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European Hydrogen and Fuel Cell Technology Platform HFP
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2-17

Research strategy 2005 2015
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European Initiative for Growth

2000 3 2002 3

16

Public-Private

Partnership
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o H2 Quick-Start Projects
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2005 2015 10
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2-18
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16 European Council

31




(®)

. IPHE
@ 7
e EU 2006 7 FP7
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. 2006 2010 2013
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(10) Well-to-Wheels Study

. EUCAR'” CONCAWE18
Well-to-Wheel GHG 2-20
DG Research

o 2-20 2-13

2-20 Well-to-Wheel GHG

Well-to-Wheel
GHG 2010

EURO III / EURO IV

GHG
GHG

GHG

GHG

17 KUCAR = European Council for Automobile R&D 1994
2001
BMW Group
DaimlerChrysler Fiat Ford Europe Opel Porsche PSA Peugeot-Citroen Renault Volkswagen
Group Volvo www.acea.be/EucarInternet/start.html
18 CONCAWE Conservation of Clean Air and Water in Western Europe 1963

http://www.concawe.be/
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Conventionals vs H2 ICE, Fuel Cell, and Hybrid Fuel Cell 2010
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BP British Petroleum
Chertsey Rd., Sunbury-on-Thames, Middlesex, TW16 7LN, UK
2004 10 26 9 00 12 00

Dr. Michael Jones
General Manager Hydrogen

FCV
(1) BP
e BP 2 19
2004 2326 115,000
2004 BP ExxonMobil
e 1998 12 BP British Petroleum Amoco BP-Amoco
1460
1999 ARCO Atlantic Richfield Co. 2000
BP
2000 7 BP
BP
19 ExxonMobil BP Royal Dutch/Shell
Group Total ChevronTexaco ENI ConocoPhillips
PetroChina China Petroleum & Chemical Gazprom 2004

http://www.forbes.com/2004/03/24/04f2000land.htm]l
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(2) BP

e BP
BP John Browne20
1990
BP 1997 2010 1990
10 21
e BP
BP
BP
e BP
LNG 22 CO2
e BP Carbon Mitigation
Initiative
23
10 2000 BP 1500
Ford 500
Exxon
Global Climate and Energy Project GCEP 24
BP
20 John Browne Foreign Affairs Beyond Kyoto July/August
2004
— 2004 9
21 www.cleanerandgreener.org/environment/transactions.htm
22 BP LNG 2006 3 7
BP 37
50 2008 800 / LNG

http://www.nikkei.co.jp/mews/kaigai/media/20050309NTE2IFT0108032005.html
23 http://www.princeton.edu/~cmi/
24 http://gcep.stanford.edu/index.html
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(3) BP

BP

BP
BP
25 BP 40
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BP
BP BP
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Ford
BP 5000 3-1
BP
[ [}
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3-1 BP

40



BP

3-2

3-2

41




BP

e BP 3-3
BP doing
learning
*
*
*
BP
2004 10 LAX
DOE
BP Memorandum of Agreement 3
1 25

25 Sinergy Singapore Initiative in Energy Technology
Economic Development BoardEDB
DaimlerChrysler F-Cell 6
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(4) BP
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BP

Response Plan
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HAZOP Hazard and Operability Study

BP
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Release Frequency

Generic *Process Industry” Data
Cox, Lees and Ang *Classiication of Hazardous Areas™
Pipework

« MinorLeak 1x10-4 per metre per year
+ Major Leak 1x10-5 per metre per year
+ Rupture 1x10-6 per metre per year
Components.
+ Valves
~ Rupture. 1x10-5 per year
~ Major 1104 per year
— Minor 1x10-3 per year
+ Pumps
~ Rupture. 3105 per year
~ Major 1x10-4 per year
~ Minor 1x10-3 per year

{iop

&7 BOC

Release Size

Ignition Probability

spi

“small” and “Medium” o |02
releases that are isolated after Eotsiabr | 020
10 seconds produce e
stoichiometric clouds ey

significantly smaller than the s

vault volume.

/

layed

i e spl.
Sl

rogn | 050 om0
Sl e 00k ey, e s e 100 f ok

+ Assume “small spill” probabilities — corresponds to size of
spill expected, and is more conservative (more likely to produce

v BOC

77 BOC

3

Event Frequency

e Potental Explosion Outcomes:
. wioam)

C}'I W,

Large Vault Explsion assumed 264m).

7 BOC

g

g

Expected Overpressures

= Based on Results of CEBAM analysis
= Explosions are vented from the vault at the top of the shaft, 3m above grade.

IHEYIRAAL HISH COHPOUR - ERFEa. Yiedl Exgl i i St o

e
T

RN o =

1144 per vear

1x10-5 per vear

1% 146G prer vear

c} Bfstimated
& BOC

M

Lx10-T peer vear

36
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)

CNG

BP
1.5

0.4 /L

Company Car Taxation
2003 4

3-3

3-3
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(®)

IPHE International Partnership for the Hydrogen Economy

BP
BP
Exxon IPHE
o Hydrogen ICE 30
BP
[}
BP
o BP GE
BP Praxair Air Products
GE
[}
DaimlerChrysler
Ballard
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DOE

700

GPS

EU
BP

350
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4 DOE

U.S. Department of Energy
1000 Independence Ave., SW, Washington DC, USA

2004 10 27 13 30 16 30

Edward J. Wall

Program Manager,

Office of FreedomCAR and Vehicle Technologies
Pete Devlin

Hydrogen Production Team Leader
Dr. Phyllis Genther Yoshida

Senior Advisor, Technology and Policy

Office of FreedomCAR and Vehicle Technologies
John Garbak

Office of Hydrogen, Fuel Cells and Infrastructure Technologies Program
Valri Lightner

Technology Development Manager

Hydrogen, Fuel Cells & Infrastructure Technologies
Christopher B. Bordeaux

IPHE Executive Secretariat
A. Bouza

Hydrogen, Fuel Cells & Infrastructure Technologies
Lee A. Slezak

Manager, Advanced Vehicle Technology,

Analysis & Evaluation Team

Office of FreedomCAR and Vehicle Technologies

10

FreedomCAR
Hydrogen Fuel Initiatives FCV

FreedomCAR Fuel

DOE FCV
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1970

End of Cheap Oil

4-1
Regular Gasoline Prices On-Highway Diesel Fuel Prices
220 - Cents per Gallan 230 - Centz per Gallon
215 ",
200 P - -
e 200 i
120 125 ﬂ'r
150 4 170 4
4 155 4
10 0 i
120 4 T T T 125 T T T
Diec Mar Jun Sep Dec Dec Mar Jun Sep D
—— 2002-03 — e 2O05-04 —— 2002-07 —— 2005-04

‘Wha We Pay For In a Gallon of Regular
Gasoline
[ Cctober 2004
Retail Price: $2.000gallon

Taxes

Cistribution & Marketing En

Cride il

‘What We Pay For Ina Gallon of Diesd
[ Ot ober 2004 )
Retail Price: $2.13gallon

Tames

Cidribution & Marketing

Refiring

Crude Gl

4-2

DOE Energy Information Administration
http://tonto.eia.doe.gov/oog/info/gdu/gasdiesel.asp 2004 11
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(2) DOE/EERE

e DOE
National Nuclear Security / Administrator for National Nuclear Security Administration

FEnergy, Science & Environment

e Energy, Science & Environment 9
Office of Energy Efficiency &
Renewable Energy EERE
4-3 28

Federal Energy S SECI‘iEIF}'{I
Regulatory pencer ranam
Commission Deputy Secretary

Kyle McSlammow

I
Under Secretary for

; - Under Secretary
National Nuclear Security/ :
Administrator for for E"EFI_W, Science &
Environment

National Nuclear
Security Administration

Linton F. Brooks

Robert Gordon Card

Radiocactive Waste ||

Management

L Assistant Secretary Assistant Secretary
Deputy Administrator| Emergency for Environmental  [T{ for Energy Efficiency
for Defense Programs Operations Management & Renewable Energy
Deputy Administrator | | Associate Administrator Assistant Secretary | Assistanft Secretary
for Defense Nuclear for Infrastructure for Fossil Energy for Environment,
Nonproliferation & Security Safety & Health
- Associate Administrator MNuclear Energy,
Deputy Administrator]| L for Management Science ] Science
for Naval Reactors & Administration & Technology
Civilian

| |Electric Transmission

& Distribution

— Legacy Management

4-3 DOE

DOE http://www.energy.gov/

28 Office of Fossil Energy FE
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EERE
4-4

Communications & Assistant Secretary

Qutreach

Board of Directors

Principal Deputy

-
I

[ I

Deputy Assistant Secretary
for Technology Development

Deputy Assistant Secretary
for Business Administration

Atlanta Regional Dffice Biomass

Boston Regional Office Buildings Technologies

Distributed Energir' &
Electricitv Reliabilitv

Pragram Execution
Support

Chicago Regional Office

Federal Energy
Management

FreedomCAR &

Denver Regional Office

Planning, Budget
Formulation & Analysis

Vehicle Techneologies

Philadelphia
Regional Office

-| Geothermal Technologias |

Seattle Regional Office Hydrogen, Fuel Cells &

| Information & Business

Management Systems

| Infrastructure Technologies

Industrial Technologies

4 Solar Energy Technology |

Golden Field Office

Weatherization &
Intergovernmental

Wind & Hydropower
Technologies

4-4 EERE
EERE

4-1 EERE

http://www.eere.doe.gov/

Biomass Program

Building Technologies Program

Distributed Energy & Electricity Reliability Program

Federal Energy Management Program

FreedomCAR

FreedomCAR & Vehicle Technologies Program

Geothermal Technologies Program

Hydrogen, Fuel Cells & Infrastructure Technologies Program

Industrial Technologies Program

Solar Energy Technology Program

Weatherization & Intergovernmental Program

Wind & Hydropower Technologies Program

EERE
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(3) FreedomCAR  Fuel
FreedomCAR

