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Hydrogen is needed for deep decarbonisation — EU enabling efforts

Elements of the hydrogen chain

« production

« storage

« transmission and distribution infrastructure

Main end-use interest area: public transport

Research needs in hydrogen and fuel cell technologies

European Union Efforts
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« Research, Development and Demonstration (RDD)
 Fuel Cell and Hydrogen Joint Undertaking (FCH-JU)

 Joint Research Centre of the European Commission (JRC)

Additional slides
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H2 is needed for deep decarbonisation

The hydrogen economy is a compelling vision:

- It provides an abundant, clean, secure and flexible energy

source

- Its elements have been demonstrated in the laboratory or
in prototypes

However . ..

- It does not operate as an integrated network

- It is not yet competitive with the fossil fuel economy in
cost, performance, or reliability

- It will take decades to realize the full potential of a
hydrogen economy
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Fossil fuels Hydrogen

cheap no

well working not proven
vested interests no
regulations existing starting
markets small till now
consumers familiarity no
educational programs limited

o far from optimized technologies need to compete with efficient,
well functioning energy (and transport) systems

* technological as well as non-technological barriers



B JRC Contents A

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

Hydrogen is needed for deep decarbonisation — EU enabling efforts

Elements of the hydrogen chain

« production

« storage

« transmission and distribution infrastructure

Main end-use interest area: public transport

Research needs in hydrogen and fuel cell technologies

European Union Efforts

 Policies

« Research, Development and Demonstration (RDD)
 Fuel Cell and Hydrogen Joint Undertaking (FCH-JU)

 Joint Research Centre of the European Commission (JRC)

Additional slides



B JRC

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

Hydrogen Production

Gas: Natural gas or bio-gas are H, sources with
steam reforming or partial oxidation
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Algae: Methods for utilizing the photo-

synthesis for H, production

for hydrogen from biomass

Power: Water electrolysis from
renewable sources and nuclear

Source: Hydro

Oil: H, is produced with steam
reforming or partial oxidation from
fossil or renewable oils

Coal: With gasification
technology H, may be
produced from coal

Alcohols like ethanol and methanol
derived from gas or biomass - are
rich in H, and may be reformed to H,
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Security of Supply e Bette r_gh::l:nal plant
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Cleaner use of high flexibility
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electricity and hydrogen are complementary energy carriers:
electron-based and proton-based
“hydricity”
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solar electrolysis

bio-inspired nanoscale

. Luar;](;tisc::r;?éintegration at the assemblies porphyrin nanotube hybrids
» molecular transfer of energy +inexpensive Mn catalyst * porphyrin: harvests light
and charge * room temperature * Pt, Au: catalyst & electrodes
« 6-18% efficiency in laboratory * “one molecule at a time” assembly splits water in sunlight
— 4

[ nanoscale hydrogen production |

source: Crabtree, DoE - BES



B JRC Hydrogen storage e

EUROPEAN COMMISSION sttt for By

IAEA - ICTP School, Trieste June 2011
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Advantages
* high gravimetric energy density
Implementable from kW to multi-MW
charge rate, discharge rate and storage capacity are independent
variables
potential to supply road transportation
environmentally benign operation characteristics

Disadvantages
 low volumetric energy density
* COSts
* low round-trip efficiency
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energy storage for intermittent renewable energy sources

Electrolyser

from electricity to electficity:
low round-trip efficiency -
Incremental technology improvements Fuel Cells

Storage

Ol i
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long term energy storage

minutes

0,1 1 10 100 GWh 1000

Source: Crotogino et al. WHEC 2010
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- r Salt cavern hydrogen storage
'},’ Ii ""'|""I » proven technology

« about 60 times the electricity
equivalent in the same volume as
adiabatic compressed air storages

_— s * bulk storage for long-term balancing

L i

-

H. slorage cavem

stored hydrogen can be
e re-electrified with fuel cells and combined cycle gas turbines
« used as feedstock in the chemical industry
« distributed via pipeline or as liquefied hydrogen to automotive end users
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Physical Storage Solid storage
Cryo-compressed Liguid Hydrides Adsorption
ik
nCeH, otallict sactivated
nm e carbon*
source: Dynetek source: BMW source: BAMW nGhEﬂIiGﬂl“ "MGFE“
1kg - 6kg 4.5kg - 12kg 7.5kg - 12kg
single or insulated insulated ,organic” Zeolith®
multi-bottle cryogenic conformahble
pressure pressure or cylindrical
vessel vessel cryotank
Demonstration In prototype Demonstration Research level!
level demonstration level No existing Sotrsterage-system fulfills

all automotive requirements yet

*1 CGH; = Compressed Gazeous Hydrogen (T00bar)
CcH, = Cryo-compressed Hydrogen (13bar - 350bar)

LHy; = Ligquid/Ligusfied Hydrogen (1hara bis ca. 10bara) B StorHv Einal E t 2008
. brunner, stormy rinal event,
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now | — future

Central power station

\: / Storage

\_H_Tr rlsmls sion Nem::rl:.__d_,/

/.o-"'_

‘__.
"

EOLE ] Local CH F‘*
House\ | Y plant /

<__ Distribution Netw_o_[Ezp

i,

Factory

- device \ power House with
- plant domestic CHP

Commercial

building » distributed generation with fully
Integrated network management
« from consumers to “prosumers”



B JRC Hydrogen transmission and distribution

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

m.m bu

Energy transportation infrastructure (typcial sizes installed)

Energy transmission capacity

per ship from South Africa to Germany (4 TWh/yr]

Ol pipeline (1 million barrel per day) 73 GWh/h (thermal)
Natural gas pipeline |30 billion Nm®/yr) 38 GWh/h (thermal)
High voltage direct current transmissicn lines (HVDC) (33 TWhiy) 6 GWh/h (electric)
Hydrogen pipeline (with the diameter of a natural gas pipeline) (79 billion Nm?/yr) @h@
Hard coal transport 0.5 GWivh (thermal

Table: Options for energy transport (LBST)

Source: EHA
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Main end-use interest area: public transport

Research needs in hydrogen and fuel cell technologies

European Union Efforts

 Policies

« Research, Development and Demonstration (RDD)
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Transport (and distribution) of hydrogen ra”SPOrt’

Hydrogen for transport =
vehicles

- W

source: National Geographic
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Compliance of EU CO, targets is a hu \ Dvnetek
challenge for the OEM's

Peugeot
Fiat Corp.
PSA

3 P e T S

Citroen
Renault Corp.

