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Topics

* Review National Hydrogen Association
“Energy Evolution” Model

 Compare Fuel Cells with Batteries

 Government Incentives Required to
Jump-Start FCEVs, PHEVs and BEVs
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Key Assumptions

« Assume success for all options
— Technical success
— Vehicles are affordable

« Assume stringent climate change
constraints

— Hydrogen production becomes green over time
— Electricity production becomes green over time
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Greening of Hydrogen Production

Hydrogen Production Sources
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20% Coal Gasification
+ CCS CCS = carbon capture
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production (Similar to NRC
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Why Hydrogen from Ethanol?

ICV fuel economy
HEV mpg/ ICV mpg
FCEV mpg/ ICV mpg
SMR HHYV Efficiency

25 mpgge

1 Gallon of Ethanol Conventional Car
(ICV)
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ICV fuel economy
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ICV fuel economy
HEV mpg/ ICV mpg
FCEV mpg/ ICV mpg
SMR HHYV Efficiency

25 mpgge

1 Gallon of Ethanol Conventional Car
(ICV)

36.25 mpgge

1 Gallon of Ethanol Hybrid EV
(HEV)

HHV Efficiency = 76% 60 mpgge
1 Gallon of Ethanol Steam Reformer Fuel Cell HEV
. (FCEV)

10 20
Range (Miles)

Why hydrogen from ethanol.XLS; Tab 'Chart’; Q 31 2/24 /2009




Why Hydrogen from

ICV fuel economy
HEV mpg/ ICV mpg
FCEV mpg/ ICV mpg
SMR HHYV Efficiency

1 Gallon of Ethanol

1 Gallon of Ethanol

25 mpgge
Conventional Car
(Icv)

36.25 mpgge
Hybrid EV
(HEV)

1 Gallon of Ethanol
—

HHV Efficiency = 76%
Steam Reformer

60 mpgge
Fuel Cell HEV
(FCEV)

+ Zero
Emissions

Ethanol?

FCEV Range Increase Factors
wi/r to ICV: 1.72
w/r to HEV 1.19
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Consider Biomass Feedstock

ICV fuel economy
HEV mpg/ ICV mpg

FCEV mpg/ ICV mpg
Biomass Gasifier LHV Efficiency 49%

Ethanol Plant Productivity

25 mpgge

1.45
2.4

10 kg of biomass |

Ethanol Plant

90 gal EtOH/ton biomass

25 mpgge
EtOH | Conventional Car
(ICV)
0.99 gallons
0.08 MBTU
36.25 mpgge
—— Hybrid EV

(HEV)

ICV
Range

HEV
Range

16.3

23.7




Better yet: Biomass Gasification

ICV fuel economy 25 mpgge
HEV mpg/ ICV mpg 1.45
FCEV mpg/ ICV mpg 2.4
Biomass Gasifier LHV Efficiency 49%
Ethanol Plant Productivity 90 gal EtOH/ton biomass
25 mpgge ICV
10 kg of biomass | Ethanol Plant EtOH , Conventional Car Range 16.3
(ICV)
0.99 gallons|
0.08 MBTU |
36.25 mpgge
(HEV) Range
60 mpgge
10 kg of biomass BCL* Indirect H, Fuel Cell HEV FCEV 45.4
Gasifier - - (FCEV) Range '
0.77 kg
0.09 MBTU
0 10 20 30 40 50
Range (Miles)
BCL* = Battelle Columbus Laboratory Why hydrogen from ethanol.XLS; Tab 'Chart Biomass'; Q 32 2/24 /2009
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ICV fuel economy 25 mpgge /M 1 ﬁO\
HEV mpg/ ICV mpg 1.45 FCEV Range Increase Factors
FCEV mpg/ ICV mpg 2.4 w/r to ICV: 2.8
Biomass Gasifier LHV Efficiency 49% w/r to HEV 1.9
Ethanol Plant Productivity 90 gal EtOH/ton biomass
| 25 mpgge ICV
10 kg of biomass | Ethanol Plant EtOH | Conventional Car Range 16.3
(ICV)
0.99 gallons|
0.08 MBTU B
36.25 mpgge
— Hybrid EV HEV 237
(HEV) Range
60 mpgge
10 kg of biomass BCL* Indirect H, Fuel Cell HEV FCEV 45.4
Gasifier - - (FCEV) Range '
0.77 kg
0.09 MBTU
0 10 20 30 40 50
Range (Miles)
BCL* = Battelle Columbus Laboratory Why hydrogen from ethanol. XLS; Tab 'Chart Biomass'; Q 32 3/6 /2009




What fuels?

e Gasoline? e Diesel?

e Biofuels*? e Natural Gas?

« Hydrogen? e Electricity?

Renewable Fuels

*Butanol, cellulosic ethanol, etc.