29

FCV

Hydrogen Fuel

FreedomCAR & Fuel

4-2 FreedomCAR Fuel

4-2

4-5

2001 5
National Energy Policy Development Group
National Energy Policy NEP
2002 1 DOE FreeedomCAR
2003 1 12
30
2003 2 Hydrogen Fuel Initiative
Hydrogen Fuel
HydrogenFUEL Executive Steering Group FreedomCAR
_ FreedomCAR
Fuel Operation Group FreedomCAR Operation Group
ExxonMobil 1 <>
Chevron Texaco Genera| Motors
Shell Ford
ConocoPhi ips DaimlerChrysler
BP J DOE
DOF {}
A—N A—N Fuel Cell & Vehicles Tech Team
Fuel Tech Team " Joint Tech Team [~ '] *
X » -
* / * *
*
*
4-5 FreedomCAR & Fuel
29 USCAR U.S. Council for Automotive
Research USCAR GM Ford DaimlerChrysler

30

pre-competitive
FreedomFUEL
HydrogenFUEL

55




FreedomCAR & Fuel 2004 2005
4-6
FreedomCAR and Fuel 2004 2008 $1,700 M
FY 2004 $ 2482 M ’_I_L:> FY 2005 $ 3192 M
HydrogenFUEL
HydrogenFUEL FreedomCAR ydrog EreedomCAR
$ 1585 M $ 1549 M $2278 M $ 1689 M
$ 1503 M
EERE $ 953 M
$89.7 M $914 M
(EERE) NE soom | [\S7ISM) (EER)
SC $292M (EERE)
SN~—
2004 2005
R&D 22.6 25.3
R&D 294 30.0
59 18.0
184 15.0
EE 57 7.0
82.0 95.3
2004 2005
75 7.6
74 7.4
R&D 148 139
R&D 25.2 30
9.9 18
04 5
65.2 715 :
2004 2005
143 139
05 05
45.0 51.8
54 .4 35.9
39.7 39.8
16.5 6.8
4.9 6.0
2.1 19
FreedomCAR & Vehicle Technologies 178.0 156.7
FreedomCAR and Fuel Total 89.7 914
21st Century Truck 88.3 65.3

4-6 FreedomCAR & Fuel
EERE Energy Efficiency and Renewable Energy

NE Nuclear Energy
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SC Science
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DOE/EERE

4-7
A
<
C
R
D T
ICE
2020 g
4-7
DOE FreedomCAR & Fuel 2050 1100
/ 4-8
FreedomCAR & Fuel [100 / ]
12 B FreedomCAR & Vehicle Technologies
10 FCVT
8 O Hydrogen, Fuel Cells & Infrastructure
6 Technologies HFCIT
4 | |
’ ]
0 . , ,
2010 2020 2030 2040 2050
EEF\;E [100 / ]
8 [0 2025m 2050 |
7
6
5
4
3
2
1 4
0 “Fevr HFCIT Biomass Industry  Buildings WIP FEMP

4-8 DOE/EERE
4-9 EERE
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° FreedomCAR & Fuel 4-3

4-3 FreedomCAR & Fuel

. 5

o 2 Executive Steering Group
2003 9 2004 3

e 2003 12

e 4

(4) 21* Century Truck

e 21st Century Truck /
21st Century Truck DOE
EPA DOD DOT
DOD
21st Century Truck APU
CNG
e 21st Century Truck 4-4

4-4 21st Century Truck

e 21st Century Truck

. R&D 3
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(5) DOE/EERE

e DOE/EERE 2004 2005
4-10
2004 1 5900 2005 2 2800

32

(&

8

12

4-10 DOE/EERE

e DOE/EERE

4-5

. R&D
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4-6

4-7

4-6
2010
2.00 kg
1.50
2.85 kg
2015
2.50 kg
2.75 kg
plant gate 1.60 kg
3 kg
4-7
2006
2010 1.70 kg
2015 1.00 kg

60




4-8 4-9

DOE
4-11

4-8

4-9
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4-12

62

2010 2.00 /kg
|
$6.00 =
5.00 o
$5.00 O
— i o
g $4.00 — -
> e
2.00
$1.00
30007 2003 2005 2010
[$/kd] 2003 2005 2010
0,66 062 058
3.08 136 0.24
017 011 0.03
0.34 0.29 0.24
0.25 0.19 011
05 0.42 03
2
N
3,
$00 2003 2005 2010
[$/kd] 2003 2005 2010
19 18 15
2.80 2.00 135
4-12




o 4-10

4-10
3.00 kg
690 kg/
11
100
4/ MMBTU HHV
20
PSA Pressure Swing Absorption
99.999 120 psig
PSA 1/3
2005 82 2003 75
Ergenics 31 32
FreedomCAR&Fuel
2004
NREL
H2A 33
58 15
6
GaPN 2005 7 1000
31 Krgenics 2003 10 HERA
HERA USA HERA  Shell Hydrogen Gesellschaft fur
Elektrometallurgie GfE Hydro-Quebec

32

http://www.ergenics.com/
www.eere.energy.gov/hydrogenandfuelcells/ pdfs/merit03/49_ergenics_david_dacosta.pdf
33 DOE
2005
http://lwww.eere.energy.gov/hydrogenandfuelcells/analysis/analysis_group.html
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DOE/EERE 4-11

4-12
4-11
RD&D Research, Development &
Demonstration
4-12
60
$45/kW 2010 $30/kW 2015
PEM

40% 40,000
$400 750/kW 2010
1,000 Wh/L. 2010
3 30kW 150 W/kg 170 W/L. 2010
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(6)

FreedomCAR & Fuel

Office of Energy

SOFC DOE
Efficiency and Renewable Energy
Office of Fossil Energy SOFC SECA 34
SECA Delphi Automotive Systems
APU SOFC 10

/—Exha_ust Outlet

Thermal
Insulation

Solid Oxide
Fuel Cell
Stacks

Cathode Air Heat
Exchangers
Air Blower

Air Inlet

Alr Management
Valve System

Control Interface
Fuel Inlet

System Controller

i / Output Power Conditioner

v o=
Electrical Power om:put—/_ "

Mot TV § Sron e oty

Delphi Automotive Systems
http://www.delphi.com/news/fuelcells/

3¢ SECA Solid State Energy Conversion Alliance

2010 3 10 SOFC

Acumentrics Cummins
Power Generation SOFCo McDermott International Delphi Automotive Systems Battelle
Memorial Institute Fuel Cell Energy Materials and Systems Research, Inc. MSRI  Gas
Technology Institute Electric Power Research Institute General Electric Power Systems
Siemens Westinghouse Power Corporation http://www.seca.doe.gov/

400 /
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5 DuPont

DuPont
Chestnut Run Plaza, Wilmington, DE, 19880-0701, USA
2004 10 28 9 30 13 00
Andrew M. Weber, PhD
Director
Sung C. Lee

Global Business Manager — H2
Clara Y. O. Lin, PhD
Development Program Manager
Kathryn E. Schwiebert
Technology Manager
Sribhar Kumar, PhD

Senior Research Chemist, Membrane Durability and MEA

66

Technology
Kimberly G. Raiford, PhD
Research Associate
PEMFC
DuPont
(1) DuPont
DuPont
e DuPont
2003 270 70
135
8 1 35
e DuPont
DuPont
DuPont



e DuPont

DuPont 1802 35
Conoco
1981 36
DuPont
DuPont
e DuPont 5 DuPont Electronic
& Communication Technologies 5-1
DuPont 5-2
DuPont DuPont
Ag:g;’fm Goalings & Hoonic &
& Nutiih Color Communication ~ TEELH
utntion . :
$55B Technologies Technologies
$05B $29B
v
Fluoropraducts
Displays Solutions
Imaging Technologies
Electronic Technologies
5-1 DuPont
DuPont
PEMFC “Powered by DuPont”
|::> PEMFC
MEA
DMFC
PEM
5-2 DuPont
35 1990
36 1981 Conoco 78 1999 DuPont
Conoco Conoco 2002 Phillips Petroleum
Company ConocoPhillips

67



(2) DuPont PEM

DuPont 5-3 DuPont Nafion
DuPont
PEMFC FC
D PEM
FC FC DuPont
D GDL DMFC
[] GDL FCV
5-3 DuPont
DuPont Nafion
5-4
Nafion
Bl LCP
1
O, (gas
H,0 -
=~
Nafion <J or CHIOH
Nafion GDL
lonomer PTFE Nafion
5-4 DuPont
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DuPont PTFE Polytetrafluoroethylene MEA 3 MEA 7 MEA
5-5
GDL
PEFC
5-6 5-7
. DuPont Dl:l DuPont

