalance 2 x 0.6 MW) (with 2 x 2.5 MW building block ) . . .
Europe is good at renewables. This deal is a
hard-won victory in our efforts to unlock the

U Powe r-tO-FUEI true potential of Europe's clean energy
- transition. Thank you all! #REDI|
) #ParisAgreement #CleanEnergyEU
= 100 MW CEIEED
o 50MW S 2
O 400 MW
°© 200MW < oo

- Hydrogen

8:42 PM - 13 Jun 2018

164 Retweets 145 Likes 2:‘ . f, a 6 ﬁ ° » a
& Energy4Europe, EU Climate Action, Bas Eickhout and 6 others

Qs Vs Qs B

- Synthetic fuels / gases (H, + CO,)

- Power-to-Refinery

s
HYDROG(“)NICS Workshop: “The future of e-Fuels in Europe” | Herentals, BE | 27.08.2018

SHIFT POWER | ENERGIZE YOUR WORLD
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Transport and Distribution — Renewable Supply Chain

Overseas processes Domestic processes
| A

S L EL ES -PL TY.I15

Renewable Hydrogen Energy carriers Ocean Energy carriers Domestic Hydrogen  Hydrogen
power production production  transport storage  distribution restoration filling into

generation & storage & compression  FCVs

Renewable hydrogen supply chain
Overseas processes Domestic processes
A
I 1
=
= Q} > S [ > @ =

LNG Ocean Hydrogen Domestic Hydrogen Hydrogen
productlon production transport production  distribution compression filling into

& compression FCVs

NG reforming hydrogen supply chain

a/compression Transport Utiization

Hyarogen

manufactunng

Reanewable energy
»

{

-

To be newly instailed inside tha Hama Wing site

R ey ey
‘vm-%m Fower s1orage system (150 kWh)
raeo ] b “ )
- | % —+r s

| -
L‘ :
Waler (H,0) mmm (10 3 -
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Production Pathways: Power-to-Hydrogen and
Hydrogen-to-X: all sectors, applications & pathways

5 Demand (market pull, $,€) flows from right to left

IEA Hydrogen
Technology

Collaboration
Program (TCP)

Task 38: Power-to-
Hydrogen and
Hydrogen-to-X:
System analysis of
the techno-
economic, legal and
regulatory conditions

Time Frame: 2016 - 2019

Supply of products and services flow from left to right o

>

(Choice of supply of product or service or energy tra

epends on marketprice,

w2 2l i 2 i

low carbon, (high renewables proportion), intermittently low, zero or negatively valued powﬂ

Low carbon products services

at

Power to

Hydrogen, (PtH)

===

—_d

Intermittently
(electricity market
price* driven) hy-
drogen
production, co-lo-
cated with Hydro-
gen to X
infrastructure.

*The market (spot)
price of electricity
will increasingly
become a function
of both demand
(normal load) and
zero-resource-cost
supply

+ Some current
electrolysis hard-
ware already pro-
vides frequency
control

services

>
>

Y

Y

Y

Other low carbon

hydrogen
production

technologies

S

“conventional” power
market technologies
(during periods of no risk

of curtailment)

Y

Low carbon
hydrogen
storage,
transmission
and distribu-
tion at a suf-
ficient scale
to reliably
provide
demand fol-
lowing
supply de-
spite power
price inter-
mittency,
including
“just in time”
delivery ser-
vices.

every stage from

Hydrogen
to Fuelled
Energy
Consuming
Services,

(HtF)

Y

fTransport b

N =7

the source to

the consumer

HtF-H,

i gige
HtF-H, ﬁ @ =
HtF-H, { _@
7-m
wem [ —CY
HtF-G 3_’0

HtF-S

Hydrogen to Energy
System Products, (HtE) >

HtP

HtP

HtA

HtLH

Hydrogen refineries, fertiliz-
to Industrial ers, float glass,
Products, metal processing,
{Ha): oil and fat
fH2 to methanol to C2,C3
»| olefins
Hydrogen H, to syngas to C2,C3
to Chemical | olefins
productint- | Methanol/syngas to >C1
puts (HtCh) | hydrocarbons and >C1
| alcohols
7| H2 to ammonia and
\formic acid

al Energy
System

~

L X
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The new « Hydrogen » Roads ?
Work in progress in Task 38: definition of new business cases