Toyota
Ford

Opel/ Vauxhall
Volkswagen
BMW
Mercedes

| |

il

; - E
el

5 i

20 40 60 80 0 160 180 200
2008: ACEA negotiated
Agreement Fleet 140gCO,/k

wSINFLISAS 3OVHOLS T13N4 LHOIIMLHOIT A3ONVAQY

3

Target 2020: Fleet CO2 Average 95 gCO,/km
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CO2 emission reduction in transport requires carbon-free fuel

2.00 =
no change
1.75=-

1.50 =
historical .

1.25 = gasoline ICE 35 mpg
DN : N /
T 1004 e ~_ = BEV-75%NG 25%Coal
- rS=—_-- 7 "gasoline ICE 46
5 75 =" ‘ gasoline mpg

0.50 4

. H_- zero-carbon source
0.254 80% reduction Z

e “E-

I J I J J
1990 2005 2020 2035 2050 2065

Source: DoE-SNL
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2010+ vehicles
900 l

» most hydrogen pathways are m Gasoline
energy-intensive O Diesel fuel

800 N C-H2 exNG, ICE

»only use of NG, RES or nuclear C-H2 exNG, FC
. @ C-H2 excoal, ICE
offers GHG gains . o C-H2 excoal, FC
C-H2 exwood, ICE
C-H2 exwood, FC
* @ C-H2 ex NG+ely, ICE
600 - <O C-H2 ex NG+ely, FC
& C-H2 ex coal+ely, ICE
& C-H2 ex coal+ely, FC
@ C-H2 exwood+ely, ICE
<& C-H2ex wood+ely, FC
& C-H2 ex nuclear elec, ICE
<& C-H2 ex nuclear elec, FC
A A & C-H2 exwind elec, ICE
2 3 < C-H2 exwind elec, FC
A‘“ A & C-H2 ex EU-mix elec, ICE
* <& C-H2 ex EU-mix elec, FC
L-H2 ex NG, ICE
A L-H2 ex NG, FC
&> A L-H2 exwood, ICE
& oS A L-H2 exwood, FC
--------------- Y o < A L-H2 ex EU-mix elec, ICE
N A L-H2 ex EU-mix elec, FC
|
1
1
1
1
I

700 A

500 A

400 <y

300 A *»

WTW GHG emissions (g CQOreq / km
>

200 A

A L-H2 ex NG+ely, ICE
A L-H2 ex NG+ely, FC
P * A L-H2 ex coal+ely, ICE
o N . AL-H2 l+ely, FC
o _ o & & N 2 N . - excoaley,
0 200 400 600 800 1000 1200

Total WTW energy (MJ /100 km)

100 - &

Ref: JEC study
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2010+ vehicles
WTW energy WTW GHG
\ | \
C-H2 FC hyb. | C-H2 FC hyb. —
FC FC
C-H2 FC [ C-H2 FC —
OoTTW OoTTW
oOWTT EWTT
C-H2 PISI hyb. | — C-H2 PISI hyb. —
C-H2 PISI | —H C-H2 PISI —
CNG PISI hyb. [+ ICE CNG PISI hyb. [ — CE
CNG (4000 km) CNG (4000 km)
PISI | = PISI [
Conv. Diesel Conv. Diesel
DIC+DPF iy DIC+DPF o
Gasoline PISI [ Gasoline PISI | ‘ | ‘ e
\ \ ‘ ‘
100 200 300 400 0 50 100 150 200
MJ /100 km g CO2q/ km

For hydrogen produced from NG
GHG emissions savings are only achieved with fuel cell vehicles

Ref: JEC study
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2010+ vehicles
WTW energy WTW GHG
L-H2 PISI — L-H2 PISI —
o TTW OTTW
- - —
C-H2 PISI = o WTT C-H2 PISI — EWTT
CNG (4000 CNG (4000 km)
—
km) PISI PIS| =
Conv. Diesel Conv. Diesel
[N (o]
DICHDPF DICI+DPF
Gasoline PISI L Gasoline PISI am
0 100 200 300 400 0 50 100 150 200 250
MJ /100 km g COgeq / km

Liquid hydrogen is less energy efficient than compressed hydrogen

Ref: JEC study
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Application Map for Electric Vehicle Technologies

.___\

I
i

I ¥

- -"\ a"

Fuel Cell r

Drive Cycle

Duty Cycle

DAIMLER

Drivetrains for Various Driving Cycles

Intra-urban Highway-cycle

Suburban

Long Distance

Hectric Driva with Battery
Electric Drive with Fuel Cell
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Toyota View or Alternative Vehicle Space:
Market Segments for Each Technologies

Vehicle
Size

Nissan Green Program 2010

Nissan’s Powertrain Roadmap

® Short Term: Expansion of high efficient ICE

® Mid & Long Term: Expansion of electric vehicles and maintain competitive
advantages of core electric powertrain technologies

= Selective introduction of HEV and early introduction of EV, FCV

Driving Range
Hydrogen

Gasoline = Plug-in HEV development

Biofuel
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Letter of Understanding on the Development and Market Introduction
of Fuel Cell Vehicles - September 2009

« ,Based on current knowledge and subject to a varity of prerequisites and
conditions, the signing OEMs strongly anticipate that from 2015 onwards a quite
significant number of fuel cell vehicles could be commercialised. This
number is aimed at a few hundred thousand units over life cycle on a worldwide
basis."

« [...] The signing OEMs strongly support the idea of building-up a hydrogen
Infrastructure in Europe, with Germany as starting point and at the same time
developing similar concepts for market penetration of hydrogen infrastructure in
other regions of the world, with one US market, Japan and Korea as further
starting points.*
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Sept. 2009
DAIMLER EanTHE LINDE GROUP mv gth QAL VATTENFALL \o—1

Leading companies agree on build-up A% 1
plan for hydrogen-infrastructure, = BB Giie €8 i S
flanking expected serial-production of =
FC-Vehicles starting 2015

— Phase I (until 2011):

= standardization of hydrogen fuelling
stations,

= joint business plan for area-wide roll-out
In Germany
— Phase II: Implementation of respective
action plan

B, Mobility |§
| B \!