PTFE
Polvtetrafiuoroethviene

—>

=

5-5 MEA DuPont
Nafion PEMFC
DuPont

5-6 PEM DuPont
L,

>
~>
Nafion ~ MEA | *

J

5-7 DuPont PEM
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(3) Nafion MEA

Nafion
e DuPont Nafion 5-1 16 10 3

5-1 Nafion DuPont

N-112 N-1035 N-1135 N-105 N-115
Extrusion Membrane N-117 N-1110

NRE-211 NRE-212
Solution-Cast Membrane

DE 520/521 DE 1020/1021
Polymer Dispersions DE 2020/ 2021 / 2029

e Nafion 5-8

DuPont Nafion

200

250

200

150

100

Price ($/sq.meter)

o
=

100 250 500 1,000 2,000
Annual Volume (1,000 sgq.meters)

5-8 Nafion
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MEA

e DuPont MEA
5 MEA MEA GDL
DuPont MEA
GDL
- GDL GDL
5-9 DuPont MEA
e DuPont 5-10
0.800 10
o 2003 2005 Target Power density - commercial-ready
0.850 '\ Next focus - improved durability
0.800 \ 2%
0.750 \ l‘_ 081 e 2005 Target
- arge
% 070071 — % l
£ oss0 |T‘\-\\ 07 \\ﬁ_\-
0.600- 200 : . \?\\
0.550 i 2002
‘ Fuel cell conditions:
00 Operating Conditions 05+ Hy/Air utilization B0%/E0%, temperature 65°C,
0.450 80°C, 212 Steichiometry, 100/50% anodeicathode fully humidified, 0 psig outlet pressure, 0-2 psig
' hurmidity, 25psig inlet pressure inlet pressure
o 0 200 400 600 800 1000 1200 1400 o 0 200 400 600 800 1000 1200
Current density (mAlcm?) Current density (mAfcm?)
5-10
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52

5-2
[
[
[
[ )
[
[ ]
e SEM X
[ ]
MEA
MEA 5-3
5-3 MEA
Nafion

GDL

GDL

GDL
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DuPont

e DuPont 4
5-4 5-11
5-4 DuPont
Fayetteville
Kingston
Research Triangle Park
Towanda

Fayetteville

5-11 DuPont
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4) PEM

e DuPont 5-12
PEFC 120
150
PEM
EM
5-12 DuPont
e DuPont 5-5
5-5
FC FC FC
PC
250 kW
PDA
0
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(5) PEM

e DuPont PEM 5-13
Transportation
TRWImZ @1 Alem,
Cost, Power Density, gmanc .
@ Durability Dry operation
2
O =
.
a2
v T 2007
(3 Co-Gen - Japan/Eur 3§L?ﬂ°"ﬂr}r'
S 3.5KWim2 @ 0.4Alcm2, 85C 0 4Ajcm2, 85C
b 20,000 Hr operation, 40,000 Hr operation,
= Dry operation DOry operation
E , >
[=] Today ’/i;;ra/ne/;nd electrode durability,
E % 3.5 Kiima &m&mﬁf‘: — reformer reliability, cost
1-2000 Hr operation,
u‘ ~ Humidiﬁnazﬁ' o
Low - High
Durability 9
5-13 PEM
(6)
[
DuPont DuPont
Nafion
e DMFC
DMFC
DMFC
[
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6 Ford

Ford
15000 Commerce Drive North, Dearborn, MI 48120-1261

2004 10 29 10 30 12 30

Phillip D. Chizek
Manager, Marketing and Sales, Research & Advanced Engineering
SMT Lab-I
Shinichi Hirano
Principal Research Engineer,
Hybrid / Fuel Cell Technical Development, SMT Lab-II
Frank W. Balog
Chief Product Analyst, SMT Lab-II
Venu Siddapureddy
Business Strategy Office, SMT

Focus FCV Ballard DaimlerChrysler
Fuel Cell Alliance
FCV
FCV
(1) Ford
e Ford 37
2004 1642 350,000
Ford 6-1
G .l WSy O
LINCOLN MERCURY =
Ford Lincaln Mercury hazda
.__W__.
WVOLVO 3 RS
IAGUAR ASTERH MARTIN
Walvo Jaguar Land Raover Aston Martin
= G ine Pars &
Ford Cradit Enggzic: 3 Motorcraft Hertz
6-1 Ford
37 2004 General Motors 899 752
Ford 679 Renault 579
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(2) Ford

FCV
Ford FCV Sustainable Mobility
Technologies SMT 6-2
SMT
FCV Th!nk Group
Mary Ann Wright

Director, SMT & Hybrid Programs

Scott Staley John Sullivan John Sakioka George McBean
Chief Engineer, Vehicle Programs Manager, External Manager,
Hybrid & Fuel Cell Director, and Business Strategy
Technology Hybrid and Fuel Cell Governmental and Implementation
Development Programs Affairs Management
FCV SMT
FCV
FreedomCAR
FCV
6-2 Ford Sustainable Mobility Technologies SMT
Ford Ballard DaimlerChrysler Fuel Cell
Alliance 6-3 38
6-4
Daimler
Chrysler Ford
18.6% 67.5%¢ 4.9%
Ballard
6-3

38

Fuel Cell Alliance

78

6-4 Ballard

1997




(3) Ford FCV

Ford FCV 6-5
Ford 2002 FCV
2004 Fuel Cell Vehicle 6-6

FCEV Hybrid
CGH,

Mazda Premacy

2000 Methanol

ks o - - = Ford Focus
= % B555° Ford Focus FC5

Methanol
1999

P2000 HFC
CGH, | 2004 Fuel Cell Vehicle

6-5 Ford FCV

Ford Focus 4 Door

1600 kg

[ 5 n bt comirin ' i A Ballard Mark 902
[ ACRFL] i e 2 " ’ ; 67kW

High VoRage Bamtery |
FiE Valta - 1.7 k-l -

AC
216 V
T 260 320 km
PP it 128 km/h
5000 psi

J oo Sewien Rogen Rrabe Contralke:

Durad L sap Cosling System
HT. Fog

. Ik g il Pt ain {IFTp
LT, = Comwerters & Motos Dwarrioarn

6-6 2004 Fuel Cell Vehicle
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Ford 2004 Fuel Cell Vehicle
6-7

16

6-7 2004 Fuel Cell Vehicle

Ford Focus CGH 2000
6-8

6-8 Focus CGH 2000
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(4) FCV
FreedomCAR
e Ford DOE FreedomCAR 6-1 6-2

6-1 FreedomCAR FCV

60

220 W/L 325 W/kg

45 kW 30

kW 2015

300 480 km

2010 45 kW
2015 30 kW

45

6-2 FreedomCAR

2010
400 W/kg 650 W/kg
400 W/l 650 W/l
59 60
50 50
20 120 30
1000 5000
200 kW | 45 kW

2010

2015
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FCV

e Ford 2004 4 FCV
6-3

6-3 Ford FCV

Controlled Hydrogen Fleet and Infrastructure
Demonstration and Validation Project
BP
12
DOE 50 50%

The Vancouver Fuel Cell Vehicle Program VFCVP
Fuel Cell Canada
FCV

Clean Energy Partnership CEP
Ford
Ford

(5) FCV

9-9

6-9 FCV
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6-4

6-4

MEA

120

GDL

83




. DOE
National Institute of Standards and Technology

6-10

10
200
400

sTmm |

6-10
e Direct Technologies Inc 2/3
2/3  MEA
MEA 6-11
Balance of Plant
- Y
\
>

96 /KW

500,000 / 0.7v

6-11

Direct Technologies Inc39

39 DC DOE
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(6)

e Ford FCV
Ford 700
DOE BP 700
40
FCV
FCV
FCV
DOE No Go
41
[ ]
FCV
FCV
[ ]
JHFC
FCV
Ford
40 BP 700 BP
41 DOE/EERE 2004 8
No-Go Decision DOE/EERE

http://www.eere.energy.gov/hydrogenandfuelcells/pdfs/committee_report.pdf
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e Ballard
Ford Ballard

FCV Ford
Ballard  DaimlerChrysler

e Ford FCV

E450 6.8L
Stuart Energy 125 kW
° ICE
Ford
FCV
42
42 Ford Well-to-Wheel
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7 Oak Ridge National Laboratory

Oak Ridge National Laboratory
One Bethel Vally Road, PO Box. 2008 Oak Ridge, TN 37831-6186

2004 11 1 13 30 16 00

Timothy R. Armstrong

Manager, Hydrogen, Fuel Cells and Infrastructure Technologies

Energy Efficiency and Renewable Energy Program
Johney B. Green Jr., PhD

Group Leader, Fuels, Engines, and Emissions Research Center
Timothy J. McIntyre

Research Physicist, Engineering Science and technology Div.
Govindarajan Muralidharan

R&D Staff, Materials Processing Group, Metals & Ceramics Div.
Michael P. Brady, PhD

Metals & Ceramics Div.
James G. Hemrick, PhD

Research Associate, Mechanical Characterization and Analysis Group,

High Temperature Materials Lab., Metals & Ceramics Div.
Frederick S. Baker, PhD

Carbon Materials Technology Group, Metals & Ceramics Div.

