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Basics on hydrogen and fuel cells

®* Hydrogen is an energy carrier
- Needs to be produced (from hydrocarbons or water, using heat and/or electricity)
- Needs to be converted (fuel cell, internal combustion engine, gasturbine, burner)

Fuel Cell is a conversion technology
- Needs a fuel (hydrogen, syngas or hydrocarbon)
- Produces electricity and heat

Several types of fuel cells exist. Not all fuel cells need hydrogen, and to use
hydrogen you do not necessarily need a fuel cell

Fuel cells: most efficient way to convert hydrogen into electricity at small scale

Efficiency of fuel cells is indepedant of scale (unlike ICE and gasturbine), and
fuel cells have high part load efficiency (unlike ICE and gasturbine)

The Proton Exchange Membrane Fuel Cell (PEMFC) is the most relevant type
for vehicle applications
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Basics of a (PEM) fuel cell

e o Fuel cell and flow or separator plates
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Stack of fuel cells
Anode: 2H, — 4H* +4e

Cathode: O, +4e — 207%
4H* + 20> — 2H,0
Overall: 2H,+ 0O, — 2H,0
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Why hydrogen? (1)

Security of supply; oil addiction is (becoming) a problem
- Dependency
- Availability
- Affordability
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Reduction of CO, emissions
- Additional way to implement renewables
- Production from fossil sources with CCS
- Fuel switch and efficiency improvement
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Why hydrogen? (2)

® Reduction of air pollution
- Clean fuel, no local pollution

Paris

® Economic competitiveness
- New products, new markets
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Alternatives?

* Hydrogen Economy? Hydrogen is an option in a portfolio of options.

* Biofuels
- Easy fit into the “system”
- Sustainability
- Availability: increase of current 900 million to 2100 milion cars in 2030 (IEA, 2007)
- Still local emission
- Aviation, shipping, long distance truck transport
- Biomass for many other applications

® Electric cars
- Highest efficiency
- Limited drive range
- Charging time
- Battery life

Tesla Motors:

Range >320 km (claim)
Full charge 3.5 hours
160,000 km (claim)
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State-of-the-art hydogen fuel cell vehicles (1)

Vehicle DC Mercedes A-Class
Status Since 2002 > 60 vehicles in operation
Propulsion Fuel Cell 85 kW

Battery

Electric Motor | 65 kW
Storage CGH, 35 MPa (350 bar)
Performance | Range 150 - 170 km

Top speed 145 km/h

Acceleration

2004 b | 2005 | 4 2006

® Currently accumulated mileage >1.5 million km

®* Accumulated operation >42,000 h

¢ January 2007 first F-Cell >100,000 km and
2000 h without significant performance loss

® OQverall availability >85% |
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State-of-the-art hydogen fuel cell vehicles (2)

‘ Vehicle DC Mercedes B-Class
Status 2010 Small series
Propulsion Fuel Cell 100 kW (incl. battery)

Battery Li-ion

Electric Motor | 100 kW
Storage CGH, 70 MPa (700 bar)
Performance | Range ~400 km

Top speed 180 km/h

Acceleration




Vehicle GM Opel Zafira HydroGen 3
Status Prototype (version 2004)
Propulsion Fuel Cell 94 kW

Battery

Electric Motor | 60 kW
Storage LH, Liquid 68 | / 4.6 kg
Performance | Range 400 km

Top speed 160 km/h
Acceleration 0—-100km/hin16s

Endurance test

I
May - June 2004
38 days / 9696 km




Vehicle GM Chevrolet Equinox
Status 2007 100 vehicles
Propulsion Fuel Cell 115 kKW

Battery 35 kW NiMH

Electric Motor
Storage 70 MPa (700 bar, 4.5 kg)
Performance | Range 320 km

Top speed 145 km/h

Acceleration 0-100km/hin12s

* Field test 100 vehicle in Los Angeles, Washington D.C. and New York
® Target: 1000 vehicles by 2010 and 100,000 vehicles by 2015
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State-of-the-art hydogen fuel cell vehicles (5)