‘.
u
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Hydrogen is needed for deep decarbonisation — EU enabling efforts

Elements of the hydrogen chain

« production

« storage

« transmission and distribution infrastructure

Main end-use interest area: public transport

Research needs in hydrogen and fuel cell technologies

European Union Efforts

 Policies

 Research, Development and Demonstration (RDD)
 Fuel Cell and Hydrogen Joint Undertaking (FCH-JU)
 Joint Research Centre of the European Commission (JRC)

Additional slides
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fuel cell
operation
solid state
storage

mature:;
breakthroughs in
basic science/materials

incremental:
within reach of
commercial technology

energy payoff

gas/liquid €ombustion in

research need

[ nanoscience bridges the gap ]

source: Crabtree, DoE-BES
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High Priority Research Directions for Hydrogen Economy

* Low-cost and efficient solar energy production of
hydrogen

®* Nanoscale catalyst design

* Biological, biomimetic, and bio-inspired materials
and processes

¢ Complex hydride materials for hydrogen storage

®* Nanostructured / novel hydrogen storage
materials

* Low-cost, highly active, durable cathodes for low-
temperature fuel cells

* Membranes and separations processes for

hydrogen production and fuel cells
Source: DoE BES



B JRC

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

Information we need

location of H. OH. H,0

hydrogen vibrations

diffusion of H. H,0

nanostructure

H in thin films

quantitative H analysis

HIH_,__O imaging

—

e

—

—_—

—_—

—_—

Neutron techniques in support of R&D

Neutron Techniques

diffraction

vibrational spectroscopy

quasielastic scattering

small-angle scattering

reflectometry

prompt-y activation analysis

neutron imaging

a1%%

lasbitute Far Evarrgry

30

CRP FLI0.22

LIMITED DISTRIBUTION

WORKING MATERIAL

Application of Nuclear Methods in Microstructural

Characterisation and Performance Testing Of
Materials for Hydrogen Fuel Cell and Storage
Technologies
Report of Ist Research Coordination Meeting (RCM)
orgned by
International Atomic Energy Agency, Vienna, Austria
amel hos b by

ENEA Headguarters, Roma, Haly

FI-THIMED

LIMITED DISTRIBUITION

WORKING MATERIAL

Role of Nuelear-Based Techniques in Development
and Characterisation of Materials for Hvdrogen
Storage and Fuel Cells Reportof the Technical Mecting

anied by
International Atomic Energy Agencys Vienna, Austria
Barited by
Université du (ruchec i Trois-Rivicres

Cueliee, Camnda

123 - 20 August 2010
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Hydrogen is needed for deep decarbonisation — EU enabling efforts

Elements of the hydrogen chain

« production

« storage

« transmission and distribution infrastructure

Main end-use interest area: public transport

Research needs in hydrogen and fuel cell technologies

European Union Efforts

 Policies

« Research, Development and Demonstration (RDD)
 Fuel Cell and Hydrogen Joint Undertaking (FCH-JU)
 Joint Research Centre of the European Commission (JRC)

Additional slides
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By 2020 - the three 20s:

= 20% reduction in greenhouse gas emissions compared to 1990 levels
(30% if global agreement)

= 20% reduction in global primary energy use (through energy efficiency)

= 20% of renewable energy in the EU's overall mix (minimum target for
replacement of 10% of vehicle fuel)

By 2050: > 85% reduction in GHG

comparison basis = 1990
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EC requlations on type approval of H2 vehicles

According to the Split Level Approach, it comprises two parts:

REGULATION (EC) No 79/2009 on Type-approval of hydrogen-powered
motor vehicles

The “political” part (outlining the necessity of
the proposal, general description, etc)
adoption by the European Parliament and the
Council.

REGULATION (EU) No 406/2010 implementing Regulation (EC) No
79/2009

The “technical” part (containing the application of the pertinent
standards to containers and other specific components)
discussed at Commission level.
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What remains to be done?

 Review of separate type-approval regulations on vehicle safety
(crash conditions!)

« extension of the regulation to methane-hydrogen mixture

« extension of the regulation to L category vehicles (Suzuki scooter
15tin Europe!)

Harmonization with the UN-ECE Global Technical Regulation (GTR)

Request by European Parliament for type approval for refuelling stations - still
outstanding



B JRC Hie

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

Regulations for transporting H2

EU:

e transport of gasses under pressure

 Transport of dangerous goods by road

 Transport of dangerous goods by rall

 Transport of dangerous goods by in-land waterways
International:

 Transport of dangerous goods : UN-ECE
 Transport of dangerous goods by air: IATA/ICAO

Regulation for storing H2

 Pressure Equipment Directive
« SEVESO I (large amounts of hazardous materials)
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Regulation for H2 appliances
CE mark based on compliance with:

« Machinery safety directive

« Equipment and protective systems intended for use in potentially explosive
atmosphere (ATEX directives)

« Pressure equipment directive

« Low voltage directive

» Electromagnetic compatibility directive
« Simple pressure vessels directive

| o 3 s
\lnﬁ' v _- = i
4 - '. \ b
e \
...&..I- - ! I |
.‘__.'r_- il \ .
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EU Research Policy: 2 legs note: current evolution from
« co-funded R&D (“indirect actions”) e R 2D to research and
« own R&D: Joint Research Centre (* JRC direct actions”) innovation