Wind Potential of Selected Countries

Etude FZJ*: Possible and feasible production
of possible de produire 9Mt/year from wind in
Patagonia (Santa Cruz) (3cts/kWh) To Japan at
a cost of 5 US $/Kg H2

Different options for supply chain

Argentina
Australia
British Columbia
Chile

Iceland

Inner Mongolia
Newfoundland
Norway

United Kingdom

Renewables but also fossils+CCS

Selecte& results
within presentation *©° “

N L '

3 1

© Japanese government: ambitious goal and
Iceland R&D programme
’ -

south Korea @ International trade framework to be adapted
[3]

| * P.Heuser, M. Reuss, T.Grube, M.Robinius, D.Stolten, FZJ, IK3
Australia Whec 2018, Rio de Janeiro
Argentina& L -
Chile

M Potential production [l Potential demand > Hydrogen transport ~ ABORATION PROGRAMME (‘““’*"’,.,,E.‘;,f(‘g;;:jﬁ‘m’
country country



Cost
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New 2017 Study from IEA Renewable Division - Renewable Hydrogen (for industrial
applications) is now an option! Scale up (competition, volume) is driving costs down

The emergence of low-cost renewable power is a game-changer Competition driving costs down iea
Hybrid so'ar and wind fu" Ioad hours adjusted for overlap Announced wind and solar PV average auction prices by commissioning date

USD/MWh

8000 e T—

7000 % —

6000 20

5000
£

Forth of i to more countries will accelerate cost reduction trends

I Price discovery through competitive auctions effectively reduces costs along the entire value chain

4000

3000

Producing hydrogen from cheap solar
and wind power

| .00 7 Cost of hydrogen from electrolysis

CO poc”’y foc-l'ors Of com blned Source: Fasihi & Breyer, 2017 c \

wind and solar power exceeds 5 \
4 \\

from large consumption

centers, potentially delivering \\ ——
huge amounts of power at less 2 \ ——
than $30MWh 1

0

FEFLF L LS LS LSS

Full load hours of electrolyzers

e $0/MWh em==$30/MWh es==S60MWh seesSMR

At USD 30/MWh or less, and with high capacity factors, solar and wind power
in best resources areas can now generate hydrogen at competitive costs.

Network

Ty Collabamion Progmimes
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IEA Hydrogen Task 38 Electrolyser Technology Brief

10
[ —&— PEM trendline (Task 33
KEY FINDINGS r e =
s L —@&— alcaline (single stack) 4
; r ==--@--- alcaline (multi-stack) 1
For alkaline systems CAPEX % J
of 750 €/kW is reachable l::j L 1 KEY FINDINGS (continued)
today for a single stack of 2 ;
MW. E s I of crs:g prI jections for alkalil ) ) )
5 sactioh/zer « Range of estimations in 1990s
For PEM, such CAPEX z 2300 = i it sty for alkaline was between ~800
9 ) 10 - —{1000 - AKaline Manutactuner based
should become within r 1 jrc00 and ~2500 €517/ kWyny.output
rm——r 1 750
reach for 5 MW systems, | [ . . & ] H - . o - .
3 . i [ e . i & * . « Today’s expectation for 2030 for
but currently still require H § 500 < -
K i w0 . alkaline droped to ~700 to ~1000
the use of multi-stack sys- ! - - - . b4 €, . KW
: PR R TY| B S S UETT) B S AW e Ty i P > ¢ 2017 HHV-Output-
tems. i 0.1 1 10 100 i i
; i + Alkaline: Reductions more
v Power input (MW) °
CAPEX value below 400€/ 190 1 200 205 2000 2015 2020 2025 2030 moderate compared to PEM
3 Fig. 1 CAPEX data for both PEM and alkaline electrolysers, plotted as a function of the Yo :
kW have been projected : . = y
k power input. Data for alkaline systems are based on a single stack of 2.13 MW conside- Development of cost projections for PEM Thi b iainea withith
for alkaline systems, but ring 230 cells, 2.6m? size. Note that change in slope for alkaline electrolysers corres- electrolyzer = IS c.an fe exp am,e with the
this will require further ponds to the use of multi-stack systems. [1] 89009 + maturity of the alkaline technology
upscaling up to 100 MW. : ] o PER expets estimation f ; &
pscaling up PEM alkaline ¥ SR - Range of estimations in 1990s
%m . - for PEM was between ~300 and
T 3 00 = ~5000 €,4,,/kW,
ks e § 4 . 2017/ HHV-Output
200 s
g g sl = = % « Today's expectation for 2030 for
b -
z8 28 8 o 'x . * L4 PEM droped to ~400 to ~1000
i 83 o . 3 * €5017/kW,
o 8¢ ) 1990 1995 2000 2005 2000 2015 2020 2025 2030 2017 HHV-Output
g 2 5 ® % vase
& & s0%L Fig. 3 Cost projections in the near to long term, for alkaline and PEM electrolysers [2]
Data from MM Power Data from NEL
sl o 44 P Ly
1 2 3 4 5 6 0 5 10 15 20
Number of stacks Number of stacks
Fig. 3. Reduction in CAPEX upon use of multi-stack systems, both for PEM
(left) and alkaline (right) electrolysers.