Vehicle Toyota Toyota Highlander
Status 2007 Demonstration
Propulsion Fuel Cell 90 kW

Battery Hybrid with NiMH battery

Electric Motor | 80 kW (Torque 260 Nm)
Storage CGH, 70 MPa (700 bar)
Performance | Range 580 km (real test)

Top speed 155 km/h

Acceleration

® Long distance road test from Osaka to Tokyo (580 km) on a single fueling of hydrogen
* Toyota FCHV 25% more fuel efficient than earlier version

>
® 70 MPa hydrogen storage instead of previous 35 MPa }

®* Range according to 10-15 Japanese test cycle is 780 km
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State-of-the-art hydogen fuel cell vehicles (6)
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State-of-the-art hydogen fuel cell vehicles (7)

Vehicle Honda FCX Clarity
a Status 2008 Small Series
e Propulsion | Fuel Cell 100 KW
Battery Li-ion battery
Electric Motor | 100 kW (torque 256 Nm)
Storage CGH, 35 MPa (171 1)
Performance | Range ~430 km
— Top speed 160 km/h (limited)
== Acceleration

®* 50% increase of output density per volume (67% by mass) compared to previous FCX
* 20% increase of fuel economy (indicative fuel use 26 km/l g.e.)
* Improved low temperature start-up capability: at -30°C

* Begin of limited retail marketing in summer 2008 in Southern California
* For three years lease term: $600 per month including maintenance and insurance
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State-of-the-art hydogen fuel cell vehicles (8)
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Fuel cell vehicle outlook

®* High Temperature PEM Fuel Cell battery hybrid
® Plug-in capability (range 100 km battery only)

®* 150 W Photovoltaic panel (roof mounted)
~2 h @ nominal capacity required for 1 km
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Fuel cell vehicle outlook

Pawer communication part

that connects the body control (® CONTROL SYSTEM

Systems — stearing, braking, power Tha vahicle's brains, controlling
sl cimacy —with the siatshoard the x-bry-wire functions, telematics,
suspension and climate; central
housing for vehicle's 42-volt
sloctrical systam

Optimized 1o help protect
wahicle cocupants by
absorbing crash snargy

[2) BODY ATTACHMENTS
Mechanical locks that secure
The body 1o the skatehoand

Fioleases heat generated by
the fuel cell, vehicle slectranics
and wheel motors

FUEL CELL SYSTEM (J

Fusl call propulsion system, FRONT CRUSH ZONE
inclading fusl cell stack and Optimired to help protect
hydrogen storage tank wvahicle cccupants by
absorbing crash emergy

Fourwheel-drive mators
that propal the vehicle

Source: General Motors
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Fuel cell drive train issues

Drive train cost
- Cost of the fuel cell
= Cheaper materials fuel cell
= | ess components fuel cell system
= Mass production
- Hydrogen storage

Improve fuel cell life

Improve operational window
- Operation under wider range of climate conditions (e.g. High Temperature PEM)
- Robustness; tolerance towards under off spec conditions



® H, Internal Combustion Engine (ICE) Hybrid

® Quantum Technologies based on Toyota Prius
® Currently 10 in Norway and 10 in Iceland

®* Comparable power to gasoline version

® Increased fuel efficiency

* H,ICE
®* Mainly Ford, although also active in fuel cells

* H,/gasoline bivalent ICE

e BMW 760 V12, but other models should follow

®* Mazda RX8 and Mazda Premacy (hybrid bivalent ICE)
* Fiat Panda




e EU CUTE project: 27 busses in 9 EU cities

®* 9 busses in 3 related projects; Iceland,
Australia (Perth) and China (Beijing)

e Different climatic / topographic conditions
® Results 2003 — 2005

a - Accumulated mileage 840,000 km

_ .. ' m - Accumulated operation 62,500 h

----- | . - Availability >81% (up to >99% in Stuttgart)

hydregen . o
- Passenger carried >4 million
amanaty oo - No major safety incidents

plorming of natural gas
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http://www.fuel-cell-bus-club.com/index.php?module=pagesetter&func=viewpub&tid=1&pid=39&POSTNUKESID=9593b9dfd15e1634cdaf2290e74d608b
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Hydrogen busses (2)