Indirect actions

« R&D activities in Europe are funded at different levels: EU, national and regional.
« EU level funding: consecutive framework programmes, currently FP7
« EU dimension and added value

 competitive calls for proposals (sollicitations)

http://ec.europa.eu/research/fp7/index_en.cfm?pg=cooperation

for H2 and fuel cells: EU funding as of 2008 through public-private partnership:
Fuel Cells and Hydrogen Joint Undertaking (FCH-JU), operating the Joint Technology
Initiative:
« 1 B€ for R&D and demonstration (2008-2013)
* 50/50% cost share basis between EC and industry
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An industry-led Public-Private Partnership between e
P 4 New Energy W(:rjlgy
° The European Unlon represented by the fuel cells & hydrogen for sustainability
Commission http://ec.europa.eu/research/fch
| New Energy World 3>
« European Industry Grouping for the Fuel Cells and Q_"_@L IG
Hydrogen Joint Technology Initiative (NEW-IG) i i e

http://www.fchindustry-jti.eu

« New European Research Grouping on Fuel Cells & N.ERGHY >

and Hydrogen (N.ERGHY)

research on fuel cells & hydro-gen

http://www.nerghy.eu

to accelerate technology development to achieve market introduction from 2015
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« The FCH JU has the minimum critical mass needed to develop and
validate efficient and cost competitive technologies

« However, meeting the market entry targets set by industry will
require substantial additional effort

« The additional public and private funding needed is currently
estimated as €5 bn for the period 2013-2020

COM(2009)519: Investing in the Development of Low Carbon Technologies (SET-Plan)
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The Mission of the JRC

... to provide customer-driven

scientific and technical support for the
Ly conception, development, implementation
P B ""P":f and monitoring of EU policies ...

e
k-,

"y e Rl T
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L ;

The JRC functions as a centre of

science and technology (S/T) reference for the
European Union, independent

of special interests, private or national ...
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Pre-normative research as input to international standards and regulations

Execution of reference function in European Fuel Cell and Hydrogen Joint
Technology Initiative

Scope:
* Fuel cell performance

« H2 storage and distribution
» H2 sensors
« H2 safety

Representation of European Commission in international technical forums and
collaboration activities:
IEA, IPHE, EU-US Energy Council Technology Working Group, ...

Supported by underpinning research in networking mode
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High Pressure H, On-board safety Modeling H, release Solid-state H,
Storage sensors Storage
GasTeF SenTeF 2D and 3D CFD codes SolTeF

Safety bunker for Laboratory for dispersion/explosion Laboratory for

stationary & cyclic sensor testing modelling storage capacity
testing facility up to characterisation
800 bar

refuelling stations
permitting

ISO TC 197
EC type approval
UN-ECE WP 29

IEA-HIA, IPHE (ICHS)
NREL, JAR, ...
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Environmental and vibration -
testing of FC systems and i *‘h ; '

their performance

/ _efficiency, engine
and evaporative
emission testing

tests at level of

 MEA
o cell IEA-AFC, IPHE,
e stack DoE, NEDO, KIST,

- Dahlian Univ., RAS, ...
ISO TC 197, IEC TC 105
UN-ECE WP 29
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Topic: In-situ neutron diffraction of magnesium amide/lithium hydride stoichiometric
mixtures with lithium hydride excess
Issue: iImproved solid date H2 storage capability

JRC work: clarification of reaction mechanisms and identification of new intermediate phase
Outcome:  significant insight into hydrogen storage capabilities leading to input on tailoring
of promising hydrogen storage materials

[
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 International Conferences on Hydrogen Safety (2005, 2007, 2009, 2011)
« |PHE Conferences on H2 storage - (with US-DoE, Russia) (2005, 2009)

 International Workshops
— Fuel Cell Degradation, 2007 (IPHE)
— Accelerated Testing in Fuel Cells, 2008 (IPHE)
— Diagnostic Tools for Fuel Cells Technologies, 2009 (IPHE)

— Effects of Fuel and Air Quality to the Performance of Fuel Cells, 2009 (IPHE,
IEA-AFC, ISO)

— Early markets, 2010 (IPHE, IEA-AFC)
— Fuel Cell Degradation, 2011 (IPHE, IEA-AFC)

« |AEA-IEA technical meetings on nuclear methods in H2 storage and FC
research, 2009-2010-2011

« Hosting of researchers
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The 4% International Conference on Hydrogen
t i 3

ICHS 2011
International Gonference
on Hydrogen Safety

September 12-14, 2011
San Francisco, California-USA

With the endorsement of:

US. DEPARTMEMNT OF m
ENERGY el
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Thank you for your attention!

http://www.|rc.ec.europa.eu/
http://ie.jrc.ec.europa.eu/

marc.steen@ec.europa.eu
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Hydrogen is needed for deep decarbonisation — EU enabling efforts

Elements of the hydrogen chain

« production

« storage

« transmission and distribution infrastructure

Main end-use interest area: public transport

Research needs in hydrogen and fuel cell technologies

European Union Efforts

 Policies

« Research, Development and Demonstration (RDD)
 Fuel Cell and Hydrogen Joint Undertaking (FCH-JU)
 Joint Research Centre of the European Commission (JRC)

Additional slides - in order of main presentation
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Pumped

Hydrogen Energy Storage Hydro

Flow Batteries
InBr VRE PSB

Metal-Air Batteries

Renewable
Energy Storage

Compressed Air

Ma5 Batteries Energy Storage

High Energy Super Capacitors

AR :

. ‘E l3:

| g

e ©

E . Other Adv. Batteries

g i

E = High Power Fly Wheels

2

% é Swnduming

= ol Magnetic

g § High Power Supercaps Energy Storage
[

1 kKW 10kW | 100kW | 1MW 10MW | 100MW | 1GW

Source: Kevin Harris, Hydrogenics
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Options for high pressure on-board storage

CNG-2

All Steel Fiberglass Hoop Wrap
Steel Liner

(0.8 to 1.1 kg/litre) (0.6 to 0.9 kg/litre)

| 1 |
' CNG-3 f CNG-4
All Carbon Full Wrap Fiberglass/Carbon
Metal Liner Full WrapPlastic Liner

(0.3 to 0.4 kg/litre) (0.3 to 0.55 kg/litre}




B JRC

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

Current Battery and Energy Storage Technologies

Positioning of Energy Storage Options

i UPS Grid Support
0

Power Quality Load Shifting

Eridging Power

Energy Management
Buk Power Management

Hour

ZrBr  VRB
™ High-Energy NaS Battery
SuperCaps |y  ZEBRA Battery
_i-Lon Battery

| Metal-Air Batteries

Flow Batteries

Pumped
Hydro

PSEB Nowvel Systems

Advanced Lead
Acid Battery

CAES

Lead-Acid Batlery

Minutes

Discharge Time at Rated Fower

Seconds

1kW 10 kW 100 kW 1 MW 10 MW

System Power Ratings

Z¥2008 Electric Powsr Ressarch Institute, [hc. All rights reserved.