Fig. 2 Reduction in CAPEX upon use of multi-stack systems, both for PEM (left) and
alkaline (right) electrolysers. [1]
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Desired cost reductions require investment in electrolysers
like other new energy technology
PV requires more than 400GW to reduce costs as it is today

Installed electrolysis capacity for PtG/PtL in scenarios for Germany in GW

- Scale and learning

effects are critical

16

GW Germany The world
400 .
for cost reduction,
® INES et al. (2017) but uncertain (e.g.
o0 CO, from air).
needs a cumulative International 100-
® FNBGas (2017)  nstalled electrolyser isawatts-challenge
capacity of g8 ge.
200
7SW et al, (2017) Investments are not
to be expected
without political
100 100 GW * ) . .
intervention or high
acatech et al. (2017b) . .
° Oko-Institut et al. (2015) | t© reduce costs. CO, price due to
5 S ZSW et al. (2017) acatech et al. (2017b) high cost Of
ga2y 2030 AL S global stock synthetic fuels.
today: ~ 20 GW
Own illustration based on Frontier Economics (2018) and others
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Hydrogen Infrastructure for Mobility:
new comparative analysis dispels tale of H2 infrastructure cost barrier

Infrastructure Designs

Ramp up Mass market C0zemission per km Specific electricity demand

0.1 million 3 million 10 million 20 million [
4 cable length - 1,800 km 28,000 km 183,000 km ‘?:j. 2.8 3 i
| E
transformer- 6,100 55,000 187,000 »i o
N
slow chargers 100,000 @ 3.7 kw 2.8 million 6.5 million 11 million @ 22w g Direct 4 l.;. iR ;
\ fast chargers 6,000 @150 kw 81,000 175,000 245,000 @ 350 kw @ (_é_) a
w E
N "~ " - s " "
storage capacity . 2 TWh 5 TWh 10 TWh 03 0z 0O 0 01 02
electrolysis 3GwW 10 GW 19 GW iﬁm;,mk: v].m tricity ﬁ::’:m l.’il ity
KWa/km [kWhikm)
truck trailer % 42 730 1,500 3,000
pipeline = 12,000 km 12,000 km 12,000 km
\ fueling a 400 1,500 3,800 7,000 /
| | _ » @) JULICH
Member of the Helmholtz Association IEK-3: Institute of Electrochemical Process Engineering 15 Forschungszentrum
Comparative Analysis of Infrastructures: . £ 51 billion
cumulative investment [€ billion] = € 51 billio

Hydrogen Fueling and Electric Charging of Vehicleg

BEY |base case)

Martin Robinius, Jochen Linfien, Thomas Grube, Markus Reuf3, Peter Stenze} Al ]
Konstantinos Syranidis, Patrick Kuckertz and Detlef Stolten wi