CUTE followed by HYyFLEET:CUTE
Continued operation of CUTE busses (in
Amsterdam and Hamburg until 2008)

- >1.8 million km and >116,000 h of operation
by all Citaro busses by end February 2007

Operation fleet of 14 H,-ICE busses in Berlin

Design new H, FC-Hybrid bus: 20% better
fuel economy than a comparable diesel bus

Demonstration of new bus in 2009

In CUTE and HyFLEET:CUTE also testing

of H, production options and infrastructure
- On-site NG-reforming; electrolysis; delivery
- New technologies; dispensers, compressors

- New concepts; LPG reforming and synergy
with stationary fuel cell

Education; Training; Develop and deliver
data facts and recommendations
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Asia Pacific Fuel Cell Technologies: 41"
generation zero emission scooter

Honda 125 cc class Vectrix, USA
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Hydrogen filling stations

* Worldwide about 150 H, filling stations
® About 20% publicly accessible
® In Europe about 40 stations in operation of
which13 stations with public access:
- 6in Germany
- 2in Norway and ltaly
- 1inlceland, Sweden and Switzerland
® |n Germany as many public H, filling
stations as biodiesel filling stations in NL
® In the Netherlands currently
2 filling stations
- GVB Amsterdam (CUTE)
- ECN Petten




Examples of H, filling stations with public access

‘5{;- Berlin

Washington DC

Singapore
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Where does the hydrogen come from?

g —_—

Biomass Wind energy Geothermal heat Solar energy



http://en.wikipedia.org/wiki/Image:Nuclear_Power_Plant_2.jpg
http://en.wikipedia.org/wiki/Image:Bjarnarflag_Geothermal_Station.jpg

\

How to get the H, energy to the customer? (1)

as electricity

L

for on-site
electrolysis

liquefaction
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How to get the H, energy to the customer? (2)

30 bar H, pipeline
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Hy

www.HyWays.de
Hydrogen perspective; energy chain analysis
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Hydrogen production and infrastructure issues

The hydrogen infrastructure does not yet exist
- Industrial production, but only few merchant hydrogen
- Some industrial hydrogen pipelines (NL, BE, FR and GE)
- Renewable hydrogen or fossil hydrogen (for the time being)

No infrastructure without cars - no cars without infrastructure

No consensus on concepts for hydrogen fuelling infrastructure
- On-site production
- Trucked in compressed or liquified hydrogen
- Pipeline
- Hydrogen specifications, build-up capacity, external safety issues, spatial planning

No consensus on likely evolution of hydrogen fuelling infrastructure
- How to deal with initial underutilization; balancing investment vs. unit size
- Concentrated users: high demand per fuelling station (preference fuel providers)
- Distributed users: large market for vehicle sales (preference car manufacturers)
- How many fuelling stations required to satisfy/convince customers
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Where are we In the transition?

Indicator(s)
for societal
development

Stabilisation

Vision and direction
required by policy makers

.. Acceleration
and decision takers

J ake off phase

_— e = e =

Research and Development

Time >

Still R&D and demo-project policy. No real deployment policy yet.
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Summary / Conclusions

®* Hydrogen has the required characteristics for an energy carrier
in a sustainable energy system

® Clear role for hydrogen in transport applications

®* Long term outlook hydrogen fuel cost and hydrogen vehicle cost
are OK, also for WTW GHG-emissions and primary energy use

® Current development and performance very promising
* Hydrogen fuel cells for transportation is a realistic solution

®* H, and FC still in R&D phase: cost reduction, cost reduction, ....
® Further R&D needed into infrastructure dilemmas

e Start real market introduction 2015-2020

® Significant short term investments needed for long term benefits

®* As number in series increase real deployment policies should be developed
both for hydrogen cars and for hydrogen infrastructure: policy framework, early
markets, incentives
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Business Action

as usual

[llustration:
Scientific American
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Thank you for your attention

www.ecn.nl
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