iooMw  1GW

Transportation

Grid Management

)

U.5, DEPARTMENT OF Dfﬁﬂe Cf

EN ERGY Science
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Sanda
National
laboralores

GT/yr CO

1.50 F
1.25 =
1.00 1
0.75

0.50

0.25 4 80% reduction

historical

/no change

gasoline ICE 35mpg

/w- 100%NG

2020 sales midpoint

H_ from zero carbon

P
A0
e Y N Nt

0

1990

T
2005

¥
2020

¥
2035

T
2050

T
2065
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Light-duty vehicle sales (millions), 2010-50

180
H2hybrid fuel cell
160
M Electricity
140
" CNG/LPG
120

M Plug-in hybrid diesel

8

m Diesel hybrid

M Conventional diesel

® Plug-in hybrid gasoline

Passenger LDV Sales (million)

m Hybrid (gasoline)

m Conventional gasoline

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

source: IEA Roadmap 2009
—> electric drive train: BEV and FCEV

+ behavioural change, intermodality
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main hydrogen vehicle components

Capacitor |

. Fuel Cell and
ki Auiliaries Brive Motor LI

o

Controller

7

: / l -..fj{;::: .
—%-_——,j )
| ‘v A

_._-\.‘

=
1"'-
E} =il ¥
Electric Power

Regenarative Management
Braking

Radiator

4 Hj-,rd;ngen '
g Storage

4

] o

—

N. Nha, Doe Workshop July 2010, Beijing



B JRC

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

Hydroge
1 ha -wd.!lgﬂ.‘gh:l

[CEvenice “uel call vehicla
~£54 THE) km per ha ~E7 5,000 km perha

<1

Loverace

Hydrogen

~363 Gl per ha

|CE wehicle Fuel cellvehicle

~245 007 krn par ha ~£ 34,000 krn per ha

Fual cel| vehicle Mnother way of |_:|nr\r_':r_=n'.'|ng the ‘prndlfnﬂ:ivi'l?'“ of one I'u:cr_tar\c is thz
Hyd I'ﬂgEl'l capacity of "wehicles per hectare™ whichk exist for each given fuel and

~33 3] per ha ~110,000 km per ha powertrain combination.

- W Omn erging | Diesed engine i Fud cefl
e amphin: Fy

L DA,

= Sk irvad atian: SN BARYRA yr
& iy B s 19

510} +—{ * Pertormmanc: Raa (PR 75%

= By T, wpph: 6%

& Bl H, a4

Modmans whikks W Sl

Gt | 2000

ICE vehicle
~62,000 krr per ha

i) ] - FEO ks b s
 Exprval it full bed sk WIS 18000

Biodiesel Biomethane
~48 ) pethe =112 0G) 2erhe

20

- -, . ,h-n“m. | . . , , ,
2 ; a *
& ie‘“ i i*g ;‘@i‘*@ﬁ}f & é’f e

[Passenger cars/hal
5
[

-Biomethane, ~80000 km perha

Ludwig Dllkew

Ludwig-Belkow-3ystemtechnik GmbH, 2008

L Bt ~51,000 ki per ha ‘;:F' -i":-
Blodieszl, ~33,000 km per ha ,g#“” & &
B np[hind‘ "35"][[] krﬂ per hE “1';"."';'."' "I\‘ flluhr;;m;nl:lml:-l:"rll ;‘ll k “ I il'l d park | ekl ik
. Fuel .
Primary Land | | duction Well—thheel efficiency
energy | [eGLEe per ha (vehicle km per ha)

ha = hectare
ICE = interal combustion engine Reference vehicle: VW Golf [Concawe/EUCAR/IRC 2008), average driving parformance = 12,500 km per year
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Priority Research Areas in Hydrogen Production

Fossil Fuel Reforming
In the intermediate term, the reforming of coal will be the

main source of hvdrogen. A molecular level
understanding of catalytic mechanisms, nanoscale catalvst

&

X

= 16 4% N 3% AU

P-BUam cofwersian My
w
i

design, and high temperature gas separation is needed. i s i i,
3 L | (L] 2ER b L) L)
A . Time |
Solar Photoelectrochemistrv/Photocatalvsis Ni surface-alloyved with Au fo reduce

Long term, hydrogen will be produced using the sun as a carbon poisoning

renewable energy source. Research on light harvesting.
charge transport, chemical assemblies, bandgap
engineering, interfacial chemistry, catalvsis and
photocatalysis, organic semiconductors, theory and
modeling, and materials degradation are needed.

. it
Synthetic Catalysts
for H, Production

Bio- and Bio-inspired H, Production
Living systems produce hyvdrogen at room temperature
with high efficiency. Research on microbes & component pye Sensitized Solar Cells
redox enzvmes. nanostructured 2D & 3D hvdrogen and =m—
oxygen catalysts, and energy transduction are needed to
engineer robust biological and biomimetic H, production.

Crygen H\ndmg-n

- r
e e s i = & i

thermochemical cycles (TC), high temperature materials i P

and membranes, TC heat exchanger materials, and vm

improved catalvsts should benefit from this approach.

Nuclear and Solar Thermal Hvdrogen
Research on thermodynamic data, modeling for

Thermochemical YWater Splitting Source: DoE BES
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Priority Research Areas in Hydrogen Storage

NaAlH, X-rav view  NaAlD, neutron view

Metal Hvdrides and Complex Hvdrides
Research is needed on high gravimetric and
volumetric capacity materials, nanocatalysts
for improving H, uptake and release Kinetics,
degradation and embrittlement mechanisms, |
effect of surfaces and dopants for hydrogen

eee = ° g
Nemiron cross section

Neutron Imaging of

storage and release. Hydrogen
Nanoscale/Novel Materials NaBH,-2H,0 — 4H,+NaBO,
Research is needed on finite size, shape, and . H&iwa = N
curvature effects on electronic states, =X ﬁm Is
catalytic activity, thermodynamics, bonding, weo | R " -
and degradation mechanisins. Sevce Station Vehicie

Theorv and Modeling
Theory, simulation and first principles
methods are needed for studying hydrogen
bonding over a wide range of length and fime
scales. Hydrogen storage and release may be

the most challenging problems of the Cup-Stacked H Adsorption in
]_l‘i-'(ll‘ﬂgi‘ll economy Carbon Nanofiber Nanotube Array

Source: DoE BES
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Priority Research Areas in Fuel Cells

Electrocatalvsts and Membranes
Develop catalysts to reduce
overpotential, minimize rare metal
usage and improve design of triple
percolation electrodes.