DOE

DOE FC

(1) Oak Ridge National Laboratory
e QOak Ridge National Laboratory ORNL DOE

3000

20

239

Battelle Memorial Institute

3800 1500
1/4 ORNL 7-1
150 km?2

10.7 1100 80 DOE
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Oak Ridge National Laboratory

Laboratory Director’s Office

Jeffrey Wadsworth
Laboratory Director

University Partnerships
Les Rladnger,
Associzie Lab Director

Audit and Assessment
Zcolt Sranham, Director

— Dffice of Counterintelligence
- _ Wike Raochforo, Direcior
High Flux Isotope Reactor Jim Roberto Jeff Smith
Diavid Price, (%] for Deputy Office of Strategic Planning
HFFR Sxecutive Dirsctor s ?’P‘Ut!l"am:l for Erik Pearson, Direcior
Technology Dperations
| | | I | |
Biological and Computing and Energy and National Physical Spallation
Environmental Computational Engineering Security Sciences Heutron Source
Scoiences Sciences Sciences
FRenhoid Mann Tnomas Zachana Cavid HIb Frank AkeTs Micnele Buchanan Thomas Mason
45500 Lag Director Assoe Lab Director AsE0s Lao Diractar Aseos Lan Direchor Agzzon Lab Direchor Agens Lab Direcior
| | I | 1 1 | |
Business and | | Communications | | Environment, Facilities Human Legal MNuclear Technology
Information and External Safety, and Resources Operations Transfer and
Services Relations Health and Operations Economic
GQuality Development
Greg Turmar Blky Stair Karzn Downer Heroert Debban Steven Portar Sleven Partar Hally #ley Flscher
Chied Financial Diractor Direcior Director Irdesim Cirecsor General Belerschmidt Director
Ofcar Counzal Direcior
7-1 Oak Ridge National Laboratory

Oak Ridge National Laboratory

¢ QOak Ridge National Laboratory 7-1
7-1 Oak Ridge National Laboratory
MEA
PEM
DOE Center of Excellence43
Hydrogen Storage Grand Challenge
2004 4 27

DOE

Controlled Hydrogen Fleet and Infrastructure
Demonstration and Validation Project
Center of Excellence

Chemical Hydrogen Center

Metal Hydride Center

Los Alamos National Lab. Pacific Northwest National Lab.
Carbon Center

Sandia National Lab.
National Renewable Energy Lab.
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(2) Oak Ridge National Laboratory

e ORNL
7-2
ORNL
10-50 ppm
TiN ORNL
—
i
it o S 10pm X
Brandl and Gendig, Thin Solid Films, p. 343, 1996 X Cr Nb Ti V

7-2 ORNL
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7-3 Ni-50Cr

CraN
Ni-50Cr Ni/Fe-X X=Cr Nb Ti V Zr
Cra2N Ni1-50Cr Ni-50Cr
20 mQ-cm?
\\

_ 7 ; : 4‘—;,Cr2N
- <« Ni-50Cr-15N

Cr
10 um
AL Ni(Cr)
[mQ-cm2]
800 .
700 - L 316L Stainless Steel
600 Ni-50Cr
C yaN
500 L[ ° Ni-50Cr
400 ¢ %
- N < 20 mQ-cm?
00 L ¢ 100 150 N/cm?
200 -
100
ot . . . - ‘ —
0 50 100 150 200
[N/cm?]
7-3 Ni-50Cr
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7-4

1000 2 mV
2.7mV 1A/cm?
4100
N1 3.8 ppm N1 0.08 ppm Cr
4000
7-5

80°C, pH3 I1,SO,, 2 ppm I, I, (anode) Air (cathode)

Reft
/Efej,ff;tfj\ *US Patent 6,454,922
_ Polycarbonate (Weisbrod)
Aluminum Plug

Teflon Faced 0.001 N H,50,

2 ppm Fluoride

&1 ,5

locks Air
Py /Pt Scre up/lly
LAT(Ptlon
ol arbor i

_________________ j[ -0.3V
Bipolar - 0.55Vv
Coupon Pt Wire

OELER
300 MLANLD BEF 2 4000831k
(80" C/pH3 H,80,/2 ppm F)

»
50+ -.....‘.‘. )

0 50 100 150 _ 200
Compaction force, N/cn?

7-5 4000
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ORNL

7-6
1000
Ni Cr 0.01
0.03 mg/cm?
10 cm
7-6
ORNL 2
Ni-30Cr Fe-Cr
7-2
7-2
e DOE
. FC FC FC
Ni1-30Cr
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MEA

MEA SEM TEM
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J ORNL

3TEX4
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Center of Excellence
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8 ChevronTexaco Technology Ventures

ChevronTexaco Technology Ventures
3901 Briarpark, Houston, TX 77042-5301, USA

2004 11 2 9 30 11 30

[ChevronTexaco Technology Ventures LLC]
Jeffrey M. Jacobs
Vice President, Business Development, Hydrogen Group
Ed Wisler
Manager, Business Development, Hydrogen Group
J. F. (Jim) Stevens, PhD
Program Manager, Fuel Cells & Fuel Processing
Curtis Krause
Fuel Processing, Program Manager, Fuel Cells & Fuel Processing
Donna Lau
Market Research, Specialist, Hydrogen
[Chevron Energy Solutions Company]
Puneet Verma
Director

5

FCV

(1) ChevronTexaco

e ChevronTexaco 2001 Chevron  Texaco
2004 1130 51,000 ChevronTexaco
8-1
250 /
180 8-2
2500 Chevron Texaco Caltex 3
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Chairman of the Board
& Chief Executive Officer

Vice Chairman
of the Board
Executive Vice President Vice President Executive Vice President Vice President and Executive Vice President
Technology and Services and General Counsel Business Development Chief Financial Officer Gilobal Downsiream
Corporate Aviation — Business & Real Estat Global Lubricants
Semnvices Corporate Secretary Services Global Marketing
Energy Solutions — Chevron TCI, Inc. Global Refining
Oronite — Internal Audit Global Supply & Trading
Project Resources — Investor Relations
The Pitisburg & Midway — Procurement
Coal Mining Co.
o Vice President and
Vice President and Comotroller
Chief Technology Officer
Vice President and
Energy Technology Co. Treasurer
Information Technology Co. General Tax Counsal
Vice President of Health,
Environment and Safety
Vice President and Vice President and Vice President Vice President
ChevronTexaco ChevronTexaco Overseas Strategic Planning Human Resources
Global Gas President Petroleumn President
— Global Power
Generation Vice President and Vice President
— International Marketing ChevronTexaco Exploration Policy, Government
& Business Development & Production Co. President and Public Affairs
— Matural Gas
— Morth American
Regasification Ventures
— PFipe Line
— Shipping

ChevronTexaco
!—Eeadquart_ers

8-1 ChevronTexaco

8-2 ChevronTexaco
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(2) ChevronTexaco Technology Ventures

e (ChevronTexaco Technology Ventures

ChevronTexaco CTO

LLC 8-3
Technology Venture Chevron Texaco
NiMH
8-4
NiMH Technology Venture Ovonic
Battery Systems 47
ChevronTexaco Chief Technology Officer
I I
Energy Technology Information Technology Technology Ventures
3 ChevronTexaco 100
3 3000
100

8-3 ChevronTexaco

:a mondoids

e

= P
8-4 ChevronTexaco
47 Texaco  Energy Conversion Devices Ovonic Battery Systems 2001 7
Texaco Ovonic Battery Systems 50 Chevron  Texaco

Texaco Ovonic Battery Systems  ChevronTexaco Technology Ventures  Ovonic

Battery Company 50 50
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ChevronTexaco Technology Ventures

8-1

ChevronTexaco 120

ChevronTexaco

ChevronTexaco
8-1 ChevronTexaco Technology Ventures
[ ]
ChevronTexaco
[ ]
[ ]
° ChevronTexaco
ChevronTexaco
ChevronTexaco
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ChevronTexaco 8-5

ChevronTexaco
ChevronTexaco
R&D
ChevronTexaco
ChevronTexaco

85
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(3) ChevronTexaco Technology Ventures

o 8-2 ChevronTexaco Technology Ventures
Halias
- 1999 ChevronTexaco Texaco
- 95
98

8-2 ChevronTexaco Technology Ventures

Halias o

Balance of Plant
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(4) ChevronTexaco

e ChevronTexaco DOE FCV
FCV 8-3
8-6

8-3 DOE FCV

ChevronTexaco

UTC Fuel Cells

H.A.T.C.I. Hyundai America Technocal Center, Inc
Cino, Califotnia

FCV5 /

2004 10

8-6
California Hydrogen Highway http://hydrogenhighway.ca.gov/

8-7
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e ChevronTexaco AC Transit Alameda-Contra Costa Transit 48

8-8

California Hydrogen
Highway Network Action Plan 49 2004 4

AC Transit ChevronTexaco

: f’ : '“ Oakland Hydrogen Energy Station

Oakland, California

AC Transit 3
FCV
2005
8-8
e ChevronTexaco
. ChevronTexaco
48 AC Transit 6300 /
49 California Hydrogen Highway Network Action Plan
2004 1
2004 4 20
Vision 2010 2010
150 200

http://www.hydrogenhighway.ca.gov/
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e DOE

2010 2.0 /kg 50
. 8-10
9 14 /kWh
FCV
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Hydrogen Production Cost for Vehicle Fueling @ 5000 psi®
12
FOSSH  mm—— Sheitanaean
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2 gt Wind o PTO[ECted CA Elec. Prices
g i Biomass [ ____SEEEREEee e )
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(6)

e DOE 84
8-4 DOE 2010
3 kg
1.98 kg
e ChevronTexaco
811
SMP
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SMR