Schriften des Forschungszentrums Jilich
Reihe Energie & Umwelt/Energy & Environment Band /Volume 408 transiuos

ISSN 1866-1793 ISBN 978-3-95806-295-5 flﬂ

« Low carbon cars in Europe: a
socio-economic assesment » 20
« Low carbon-car in Germany »
ECF/Cambridge econometrics,

february 2017 m g = 3,’
OL K

iea hydrogen

0.1 | 3 B 10 15 20 mitlion EVs
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Land and water demand b

Task 36 — LCSA concludes that different calculations associated with conventional LCC and LCC with
externalities influences levelized cost of hydrogen. The use of LCSA arises as a convenient methodological

. ludwig bélkow
solution to thoroughly evaluate the performance of hydrogen energy systems.

systemtechnik

(volume representation, PtL water demand ~ 1.4 LH,0/Ljetfuel)

Comparison of gross area-specific yields of PtL fuels from photovoltaic and wind power and biofuels.

Biomass PtL photovoltaic power PtL wind power
(100% land coverage) (33% land coverage) (2.6-3.4% land coverage)
LT electrolysis | HT electrolysis | LT electrolysis | HT electrolysis 7 6
8 (B e D s P s

PtL Algae oil Alcohol-to-jet
wind, open sugar HEFA
solar pond beet jatropha

Netwater demand of energy cropsis subject tolocal conditions and
yieldexpectations.

Thewater footprint of PtLfuel is by a factor of 400 to 15,000 lowerthan
biofuels.

Area specific yield related to gross land area (G) ha yr?)

Bulk PXplants are still significant local consumers (seawater
treatment, watercycling).

LT: low HT: high Algae: it yield d ding on solar irradiati Source: LBST

27 August 2018 -E-Fuels Workshop - Herentals/BE Ludwig-Bolkow-Systemtechnik GmbH LBSTde Image: LBST & BHL, Power-to-Liquids — Potentials and
Perspectives for the Future Supply of Renewable Aviation Fuel; UBA (ed.), September 2016
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@ ® O IEA Hydrogen Task 38

ce vereeet  \Workshop on Power to Gas
Demonstration projects analysis in the world

Towards an International PtG demo projects Road Map

20th November 2018, Aix en Provence, France
(on invitation only)

Obijectives of the workshop:
IEA Hydrogen Task 38 gathers data from near 200 Power to Gas demonstration

project at the world level and analyse each project through more than 25
parameters (technical, economics, projects characteristics ...).

The aim of the workshop is to present the result of this meta-analysis, to give the
floor to a panel of a few demonstration projects representative of the variety of
situation and to present and discuss a International PtG demo projects road map.
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Conclusions and recommendations

@ Electrolysis technologies ready to scale up

@ New promising technologies are not far behind, R&D (Mission
Innovation ICH#8

@ « Green » Hydrogen markets are increasing, huge and diverse in any
case

@ ... proven incentives and regulatory framework will be in place

@ Perspectives for our TCP work:
— Developping energy system analysis is key
— reliable database important

— Compare different routes and pathways (Ammonia, biofuels ...) and
combination of routes) in different applications (heavy transport, industry...)

— Work on financial and regulatory framework, derisking strategies for
investment

@ Cooperation with others TCP, IEA analyst and other organization

O
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https://twitter.com/IEA_Hydrogen
https://twitter.com/IEA_Hydrogen

IEA Hydrogen: global hub for hydrogen R,D&D

//‘\

Center Lane International

\
IEA

Ei\oflzgaglir;::;trz IEA Hydrogen Cooperation with

g R,D&D Organizations/Initiatives
Analysis
Outreach \Cooperation with Industry

Cooperation with
Sister TCPs /

/ Contact:

Paul Lucchese, ExCo Chairman \
/ Paul.lucchese@cea.org
/ \
/ \
/ Mary-Rose de Valladares , General Manager\
/ mvalladares@ieahia.org \

Follow us on Twitter @IEA hydrogen O
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https://twitter.com/IEA_Hydrogen