Controlled design of triple
percolation nanoscale
networks: ions, electrons,
and porosity for gases

Intl-;f:e Anode Calalysts Membranes Caltl'mdeln';‘:;ie
. Internal view of a I |
Low Temperature Fuel Cells PEM fuel cell
Develop ‘Higher’ temperature proton (proton exchange

membhrane)

conducting membranes, study
degradation mechanisms, and
develop functionalized materials with

Clectrons  Water

Source: T. Zawodzinski (CWERI)

tailored nano-structures for Mass of Pt Used in the Fuel Cell | |ys7 Electrolvte for SOFCs
enhanced efficiency. a C ritical Cost Issue )

Solid Oxide Fuel Cells Tk )
Use theory, modeling and simulation, g .fr'
validated by experiment, to develop ]
electrochemical materials and j ------- + 1
processes, advanced in-situ analytical T c-'ﬁfw: ﬂg:-:m Tan e Porasity can be tailored
tools, new materials and novel Source: H. Gasteiger (General Motors) Sourze: R. Gorte (U. Penn)
synthesis routes for optimizing device
architectures.

Source: DoE BES
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Messages

» Significant gap between present state-of-the-art
capabilities and requirements that will allow

hydrogen to be competitive with today’s energy
technologles

= production: 9M tons/yr = 40M tons/yr (150 o SN RS A
million vehicles; ~75% of US fleet) ! :ﬁ%ﬁﬂ:;al_sffmf 3¢

» storage: 4.4 MJ/L (10K psi gas) = 9.7 MJ/L
»  fuel cells: $300/kW = $30/kW (gasoline engine high

volume cost)

* Enormous R&D efforts will be required
= Simple improvements of today’s technologies
will not meet requirements

* High risk/high payoff basic research should be
a critical component of the Hydrogen Fuel
Initiative to overcome the technical barriers
» Research is highly interdisciplinary, requiring
chemistry, materials science, physics, biology, http://www.sc.doe.gov/bes/
engineering, nanoscience, computational science hydrogen.pdf

= Basic and applied research should couple
seamlessly
Source: DoE BES
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Application Targets tangets 201
area #atd Volume Cost and Technology
~10 additional road ~ 500 Light Duty Vehicles | System cost of approx. €
vehicles (single site) (mainly cars) at 3 100/ kW
plus mobile deployment | additional sites with 3
Transport | to sites with existing new stations Durability in car propulsion
& refuelling infrastructure systems 5000 hours
Refuelling | capable of refuelling up | ~500 buses at 10 EU sites
Infrastructu | to 50 vehicles (of which at least 7 new Roadmap for the
re ones) with refuelling establishment of a
~20 buses on 3 sites with | stations (daily refuelling | commercial European
appropriate refuelling capacity >400kg) hydrogen refuelling
capacity infrastructure
Cost of H2 delivered at
Hydrogen | Appropriate H2 supply chain (including fuel purity) | refuelling station < €5/kg (€
Production | to match Transport, Stationary and Early Markets | 0.15/kWh)
& requirements. For 2015 10 - 20% of general H2
Distribution | demand should be produced via carbon free/carbon | Improved system density for
lean processes H, storage (9 %wt of H;)
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FCH JTI Targets - continued

EUROPEAN COMMISSION
Application Targets largets 0o
ATeA 010 Volume Cost and Technology
3 - 7 MW installed ~ 100MW installed Cost of € 4,000 - 5,000/kW
Stationary | electrical capacity in electric capacity for micro CHP
Power the EU for pre-
Generation | commercial Cost of € 1,500 - 2,500/ kW
& CHP demonstration for industrial/commercial
units
500 new units in the EU- | 14,000 new units in the
Market: EU market:
+ 50 UPS/back-up + 1000 UPS/back-up
Early power power
Markets ¢ 20 industrial and off ¢ 500 industrial and off-
highway vehicles highway vehicles
¢~ 400 portable & micro | ¢ 12,000 - 13,000
FCs portable and micro FC's
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Cross-Cutting

Activities Transportation & Refuelling
Infrastructure
(6-8%)
Early Markets (32-36%)

(12-14%)

Stationary Power

Generation & CHP Hydrogen Production
34-37% & Distribution
(34-37%) budget breakdown (1012%)

by Application Area -
total 940M€

http://ec.europa.eu/research/fch/pdf/fch_ju_multi_annual_implement_plan.pdf
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Standardisation: Who does what?

 Refuelling stations, H2 components, detectors, fuel quality, ... :
ISO/TC 197 Hydrogen technologies

 Fuel cell test methods and performance assessment
IEC/TC 105 Fuel cell technologies

« Material compatibility for hydrogen storage:
ISO/TC 58 Gas cylinders

Useful information sources:
http://hcsp.ansi.org/

http://www.fuelcellstandards.com/Hydrogen%20Matrix.pdf, updated 1 May 2011
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Current standardisation priorities

Alignment of regulations, codes, and standards to ensure compatibility of any
hydrogen refuelling station and fuel cell electric vehicles

Mass-flow
metering

Permitting
framework

Fueling protocol

Fueling
connector

Hydrogen quality

Dispenser
testing/
acceptance

Source: K. Bonhoff, EO seminar, Mar. 2011
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Demonstration projects are very important to gain real life experiences

HyFLEET:CUTE will see the operation of 47 Hydrogen powered buses in regular public
transport service in 10 cities on three continents.