High Pressure
POX K
SMR ~~ Low Pressure High Pressure
SMR
ATR ATR ~__ High Pressure
Low Pressure

Methane
cracking

8-11
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e ChevronTexaco
8-12

PSA

40 kg/ 1 8 FCV 100 kg/

Natural Gas

Steam
Methane
Reforming

Catalytic PSA Tailgas
Oxidation

Advanced SMR

CH,+H,0 - 3H,+CO
H,0+CO - H,+CO,

150 psi PSA

Balance of Plant

40 kg/

8-12
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e ChevronTexaco
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COq

40

8-15
Single Cycle Example
E 133 = Hydrogen
- 3
3= Eg f e CO02
2 20 e,
E D 1 T T T T Eﬂl -‘H
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8-15
PSA AER
8-5 8-6
8-5 PSA AER
[kcal/kcal-Hs — LHV] 33 mmscf/
PSA AER
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CW
440 psia ID
PSA 88
1.23 0.88
0.25 0.34
1.48 1.22
67.6% 82.0%
8-6 PSA AER
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PSA AER
15.6 6.0
* 5.1 4.9
4.6 3.5
4.1 2.6
w% 29.4 17.0

*%
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AER

ChevronTexaco

8-17

COgq

Cabot Superior MicroPowders

CO2

8-16

Carbonation 600C; Decarbonation 800 C
100.0 71 100.0
B0.0 W | 800
e BOD h | m00
B | ]
8 70O [ . |I“|] 1 700 ’f
£ _ oo 7 { 600
§§ 0.0 B0 E
2§00 ] g
g T 400 | > 1 400 3
< 300 __"ﬂvmw.mm— Wm0 §
& un - 1 200
100 | 1 10.0
0.0 T T T 0.0
0 20 40 80 100
Cycle
8-16 COgq 100
39

r
Liguid gelivery |—""| Atomization |‘—*

processing

Effluent gas

Gas Phase \—| collection || Product

Cabot

122

Superior MicroPower



9 Los Alamos National Laboratory LANL

Los Alamos National Laboratory LANL
Mailstop D429, Los Alamos, NM 87545, USA

2004 11 5 () 8 30 14 00

Ross Lemons Dr.
Directorate for Strategic Research
William Tumas, Dr.
Inst. Director, Inst. for Hydrogen & Fuel Cell Research
Ken Stroh, PhD,
Dep. Inst. Director, Inst. for Hydrogen & Fuel Cell Research
Piotr Zelenay, PhD
Technical Project Leader, MST-11, Fuel Cells & Electrochemistry
Karl K. Jonietz Hydrogen
Fuel Cell & Transportation Programs
Kenneth B. Freese, PhD
Office Leader, Technology Management Office
Jim Cannon
HyTeP Program Director, HyTeP
Rene Parker
HyTeP
Patrick Gannon
HyTeP
Karen Cook
HyTeP
Manuel Duran
HyTeP

DOE DMFC

DOE FC

HyTeP

(1) LANL
LANL
e LANL

DOE 9-1 9-1
1943 51

51
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9-1 LANL

22 2300
8000 52
3800
1500
375
40 100 km?2 53
2000 74 m?

Los Alamos National Laboratory

Administration (ADA)
Operations (ADO)

National Security (DDNS)

Nuclear Weapons Programs (PADNWP)

Security and Facility Operations (ADSFO)
Strategic Research (ADSR)

Technical Services (ADTS)
Threat Reduction (ADTR)

Weapons Engineering & Manufacturing (ADWEM)
4{ Weapons Physics (ADWP)

9-1 LANL

9-2 LANL

52 LANL 11,000 http!//www.lanl.gov/organization/
53 DC 180 km?2
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Strategic Research Directorate

. LANL
LANL
9-3 54
9-3
2000
4 420
1500 / 400 /
260

Los Alamos Neutron Science Center LANSCE

National High Magnetic Field Laboratory NHMFL
Center for Integrated Nanotechnologies (CINT)55

Los Alamos High Temperature Superconductivity Center

2002 112
CREDA 1356
109 47
101 75
35

HyTep57
ZeroNet58
ZECA Corporation®?

54 http://www.lanl.gov/orgs/sr/index.shtml

55 CINT Los Alamos National Laboratory = Sandia National Laboratory
DOE 5 Nanoscale

Science Research Center NSRC
Center for Functional Nanomaterials Brookhaven National Laboratory
Center for Nanophase Materials Sciences Oak Ridge National Laboratory
Center for Nanoscale Materials Argonne National Laboratory
Molecular Foundry Lawrence Berkeley National Laboratory
““ Nanoscale Science, Engineering, and Technology in the Department of Energy March,
2004 **  http://[www.science.doe.gov/bes/brochures/filessyNSRC_brochure.pdf
56 Cooperative Research and Development Agreement

http://www.nedo.go.jp/kankobutsu/report/812/812-2.html
57 The New Mexico Hydrogen Technology Partnership
21 http://www.hytep.org/
58 http://www.lanl.gov/energy/compendium/water/zeronet.html
59 http://www.zeca.org/
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(2) LANL

e LANL
LANL
1960
61 2000
LANL
GE NASA
1970
1977 DOE PEM
Transportation LANL
1990 1996 GM

Electrochemical Engine Project

NY
LANL
60
61 nuclear rocket
Rover 1956

Nuclear Engine for Rocket Vehicle Applications

60

9-2

Rover NERVA

1972 Buick

PEM 62
LANL PEM

Fuel Cells For

1980
1/20
1993 10 kW
GM
GM
3000K
NERVA
1963
Westinghouse

http://www.nv.doe.gov/news&pubs/publications/historyreports/news&views/nrds.htm

http://www.fas.org/muke/space/cO4rover.htm
62

1965 1966

GE 5 13

Pratt & Whitney

http://www.fuelcelltoday.com/Fuel Cell Today/EducationCentre/EducationCentreExternal/EduCentreDisplay/0,1741,History,00.html

http://fuelcells.si.edu/pem/pemmain.htm
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e LANL 2004 5 Chemistry Division Materials Science &
Technology Division Institute for Hydrogen & Fuel
Cell Research IHFCR

| Institute for Hydrogen & Fuel Cell Research (HFCR) |

Virtual Center of Excellence

% Ball Aerospace
PNGV 1998 % Energyl00 2001 Energy@23 2001

ADL  Plug Power 2000
DMFC GM R&D
GM Electrochemical Engine Project
PNGV
Cco
DelcoRem
Y 1990
NASA / Ballard
PEM 1/20
DOE Fuel Cells for Transportation

Buick 1970

Los Alamos Scientific Lab ~ Westinghouse

Rover/NERVA GE NASA
63
*
£ Loa Alamos
/
1950 /
F
9-2 LANL
63 Rover 1956 NERVA Nuclear
Engine for Rocket Vehicle Applications 1963
Westinghouse
64 PNGV PNGV Partnership for a New Generation of Vehicles
15 PNGV
80 / 34
km/ 2002 1 FreedomCAR
65 Energy 100 1977 DOE 2000
100 Energy@23 Energy 100

23
66 Objective Force Warrior OFW
Future Force Warrior FFW
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LANL

o LANL DOE Office of Fossil Energy
67 Office of Energy Efficiency and
Renewable Energy DARPA 68

9-4
DOE 800 8.4
9-4
Nafion
DMFC
- SOFC
67 LANL Office of Fossil Energy SECA SOFC

68 DARPA Defense Advanced Research Project Agency
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DOE
9-5

LANL

FreedomCAR&Fuel
LANL

9-5 FreedomCAR&Fuel

9-6

9-6
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(3) LANL

GM
e LANL 1990 1996 GM Electrochemical Engine Project
GM 9-3
DOE/GM/LANL
ELECTROCHEMICAL ENGINE PROJECT TEAM
MAY 21, 1993
9-3 GM LANL Electrochemical Engine Project
IdaTech
[}
IdaTech®9
9-4 IdaTech
69 1996
3kW
Bonneville Power Administration 110
2000

http://www.idatech.com/s
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DOE
e LANL DOE Hydrogen Storage Grand

Challenge Center of Excellence 70

LANL  Pacific Northwest National Laboratory PNNL 71

Center of Excellence 9-5

p—m-ua-:oca
¥ : Pacific Northwest ;
" !—Pﬂﬁ!ﬁmgm National Laboratory PENNSTATE

Tdeas Thar Change the Wrld .S, Depatmert of Er

&Penn  UCLA

. .
< Intematix “'LEE"N'”JE'?
< ;

Chemical Hydrogen Center
Los Alamos National Lab. (Los Alamos, NM)
Pacific Northwest National Lab. (Richland, WA)

- Univ. of Pennsylvania (Philadelphia, PA)
- UCLA (Los Angeles, CA)

- UC-Davis (Davis, CA)

- Penn State Univ. (Univ. Park, PA)

» Univ. of Washington (Seattle, WA)

- Univ. of Alabama (Tuscaloosa, AL)
 Rohm and Haas (Philadelphia, PA)

- Millennium Cell (Eatontown, NJ)

- Intematix (Moraga, CA)

- US Borax (Boron, CA)

9-5 DOE
Chemical Hydrogen Center
70 P 88
1 Pacific Northwest National Laboratory DOE
1965 3,900 2 8000 2004 Battelle