Four Major Scenarios

Gasoline ICE Hybrid Electric Vehicle (HEV) Scenario

Gasoline ICE Plug-In Hybrid Electric Vehicle (PHEV)
Scenario

(Cellulosic) Ethanol ICE PHEV Scenario

Hydrogen Fuel Cell Electric Vehicle (FCEV)*
Scenario

& Two Secondary Scenarios:
— Battery Electric Vehicles (BEV)
— Hydrogen ICE Hybrid Electric Vehicles (H2 ICE HEV)

* FCEV Includes peak power augmentation with batteries or ultracapacitors




Fuel Cell Electric Vehicle
(& _BEV, H2 ICE HEV)
Scenario Market Shares

Percentage of New Car Sales (Blended CD Mode for PHEVS)

100%

90% Fuel Cell
Electric Vehicle
(FCEV)

80%
70%

60%

50%

Ethanol
40% PHEVs
30%

_ Gasoline
Gasoline HEVs

10% ICVs

0%
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

20%
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Market Share of New Car Sales { Primary \
100% NRC Case

!
90% | TLene h

80%

A NRC Case la
Accelerated FCV

60% - g - Oak Ridge FCV #3

70% |

50% | —- Oak Ridge FCV #1
40%
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30% |
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Charge-Sustaining

Operation

R T T

[Ref: Kromer
& Heywood,
MIT]

Blended Charge-Depleting Mode:

On-board power source (ICE or FC) used for peak
power boost during CD mode.
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Utility Factor*

[Charge depleting (CD) mode distance/ Total distance]
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Figure 23: Estimated utility curves as a function of vehicle range: estimates from a number of different
sources, Data derived from SAE J1711, EPRI 2001, Markel 2006, and ORNL 2004,

*Utility Factor = fraction of miles traveled in charge depleting (CD) mode




Plug-in Hybrid Assumptions

PHEV All-Electric Range ) % Energy or %VMT
(Miles) | All-Electric Range from Grid

60 Percent of VMT from

N 70%
the Electric Grid f/@
50 - (100% grid charge - 60%

 ——

- 950%

40

- 40%
30

- 30%
20

- 20%

10

L % of Energy from Grid - 10%
in Blended CD Mode

0%
2020 2040 2060 2080 2100 2120

Source: EPRI /NRDC report on PHEVs & ANL SAE Paper




Google Real-World Measurement H-Gen
of PHEV Fuel Economy*
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@ é —

Toyota Prius Toyota US fleet
Plugin Prius average

Model

MPG 576 42.1 19.8%
Wh/mile 131.5 — —

CO. Ibs/mile? 0.474 0.560% 1.1922
CO.e emissions saved 60% 53%é

Gallons of gasoline

saved per year® 398 321 Current PaybaCk
Barrels of oil saved? 66% 53% Period: 60 years

Percent of US fleet to

halve CO.e emissions?® 83% 94% ($10’000 Li'lOn
doliars por yeard $1493 $1333 Battery Pack)

*Based on Google fleet of 8 retrofitted Prius PHEVs; est. AER = 25 miles with 4.7
kWh battery & 70% SOC; http://www.google.org/recharge/dashboard/calculator#notes




Plug-In Hybrid Hourly Charging Percentage

12%

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 1. PHEV charging profile suggested by EPRI =




1990 Baseline Transportation
Greenhouse Gas (GHG) Emissions

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion metric tonnes CO2-equivalent/year)

2.5

1990 Vehicle
GHG Level

1st Target:
60% Below
1990 Levels

2"d Target:
- T T T T T T T T T 80% BeIOW
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 1990 Levels




GHG Reference Case:
100% Gasoline Cars

Greenhouse Gas Pollution (Light duty vehicles only) T
(Billion/ tonnes CO2-equivalent/year)

| 100% Gasoline |

2.5

1990 LDV GHG

GHG Goal: 60% below
1990 Pollution
GHG Goal: 80% below 1990 — O —m o — o I/ o — o
Pollution

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Sources: Argonne National Laboratory GREET 1.8a & AEO 2009 Projections for VMT thru 2030




GHG Base Case: Gasoline
Hybrid Electric Vehicles (HEVS)

Greenhouse Gas Pollution (Light duty vehicles only) ——————=
(Billion/ tonnes CO2-equivalent/year)

|/100% Gasoline |

2.5

Base Case:
Gasoline Hybrid
(HEV) Scenario

1990 LDV GHG

GHG Goal: 60% below
1990 Pollution
GHG Goal: 80% below 1990 — O — o0 — o P/ o — o
Pollution

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Sources: Argonne National Laboratory GREET 1.8a, AEO 2009 & NHA models




GHG: Gasoline Plug-in Hybrid
Electric Vehicles (PHEVS)

(75% night-time charging access)

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

2.5

Scenario

Base Case:
Gasoline Hybrid

Gasoline Plug-In
1990 LDV GHG Hybrid Scenario

GHG Goal: 60% below
1990 Pollution

GHG Goal: 80% below
1990 Pollution

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Sources: Argonne National Laboratory GREET 1.8a, AEO 2009 & NHA models



GHG: Biofuel Plug-In Hybrids

(90 Billion gallons/year* Cellulosic Ethanol)

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

2.5

Base Case:
Gasoline Hybrid
Scenario

Gasoline Plug-In
Hybrid Scenario

JEthanoI Plug-In
Hybrid Scenario
i .
GHG Goal: 60% be|ow\|\
1990 Pollution
GHG Goal: 80% below = = = = =_— =
1990 Pollution