Vehicle Model: Citaro City-Bus

100 % H2 Storage Capacity: 43 kg
Service Pressure: 350 Bar
80 % Approx. Range: 300km
TR p— Number of Vehicles: 30
60 % Lo (S e Location: Europe, North America,
: Australia
40 %
20 %
o %
Energy resources—  Energy resources—
status quo CUTE
mm Others Natural gas mmm Hard coal
mm Renewable Lignite mm Crude oil
mm Uranium
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Hydrogen supply pathways for HyFleet:Cute

Partners

LO=-Or@inarors

Cities H; Infrastructure

renewabhle
rEsources

On-Site Water Electrolysis

1

biomass

i

geothermal

non-renewable
resources
i
>
booster
compression (used in Amsterdam, Barcelona and Madrid)

conventional r station
(coal, gas, nuclear, oil)

% — -

electricity electrolysis

hydraulic/piston

hydrogen dispenser

compression

~E I

steam reformer

purification

On-Site
Steam Reforming

electrolysis

1

chemical plant

purifi-
cation

External Supply

refinery

i
B

hydrogen dispenser

@ =
; H, H,

liquid H, storage  cryo pump evaporation

liquefaction bus workshop
for maintenance
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200

175

Internal combustion engines O Gasoline
150 O Diesel
© Hybrid (gasoline)
O Hybrid (diesel)
125
Technological turnaround /
100 >
Electric drive with battery or fuel cell ) Full cell vehicle

with 100% H, from fossil sources
|

e |
(4]

Battery-powered electric vehicle
with electricity from 100% EU mix

Greenhouse gas emissions [g COeq/km]
(4, ]
=

25
Battery-powered electric vehicle
with electricity from 100% renewable O Fuel cell vehicle with 100%
sOUrces | ‘H, from renewable sources
T T
0 50 100 150 200

Well-to-wheel energy consumption [M) /100 km]

Fuel cell: large operating range (> 400km), short refueling time (3 min.), car /vans /trucks /buses O Internal combustion engine
Battery: ideal for city traffic (100-150km), overnight recharging Electric vehicle with battery

O Electric vehicle with fuel cell
Source: Eucar/Concawe "Well-to-Wheels Report 2004,” Optiresource, 2006 Reference vehicle class: VW Golf
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a fact-based analysis

>

. __;_-'lﬂ'“-_-_"_*"'-

The role of Battery Electric Vehicles, Plug-in
—ybrids and Fuel Gell Electric Vehicles

A portfolic of power-trains for Europe:

www.fch-ju.eu




B JRC Joint Research Centre activities and achievements -1£

EUROPEAN COMMISSION sttt for By

IAEA - ICTP School, Trieste June 2011

JRC Mission:

to provide customer-driven scientific and technical support
for the conception, development, implementation and
monitoring of EU policies

The JRC functions as a centre
of science and technology (S&T) reference for the EU,
iIndependent of commercial and national interests...

R&D by JRC is limited in scope by full compliance with the Subsidiarity Principle:

« “enabling R&D” activities

 targeting EU and public interests
* pre-normative and co-normative research, performance assessment (incl. LCA), ....
 scenario-building, road-mapping, SET-Plan Information System, ...

 networking within and outside EU absolutely necessary

Iy

on hydrogen and fuel cells:

Framework Agreement FCH JU - JRC: provision of reference facilities and programme support
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autothermal reformer

> up to 100 Nm3/hr H, peak capacity

» hydrogen quality 5.0 (99.999%)

» continuous monitoring of impurities
e.g. CO, H,S

Task 23 IEA HIA small scale reformers — harmonisation of efficiency measurements



B JRC

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

High Pressure Gas Testing Facility

N, liquid
storage

Compressor and tank testing “bunker”:

» 1 m thick composite walls

» 3 meters sand

» 40 tons sliding door

» 225 m? interior filled with N, during tests

H, and CH,
storage
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» Expose tanks and their accessories to temperatures between ambient
and 100° C

» Provide a maximum filling pressure of 880 bar

» Perform the filling of the tank under test within 3 minutes
» Conduct permeation and cycling tests

—— Tank Pressure
—e — Bottom Temperature

..... [ e e 30 400

............................ - 30
L L L A —e— Top Temperature T
350 3 ] - 28
350 26
25 ]
300 r ] 24
- 300
1 3 1 22
250 20 . 250 ] 20
— 1 L [0 — ] 18 @
3 S —————— 3 3 ] 3
2. 200 A S 2. 200 ] 16 ©
O] 15 @ ) E @
5 2 5 1 14 9
] c 7] 1 c
$ 150+ 3 o 150 12 3
a 10 2 a ] 10 2
100 1 2 1005 [ 8 o
Tank pressure [ 1 i
—+— Tank bottom temperature [ 5 50 -6
50 L ] -4
3 04 -2
. 0 e e 0
-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 -1 0 1 2 3 4 5 6 7 8 9 10

Test duration [h] Test Duration [h]
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 Tank: Type IV (29.8L)
 Working Fluid: Hydrogen
 Test Conditions:
— Initial Pressure: 1.2 bar
— Final Pressure: 722 bar
— Filling time: 331s
— Initial tank temperature:
18" C

Temperature Time = 331,003 [s] il
36692402
 3.607e+02
. 3.545e+02

© 3.483e+02

2.800e+02




B JRC

EUROPEAN COMMISSION

IAEA - ICTP School, Trieste June 2011

Fast Filling Validation

T[C
5E888838E

100

(0] 1 1 1 1 1 1 1 1 1
&O &d/ && &d)‘ && &dp &é\&&é”&f:fb ook

Maximum Temperature

err [%

TCs Position

T1

T3

Temperature (error)
Versus sensor position

Position of the sensors in the

o T tank.T1, T2 and T3 are placed

externally
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» Measure the temperature profile inside a H,/CH, tank during filling to validate the
software models, which are used to predict maximum temperatures inside the tanks

22 //

TLe s F NI SIS ETAET TS AT SIS ELAET TS TTEEL TS AT SIS ETLETTS AT SIS ELEETTS ST ZF

prefarably siide able
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» Introduce a system into the bunker to cool down H2 when it is supplied to the tank

» Upgrade the environmental control system to provide very low ambient
temperatures to simulate harsh environmental conditions of -40° C (or lower)
Safety Tank