Memorial Institute
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(4)  Nafion

. Nafion 9-7
e LANL Nafion 9-8
9-7 Nafion
PEFC 80
PEFC
DMFC
9-8 Nafion LANL

acimpedance CV isopiestic studies dielectric studies NMR
neutron scattering DSC TGA Fenton’s reagent AFM SEM
XRF permeability electro-osmotic drag microelectrodes

MEA

. Nafion Nafion
9-6

B2 R
-
]

Nafion

Nafion Nafion
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Nafion BPSH
BPSH 6F-CN-35 Nafion Nafion 117
9-9
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9-11
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9-12

pH
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Anode/Cathode Gas Pressure = 30/30 psig
Anode/Cathode Stoich. = 3.6/5.9 (133/550 sccm)

9-12
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(5) DMFC

DMFC
. (Wh/g) Wh/cm3
9-13
33.0 Whi/g
2.7 Wh/cm3
6.1 Whig 4.8 Wh/cm?
DMFC
e DMFC 9-9
Specific Energy
Fuel Foelcell reaction aﬁ:’,ﬂﬂ ?;}EIE“;.'
Hydregen Hy+ 0.6 Oy —+ HyQ 3.0 27"
Carbon C+0y—>C0, 9.1 19.2
Meothano CHy+ 20, — 00, + 2 H,0 14.2 6.0
Propane CaHg + 50y — 300, + 4 H0 13.3 B
Decane CygHgy + 15505 = 10C04 + 11 Hy0 12.9 a4
Meathanol CHOH+ 1,50y — 00y + 2H,0 8,1 4.8
Ethaaol CiHOH+ 30y = 2004+ 3 Hy B.O 5.3
Ethylene glyeol C0,H;+ 2610, — 200, +3 H0 B.3 &9
Formaldehyde CH,0+ 0, — CO,+ 2H0 48 39
Formicaecld  HCOOH+0.5 0y — GOy + HO 1.7 2.1
Geolicacld  C04H+0.50;, — 200, +H,0 1.0 2.0
Ammonia NH;+ 0,760, — 0.EMN,+ 1.5H,0 &5 a9’
Hydrazine MaHy + 0y — Ny + 2 Hy0 8.2 5.3
9-13
9-9 DMFC
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DMFC
DMFC

9-14
DMFC

9-15

200 500W

PC

Required Operating Time (h})

9-14 DMFC
IBA-5590 Battery| DMFC-20
38W 20W
1.05 kg 1.7 kg
170 Wh/L 6100 Wh/kg
160 Wh/kg-1 33
1""["] T T T T T ..I'-‘ "‘-[I T T T T T
=]
-~ i DMFC-20 ] =
@ 1200 System z BA-5590
i ) = 30 -
E 1000 %
= 800 . o
3 = 20 .
600 . 2
o % DMFC-20
= n i 1
S 400 § 10 System
@ 200 L BA-5590 | E
S
[' | | | | 1 E [l | | | | |
0 5 100 150 200 250 300 50 100 150 200 250 300

Required Operating Time (h)

9-15 DMFC
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LANL
e LANL DMFC

DMFC

DARPA Defense Sciences Office Palm Power

DOE Office of Hydrogen, Fuel Cells & Infrastructure Technologies

LANL Technology Maturation Fund

e DMFC
Pt PtsCr
PtsCr Pt 90 mV
9-16
200 PtsCr DMFC
Pr DMFC 17
9-17
08
80°C
a7
06
s
2 05
o
Z 04
8
03
02 b
01 & ; : . : ; :
[UXH 0.1 02 03 04 05 o6 07
Current Density (A cm™)
9-16 PtsCr Pr
I pt =
0.12 Pio=
rv:t_' 175 new
E 0.10 O
46% PL.CriC 150 -
< pos St \
2 W“ 125 1 Nl
2 0.06 & TP W W Tz
a 40% Pt/IC gma o
& 004 . —
&
t 0.02 0.50 |
[}
0.00 . . - - 0.25 |
0 50 100 150 200 000 170°C. 05 v, 0psig ai
Time (hours) "o 50 100 150 200 250
9-17 PtsCr Pr
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DMFC
e DMFC

LANL DARPA 20W DMFC
9-18 DARPA Palm Power
DMFC DARPA
Objective Force Warrior Future Force Warrior &

9-19
10

Generation V Palm Power Slacks

9-18 DMFC

2.4 mm
310g 11W /

Palm Power 20W

1.8 mm
Generation IV 380 g

DARPA  PalmPower
20 W DMFC
Objective Force Warrior

9-19 DARPA  Objective Force Warrior

P 126
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Ball Aerospace = LANL DMFC 11 W/ 2

20 kW DMFC-20 9-20
DMFC 23 400 500 W/kg
9-21 2004 8 Mesoscopic

Devices 7™

aaaaaaa

20w
12V
72h 500 Wh/kg

33%

2 kWh/kg-MeOH

16L 1.6Kkg

9-20 20 kW DMFC Ball Aerospace

0.7 20

P

N

13

=
La

e
-

§0°C, 1.0 M MeOH, 0 psig & 3.0x air

wn

Average Cell Voltage (V)
= =
o (4]
;'K\
=

(A} 1omod yoelsg |j8D-x|g

=
ba

=
-
+

=

0o 0.2 0.4 06 0.8
Current Density (Alcm®)
23 215¢
400 500 W/kg
9-21 DMEFC

74 Mesoscopic Devices
http://www.mesoscopic.com/
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DMFC 9-22

2001 on a chip DMFC 700
Motorola
MTI Micro Fuel Cells7 LANL DMFC
LANL

i+ Jp?m
e —_
/-i'.:'-.-.:-"q_ lTG=ﬂ:.
= o MTI Micro Fuel
i 4 On a Chip Cells
7000 2001
3000 2000 T
Motorola :
9-22 DMFC
LANL

9-23

Sensor #1: 0.8V bias, 67°C, 20 mLimin

1a] o7som 0789 M
T 12
£
'S 10
5
% 8
8
& 030 M 0.305 M
4
o 1000 3000 3000 4000
Time (2}
9-23
70¢g 15mV

75 MTI Mechanical Technology, Inc 1961
Cells DMFC MTT Instruments

MTI Micro Fuel
1997

DTE Energy Detroit Edison Plug Power

1996 Plug Power
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DMFC

e Pt5Cr
[ ]
2
hd ppm
° 45 55
70
[ ]
0.3 0.4 M/L MTI
[ ]
Metanex
LANL
. DMFC DMFC
DMFC DMFC
LANL DMFC MTI
1 5 kW
DMFC LANL

DMFC
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(6) LANL

MEA
° MEA 9-10
9-10
12
5cm?2 50 cm?2 200 cm?
5000
- VIR
1n situ
-SEM EDAX TEM XRD ICPMS
e MEA Pt 9-24
9-26
New Pt catalyst

I nfensity(Caunts)

1500

4000

Anode catalyst

Cathode catalyst |
020 T 35 T -lIU T 5'02_:”1;[3'“18'”)5'0 T ?IU T 8'0 T a0
9-24 Pt
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LANL

9-25
MEA
9-26
National Renewable Energy Laboratory
NREL
o
T
alb) s Trépuiwn; Ty flarwecn
T ooy | e [
ha MSSEmLRRE L
&sioa'aadoséi-h%usdo-?éddv
it
9-25 NREL
8 A
7 O P
T e H P
=
5
4
3
)
o 3 N
: _r
D L) L) L] L) L] T T
MEA 900h 3500h 1200h 10V 12V 12V
80 60 80
9-26 Pt
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e LANL

(1) LANL BMC(C76 BMC 940

[ Flexural Strength

B Tensile Strength [l Bulk Conductivity
ﬁ{’m|||.l||1|r|'FI‘i|||l'|'r'!'l'|lT120

5000 |- 1 100

T

Strength (psi)
a3
g
&

(worg) Aaonpuog

SR
=

A AR E T u
LAMNL LAMNL Premix Premix BMC
unreinforced reinforced unreinforced reinforced  reinforced

9-27 LANL BMC

o 9-28

Aluminum Plug
Tefion Faced

Heater

Ballard 2001 2003

76 MMC Bulk Molding Compounds Inc
145



US Department of Transportation
Volpe National Transportation Systems Center U.S. Army National
Automotive Center

LANL
LANL
quasichemical
ab initio
Y AN g
Introduced e, *“‘» »
= i : t“
proton defect ¢ 54 Lo
{observed mobiliby y '
MEA through 20000 time ,J; ‘q,.; 2
2005 2 steps in MD run) A
Triflic Acid
2005 2 1 2 Monohydrate Crystal

9-29
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9-30

GDL MEA

9-30

LANL

9-31

L7 3 4
_L -
FB! ASYMMETRAC MEMBRANE

POl MEMBRANE COATED ONTO THE
CUTER SURFACE ©F AN AccuSep™ TUEE
PCITEY (TRIRTERY ©OF PRl CORPCRAT N

9-31
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0

National Renewable Energy Laboratory

LANL
LANL
10kW
. DMFC
e LANL
ORNL LANL
ORNL NiCr
° Pt

. MEA
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10

Mailstop D429, Los Alamos, NM 87545, USA

2004 11 5 15 30 16 00

Bill Richardson
Governor of State of New Mexico
Joanna Prukop
Secretary, Minerals and Natural Resources Department, State of NM
K.A. (Tony) Namkung
Ph.D, Senior Adviser to Governor Bill Richardson
Ned Farquhar, Energy & Environmental Policy Advisor
Michael Orshan
Director of Science & Technology, Economic Development Department
Patrick D. Gannon
Staff Manager, Bioscience Advisor, Science & Technology Div.,
Economic Development Department
Jeff Herles
Staff Manager, Technology Business Development Advisor,
Science & Technology Div., Economic Development Department
Rene Parker
Program Manager, Energy Conservation And Management Division,
Energy, Minerals and Natural Resources Department

LANL HyTeP

@)

Bill Richardson
10-1

10-1
1947
1983 1997
1997 1998
1998 2001
2001
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2

16
12
2015
30,000 2020
20 77
Economic Development Department
Energy, Minerals and Natural Resources Department
K.A. Namkung, Ph.D
Diet
7 Western Governors’ Association

"Western Governors Launch Initiative to Spur Clean, Diversified Energy in the West; Govs.
Richardson, Schwarzenegger To Lead Effort' (June 22, 2004),
http://www.westgov.org/wga/press/energy.htm
"WGA Policy Resolution 04-14 Clean and Diversified Energy Initiative for the West" (June 22,
2004)
www.westgov.org/wga/policy/04/clean-energy.pdf

150



8 9  MOA 2005

80
10
R&D
50 /
MOU 81
78
PEM
2004 6 16
http://www.sharp.co.jp/corporate/news/040616-a.html
79
5 10
2003 1

80

81

News 2004 6 15

http://www.itochu.co.jp/main/news/2004/news_040615_2.html
News 2003 1 7
http://www.itochu.co.jp/main/news/2003/news_030107.html

Memorandum of Understanding Between H.E. Dr. Bill Richardson Governor of the State of
New Mexico And H.E. Dr. Akito Arima Chairman of the Global Colloquium (NPO Japan)
Regarding A Program of Cooperation On Advanced Technology and Energy Issues
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11 2004 Fuel Cell Seminar

(1) 2004 Fuel Cell Seminar

2004 Fuel
Cell Seminar FCV
2003 2004
2004 11 1 11 5
Henry B. Gonzalez Convention
Center 11-1
I AREEs
JNTION CENTER
11-1 2004 Fuel Cell Seminar
11 3 11 4
100 2,300
2002 40 160
PR

Du-Pont/UTC-FC  MEA
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Fuel Cell Seminar

PR
5 4
4
2005 Fuel Cell Seminar 2005 11
)
11-1 PEM SOFC
PEM 2B 3B 4B 5B
(5)
11-1 2004 Fuel Cell Seminar
2 AM | Opening Session
PM | 1A: 1B: PEM 207 | —
The Global View Fuel Processing
3 AM | 2A: 9B:
SOFC Research ; —
Progress PEMT MEA SOFC 207
1 E0FC Development | B F-Cell
b CVEIOPMENt |\ pEM II MEA Hydrogen 3
rogress
4 AM | 4A: 4B:
Field PEM III 207 _
Demonstrations (Transportation)
PM | 5A: 5B: F-Cell
Specialty Market Hydrogen Hydrogen 3
5 | AM | 6A: 6B: ~
Potable PEM IV/DMFC
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3)

1 10 x10 3m> 3m
DuPont
FCV FCHV
MEA
11-2
11-2 2004 Fuel Cell Seminar
MICROCELL Entegris
PEMFC

PolyFuel PEMCoat

INEOS Chlor

95
Humidicore
120
Emprise Corporation 2,000
2004 9 27

Hoku Scientific, Inc. Celtel

PBI(Poly Benz Imidozole)

Pemas GmbH
Ballard Plug Power Ida Tech Siemens Westinghouse
Du-Pont 3M E-TEK JM Nuvera-FC

Umicore SGL Carbon
DOD DOE
FCHV
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(4)

11-3

50 60

800 m

FCV

11-3 2004 Fuel Cell Seminar

FC

DaimlerChrysler F-Cell

GM HydroGen3
F-Cell

Ford Focus FC

Vectrix FC

FC

APU FC
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Q)

Department of Energy / Los Alamos National Laboratory
The President’s Hydrogen Fuel Initiative; Update on DOE Programs
Addressing Hydrogen Production and On-board Hydrogen Storage
Antonio Bouza, Roxanne Danz, Peter Devlin, John Milliken
(DOE), John Petrovic (LANL)

e HydrogenFuel DOE 2005
11-2
o HydrogenFuel
11-4 11-5
11-5
2010 6wt 2015
9wt 2010 35 MPa
4/15 2015 2/15

Major DOE Hydrogen Production Projects FY-05:
n Elsclrolysis
Distributed Reforming - Einer
= Air Progucts - Proton Encrgy
~ Gencral Electric ~ Teledyne Energy
- H2Gen - General Electric
- Boc - Corametes
- PFraxair - Arizona State University
— Virent Energy Systems — SR Imtermational
= Stirlimg Energy Systems
Saparations and HT r
Ihermochemical
- Praxair - Lhg. Santa Barbara
- NETL - UG, Borkoioy
- SNL - QRNL
- University of Colarade = Unhversity of Hawaii
: Unfrﬂ':!tr of Nevada Dlomass
Technalogies ~ NREL
B bt g Fcfsmmmqrmmu
- L E
iversity of Gineinnati s o .

11-2 DOE
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11-4

2004 3 kg
2010 1.5 kg 2 kg
2005 4.5 kg
2010 2.85 kg
11-5
2005 2010 2015
1.50 kWh/kg 2.0kWh/kg 3.0kWh/kg
_____ 0.045 kgHo/kg 0.060 kgHo/kg 0.090 kgHo/kg
111 kg 83 kg 55.6 kg
1.2 kWh/L 1.5kWh/L 2.7TkWh/L
_____ 0.036 kgHo/L 0.045 kgHo/L 0.081 kgHo/L
139 LL 111 L 62 L
$6 /kWh $4 /kWh $2 /kWh
$1,000 $666 $333
0.5 kgHoy/ 1.5 kgHyo/ 2.0 kgHo/
10 3.3 2.5
5~13 kg 7kg

Degsmenn v Koty

No current technology meets the long-term targets

Volumetric & Gravimetric
Energy Capacity
27

2015 target

2010 target

Chemical
Hydrides
Complax
Hydrides
Ligquid H2
10000 psi
gas

5000 psi
gas

Estimates from developers- to be continuously updated (ocwber 2004

System Cost, $/kWh
12

2015 target
30 g wing .
2010 target $4
20 §wi% N e s
i
Hydrides — 1 98
Complex
Hydrides | $16
Liquid H2 | $6
10000 psi |
gas 1314
HIWh 5000 psi gas | $15
B kWhikg | ! ]
1] -] 10 15 20
o 1 2 3 4

11-3

158




Department of Energy
Controlled Hydrogen Fleet and Infrastructure Demonstration and
Validation Project
John Garbak, Sigmund Gronich DOE

Controlled Hydrogen Fleet and Infrastructure Demonstration and Validation
Project
2004 10 5

HydrogenFuel 12

R&D 2015

DOE BMW
BMW

FCV
DOE 40 FCV

FCV

40 250 FCV

FCV
DOE FCV 11-9
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11-6 DOE FCV

2009 2,000
250 mile 400 km
3 kg
2015 5,000
300 mile 480 km
1.5 kg
11-7 DOE FCV
Ford BP 26
1 2
7
DaimlerChrysler BP 36 VAN
1 2
8
DC
GM Shell 40 Zafira
1 2
7
2
DC1
ChevronTexaco 32 SUV
UTC Fuel Cells 1 35MPa
7TO0MPa
6
Air Products Conoco
UTC Fuel Cells
BMW
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11-8

(CA) o o
(cA) o o
(MD) o o
DC/NYC o o o
11-9
A
1. DOE
2. DOE
3. DOE
B
4, FC MTBF
Mean Time Between Failure
5. DOE
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16. Purity)
17.
18.
19.

C High Level Program Progress

20.
21.
22.
23.
24.

25.
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DuPont / UTC-FC
Enabling PEM Fuel Cell Commercialization with Breakthrough

Lifetime Improvements
Eric Teather DuPont , Thomas Jarvi UTC-FC

Mechanical stress

chemical degradation

5,000 30,000
11-4
70% 800
10 mA/ cm?2
Stabilized Nafion®
2005
90 30%
H-0- Nafion
11-5
Stabilized Nafion 95 50% 0.6A/cm?2
5,000 Nafion
NR111 1/5
90 30% Stabilized Nafion
1/10
H-09 Pt C
Pt/C
11-6 11-7
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PEM CSA DURABILITY

Accelerated tests compare approaches

10x acc. test development

T

decay limit 10 mA cm?