TILATITLLALTLLLLTLLLLLLA AL LA LA L L S Y
I

o
N \
o Py
N O \
I Y
o Py
i Py
I Y
o Py
N \
[
\ N Heat
Py
E / N Mat
\ - \
N Sleeve with Test Tank
L0 or \ {
H,-Buffer H,-Compress H,~Cooler \ \
i
3’ Tank filling: \ I\
o )‘\
o Ingoing | . — 70 = 4200° /]
= Ss From60°C | Flow N7/ Pei0bar N
= =E P t H o — . — . — F‘E“:“:":I I'JEF ;::
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Facilities for sorption characterisation:

1. volumetric equipments

2. gravimetric equipment(s)

3. spectroscopy (Temperature Programmed
Desorption)

Micro-structural characterisation:

« FEG-SEM, EPMA, TEM, XRD
 Positron Annihilation Spectroscopy
¢ SANS
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solid state H2 storage

e organisation, participation, evaluation of first-ever global interlaboratory exercise on H2
solid state storage — meanwhile 3 held

Adsorption Isotherm at 77K 1l
] o.-
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0.8
A c
2.0 - 9 partners -% B
—m— DAL S 06- ’
;\_,O\ 1.5 . —®—KLEE % //0
= o—eo-o MAGRITTE 5 .
[ o0} —w—KLIMT 5 04+ )
g = VAN GOGH o %5
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05 — »— MATISSE n 027 -9
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 continuous improvement of gravimetric measuring equipment
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NESSHY Round-Robin Testing Resuits for NaAlH, (CeCl, Catalyzed)

; -
e | —8— TN 1260 desorption :
: —v— N, VIS0 descpton At N E
: DL, T80 G CRE A iy
—y UM, T5 GEECTEOA B
e (A 1ETE degalive > éM
E '? E[|.|1|"_ 1|:|u|!._ s 'l'
L toxir - %- ym B
g 0t | e g
| A
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Hdrogen capadiy [wt] a0 1 ey i %]

<+ A total of seven NESSHY partners Fartiu:i in RRT, each one measured PCT
0

Isu]"rerms rf_Fesmpunn and a n) at o temperaures (L25°C and 140°C)
foliowing the same preconditioning |

< Comparative results again show scatter in the measurements, t 1 less
gcatter than the RRT study for physisorption in a carbon material at 77 K

< Overall, the results of thie RRT cemonsirate the need to further develop
ctandard quidelines for e:{@ procedures so that comparzble and
eccurate quantitative results can h-eachmﬁ-d among independent laboratories

DO= Anonal Mari Review Weeting, Wishingtor DC, fure 7- 11, 1010
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* numerical simulations

Environment Release Explosions
Dispersion
Refuelling station X
Garage X
Tunnels X X
Pipeline X
Urban street X
Laboratory X

« simulations of fast filling procedure in hydrogen tanks

. - -

 gap analysis report on CFD simulations | . swes crcromecnser

Accidental Hydrogen Release and

provided to FCH-JU

[T
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Numerical analysis (3D CFD) of accidental hydrogen release in SolTeF laboratory

« assumption of release scenarios based on Failure Mode and Effect Analysis (FMEA)

« modeling of real laboratory taking into account geometry, main obstacles, ventilation
and air extraction characteristics

« calculation of hydrogen concentrations during and after release

 feedback to safety design, such as on optimal positioning of safety sensors

Leak position
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Results for the case of a guillotine break of a high pressure line in absence of mitigation
measures (case beyond Max Credible Accident)

Hydrogen Mal Fraction [—] 0,100

JRC Hydrogen Lab.
4% lIso—Surface 0,075

Hydrogen Mol Fraction[—]

0.040
[

0.030

0.0%0

| 0020
0.010

.0.000

i

Time=3.9899s
Time=4.00374s

Iso-surface of hydrogen concentration at the H2 concentrations at on the axis of release
lower flammability limit (4% of H2 in air) at 4 seconds from break

Main conclusions:

 despite the fact the hydrogen sensor detectors are placed on top of every equipment, the first detector
which would give alarm is placed on the opposite wall.

 hydrogen concentrations for a short time above LFL, but mass involved not enough to sustain a flame
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hydrogen safety sensors (on-board vehicle)
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from individual parameter effect to performance evaluation: quantitative radar diagrams

Catalytic Sensor (11/16) Hectrochemical Sensor (8/10)

MR MR
4
P Acc P Acc
RH Sen RH Sen MR — measuring range
Acc - accuracy
Sen - sensitivity
CS T CS

CS - cross sensitivity
MOS Sensor (6/11) TC Sensor (2/3) T - temperature
RH - relative humidity

MR MR
P - pressure
= Acc P Acc
RH Sen RH Sen
CS CS
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Interlaboratory test programme to evaluate influence of environmental
conditions (temperature, pressure, ...) On Sensor response

1.4+ 1.4+ Bl NREL
H B NREL B JRC

B JRC ----|SO tolerance
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2
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PNR for FC polarisation curves
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Topic: mechanistic understanding of the processes occurring at the atomic level
within PEM fuel cells
Issue: development of novel low cost and more CO tolerant nanocatalysts based on

fundamental understanding of the processes involved

JRC work:  kinetic studies of CO de-sorption on PtRu/C PEMFC anodes: temperature
dependence and microstructural transformations

Outcome:  significant insight into CO tolerance, which will likely change strategies applied
for development of novel low cost and CO tolerant nanocatalysts

Size distribution of the

Carbon sufport catalyst nanoparticles
lyst nanoparticles W §
N
< 10 § i
=
S
- i
‘e (L 57
N
| \ M
0 l§ @ '''''''''
“' 1 2 3 4 5 6 7 8 9 10 11 12
e Diameter / nm

catalyst characterisation laboratory carbon -supported catalyst nanoparticles
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First measurement of temperature dependent CO de-sorption kinetic data on PtRu/C PEMFC
anodes and assessment of the effect of thermal treatment

2E-10 -

1E-10 4

0 200 400 600 800 1000 - 20nm
Time (s) |

Improved insight into CO tolerance mechanisms expected to lead to
better definition of fuel quality standards