Solid plate — verified:
(kased on FER parametric modeling)

i
=
T T

WTP — requires verification...
Much harsher conditions reguired
for failure. ..

o
T T T T

MNeed accelerated tests for
automotive, stationary

Crossover Cument Density | mA em™

]

& [100%RH)

Solid Plate

Solid Plate
(TO%RH)

Porous Plate

o0y

1000

4000

3000

2000
cycle ime: / h

Campatis o of UTC fus colis poreas plane vil solfd plite
afeiaieciure

11-4 UTC-FC/DuPont

CSA

PEM CSA DURABILITY

Mitigation strategies to address all decay steps

11-5
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PERFORMANCE

DuPont MEA Power Density Continuous Improvement

800 H/AIr Utilization
12 | Mear Ambient Pressure -E,E.E} =
UTC ~300cnt active /
10 Tarea porous-plate single
2l hard
. cell hardware 4% [13
/__ Oct 02
J //“' Oct 01
4 / = 0000 hrs

Power Output, KW/m®

4 e T T T T T

0 0.5 1 15 2 25 3
Current Density, Alcm?

11-6 CSA

PEM CSA DURABILITY
Seal - membrane interactions

Impact of Seal Design on Lifetime

fmmmmmmede mmm e e e b oo e e e o e oo k- Blug — membrane A

s o T IEEPE RIS ;
e R e R e e e e T e — membrane B

s e o B T e St

1 riXar} i i 1 -] i
R e L i ] P it o e ol st s L
+ =} t : : A:' i = FalINg CritariDN mj——
I 1 O SO T RN S5 MR St vl ) I

1 1 i | 1 1 1 1 i
e Rt e e St

1
"""" ek e e ]
'_'E\,'x*'rg'_' TRy il - | TR iy [ S eyl bttt s ke g e T et a0 kot

e L T ' Ty e g T i R o Ty e g i e

Data taken by Toshiba Intemnational Fuel Cells (H. Chizawa, & Maekawa. and T. Acki)

11-7 DuPont MEA
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Ballard Power Systems

Technology Advances and Thermal Management for PEM Fuel

Cell Systems
Charles Stone Ballard Power Systems

o 2.2kW/L
[}
95
o 50% 15 8
11-8 11-9
o 2% 20,000
11-10
[}
11-11
o 8 10mg- Pt /cm?
0.3 0.5 mg-Pt/cm2( 1 mg/cm?) 2010
0.1 mg-Pt/cm2 non particle 11-12 11-13
° 65 mV@lA
o Pt 0.7 mg/cm? 0.5 mg/cm?
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Freeze Start Advances (up to 50 cycles)

a0

Stack Start-up Times from -15°C

BALLARD

|8 seconds optimized ‘

Equivalent Power Output (kW)
[ %] (1) - h o =
= =2 = =2 = (=]

-y
[==]
L

|50 seconds improved ‘

;

__S0%ratedpower

|150 seconds baseline

10

pawer 1o changa the word

20 30 40 50 60
Elapsed Time (Seconds)

70

11-8 15
Freeze Start from -30°C BALLARD
Start-up from -30°C
Optimized water management
System trade-offs required
100
= B
x 80 |98 seconds to 50% rated

5 70
2 60
o g
5_ 40
o
3 20-
w10 -

D T T T

0 100 200 300 400
Elapsed Time (seconds)
power to change the wond” 7
11-9 30
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>20,000 hr Durability Proven BALLARD

Steady State Lifetime Testing
Over 21,000 Hours Achieved with Baseline MEA
1000

900 - 2% anode air bleed
- i
E &m]qJ‘-‘ﬂHhih"*"..1H'a'ﬁdlﬂ!uﬂuhihﬂh"’iﬂf\'-' o

700
o
= 600
[=]
= 500
S an0- 20-cell stack
B, i 1.3 mg/cm?® Supported Pt
) 50 micron membrane
2 o0 Stationary power operating conditions
< Degradation Rate = + 0.6 microVoltsh

100

G T T T T
0 5000 10000 15000 20000
power 10 change the wona” Lifetjme (h)

11-10

Membrane Degradation — Mechanistic Study
BALLARD

MER BOZP35 ox in|

pawer to change the word” 10

11-11
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Anode Catalyst Corrosion BALLARD

GDL
/
Ballard  Johnson Matthey
2500
power to changde the wond” 1z
11-12

Anode Catalyst and Structure for BALLARD
Cell Reversal Tolerance

06

0.9
=
o 12
=]
2
; 154 | J.of Power Source, 127 (2004) 127
e US20040013935 Al

1.8

] sza
21 T T T
1 / 10 100 1000 10000
e

pawer ta change the wona” 13

11-13
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New leads for Future FC Vehicles: Intermediate Temperature
Fuel Cell and New Hydrogen Storage Materials
Satoshi Iguchi, Naoki Ito

2001 FCV
HPMH High
Pressure Metal Hydrate SWNT single-wall nanotube
HPMH 7.3 kg/180L 35 MPa
30
70%

100 1,800 5

1 nm 2 nm 1,000
kgf/cm? 0.1 g/ml-0.92 g/ml 35MPa

2.9 wt%
27 kg/m3
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MCFC 600 700

82

HMFC Hydrogen Membrane Fuel Cell

600

400 500
HMFC

Mm
Mm

HMFC

1/3 1/4

HMFC

HMFC SOFC

HMFC

HMFC
HMFC

400

82

2004 5

PEFC 100
400 500

SOFC
2/3

430 610

60%

SOFC
HMFC
SOFC

60%

11
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SOFC 700

500

500
100
BaCeOs 2
PEFC
IR
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GM
The Use of Pt-alloy/C Catalysts to Enhance ORR Activity and
Achieve Automotive Cost Targets for PEFCs
Hubert Gasteiger, Shyam Kocha GM

0.4 mg/cm? 0.1 mg/cm?

Pre-Leach PtCo/C
1,000
PtCo/C A/mg Pt/C 1.85 PtCo/C
Pt/C 30% Pt/C
1,000 1.85 1.55

National Fuel Cell Research Center NFCRC
Fuel Cell Vehicle Deployment and Hydrogen Infrastructure
Development in Southern California
Jack Brouwer, Joshua Mauzey, Scott Samuelsen
National Fuel Cell Research Center

NFCRC SUV 2
FCHV PEM 90 kW 81 kW
35MPa 290 km
155 km/h
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HORIBA

2 FCHV
21 12,000 km 62 km/kg
1 93 km 7
3,800 km 55km/kg 96km

Air Products

10 15

NFCRC SCAQMD

2004 7 2004

AC
2 ke/ 35 MPa
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AC Transit / ISE Corporation

Development of a Fuel Cell Hybrid-Electric Transit Bus

Doug Byrne, Stuart Thompson AC Transit
Tavin Tyler ISE Corporation

e AC Transit

Transit

UTC-FC

1 60 kW PEM
2002 7 2

60 kW PEM ISE

AC Transit SunLine Transit
50% 82%
1,500
21,000
3 9.8 mpg 4 km/L
250 300
10,000
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11-10

AC Transit

2 2000 4

AC Transit SunLine Transit

Sunline Transit

11-10 2

UTC-FC
120 kW

50 kg
35 MPa

3

ISE
ELFA
AC 2 650VDC 85kW

DC/AC

ZEBRA
370 670 VDC

Van Hool

23,800 33,000 Ibs
26 60

65 mph

36 120F 2 48
300
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12

2004 1 10
1
1
10 23 11 7
FCV EC
DOE
FC FCV

Fuel Cell Seminar

1 Nuvera Fuel Cells

Nuvera Fuel Cells De Nora
FC
Arthur D. Little Epyx
FC FCV
Renault FIAT
Nuvera Fuel Cells DaimlerChrysler Ballard
FIAT Panda
85kW

Panda
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500
FC

2004 1

R&D
FP6 7
RD&D CUTE

Well-to-Wheel

CUTE

Lighthouse Project

FP7

FCV

Lighthouse Project

EC
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BP CUTE CEP
Ford FCV
BP Ford DaimlerChrysler
Ford
Carbon Mitigation Initiative BP
Carbon Mitigation Initiative ExxonMoible GM

GCEP Global Climate & Energy Project

JHFC

Carbon

Separation and Sequestration CSS

BP

BP

BP JHFC

Pre-Market

BP CUTE
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4 DOE

DOE

DOE

HydrogenFuel

5 DuPont

DuPont 2

DuPont

DOE

DC
RD&D
FreedomCar&HydrogenFuel
DOE FCV R&D
R&D
FCV

Fuel Cell Seminar DOE

FC

FC
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DMFC

100
DuPont PEFC
Nafion
DuPont DMFC
6 Ford
Ford
R&D
FCV
FCV
DOE FCV
FCV
FCV

FCV

150
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DuPont

DuPont

FCV

R&D

Ford



7 ORNL

DOE
FC
150 km?2
1100
ORNL
Ni-Cr30
ORNL
MEA
ORNL DOE
Center of Excellence DOE
6.0% 2015 9.0%
Mg/Pd 6.6%
ORNL
8 ChevronTexaco
2000 9 Chevron
Chevron Texaco 2001

ChevronTexaco Technology Venture

ChevronTexaco

180

4,000

Ni-Cr50
1,000

Nafion
MEA

2010

4

ChevronTexaco

Chevron FC



AER Absorption Enhanced Reforming

ChevronTexaco DOE FCV
2005
2005
Transit
ChevronTexaco
BP  Shell
9 LANL
LANL DOE
60 100 km? 8,000
30
LANL DMFC
LANL
40
LANL
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LANL FC
FreedomCAR & Fuel Partnership
BPSH DMFC MEA
FC
LANL Pacific Northwest National Laboratory DOE
Center of Excellence
GM
GM
CNG LANL
LANL
Plug-Power
5kW FC FC
250W
LANL
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