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

*Sandia-Livermore estimates 90 B gallons/yr potential; NRC uses 60 B gallons/yr maximum; current
production of ethanol: 8 billion gallons/year; no limit on availability of night-time charging outlets




Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

2.5

Base Case:
Gasoline Hybrid
Scenario

Gasoline Plug-In
Hybrid Scenario

1990 LDV G

%Ethanol Plug-In
GHG Goal: 60% bemm Hybrid Scenario
1990 Pollution
\ \
GHG Goal: 80% below
1990 Pollution  —

1 ‘ : : i | Fuel Cell Electric
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 Vehicle Scenario

Sources: Argonne National Laboratory GREET 1.8a, AEO 2009 & NHA models



Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)
2.5

Base Case:
Gasoline Hybrid
Scenario

Gasoline Plug-In
Hybrid Scenario

Ethanol Plug-In
Hybrid Scenario

GHG Goal: 60% below \L ~ ML
‘ 1990 Pollution _.—-—_7_._Scenario ;

‘ ‘ ‘ —— :/HZICEHEV\I
GHG Goal: 80% below 1990 7Y

Pollution J
I

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 21

Fuel Cell Electric
Vehicle Scenario

Sources: Argonne National Laboratory GREET 1.8a, AEO 2009 & NHA models



PHEV-60

PHEV-30

PHEV-10

0 20 40 60 80
GHG Emissions (g CO2/km)

@ Petroleum 0 Electricity

Figure 38: Breakdown of GHG emissions for the hybrid vehicle and plug-in hybrids with varying range. The
low-end of the uncertainty bar corresponds to natural gas generation; the high-end corresponds to coal; and
the base case corresponds to the average grid. The arrows indicate the emissions rate of the clean grid mix
identified in section 5.7.4.

“Clean Grid” = 50% nuclear + renewables; 15% advanced NG CC & 35% advanced coal




To Plug or Not to Plug?

Greenhouse Gas Emissions per Car West Coast Marginal Grid Mix
(Grams of CO,-eq./mile) with Carbon Constraints

400+ 1EV
1 HEV
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H.Gen
Early (2020 to 2030) GHGs

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

Base Case:
1.55 Gasoline HEV
Scenario

Gasoline PHEV
Scenario

Ethanol PHEV
Scenario

Fuel Cell
Electric Vehicle




GHG Sensitivity to Market Share

Greenhouse Gas Pollution in 2100 (Light duty vehicles only)
(Billion metric tonnes CO2-equivalent/year)

2.0 | Base Case:
18 | Gasoline PHEV Gasoline HEV

' Scenario Scenario
1.6 /_
14 \/

A 1990 GHG
1.2 7

1.0 - Ethanol PHEV
Scenario

0.8 M— —— (90 B gallyr)

0.6

0.46_"-%--_

0.2 j):‘ GHG Goal: 80% below 1990 —— | | |
' Pollution - . Scenario !

0.0 Fuel Cell Electric
50% 60% 70% 80% 1 . .
Vehicle Scenario

Market Share in 2100




e H.Gen
GHG Sensitivity to Market Share

& Ethanol Capacity

Greenhouse Gas Pollution in 2100 (Light duty vehicles only)
(Billion metric tonnes CO2-equivalent/year)

2.0 ‘ Base Case:
Gasoline PHEV ‘4; Gasoline HEV
1.8 1 Scenario Scenario

1.6

Ethanol PHEV

1.4
A V Scenarios
1.2 7 ——=_= "

1.0

h--*a--__-

0.2 GHG Goal: 80% below 1990
. Pollution J

0.0 | | | | ‘ ‘ _
500 55% 60% 65% 70%  75% 80% 85% 90% 95% 10 \'juﬁ_l (IZeIéElectr_ﬁ :
. ehicle Scenario
Market Share in 2100




Oil Consumption
(Billion barrels/year) "100% Gasoline |

Vehicles |
6.0

Base Case:
Gasoline HEV
Scenario

. TN
Gasoline PHEV
Scenario

\
Ethanol PHEV
Scenario D

FCEV, H2 ICE
| HEV & BEV
2100 Scenarios

Sources: Argonne National Laboratory GREET 1.8a, AEO 2009 & NHA models




Urban Air Pollution Costs
(with H2 ICE HEVs and BEVSs)

US Urban Air Pollution Costs
($Billions/year)

~
|

100% Gasoline]

70

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

Ethanol PHEV
Scenario

PM Cost from Brake & Tire Wear FCEV Scenario

S —

2020 2040 2080

Sources: Argonne National Laboratory GREET 1.8a, AEO 2009 & NHA models



Primary Conclusion

* Achieving GHG and Oll reduction targets
will require all-electric vehicles*
e Two choices:

— Battery EVs
— Fuel Cell EVs with peak power pattery)

* Next slides will compare:
— Mass
— Volume
— Greenhouse Gases

— Cost
* Or Hydrogen ICE HEVs




N Energy Carrier Properties: Onboard Storage
Why is petroleum the dominant transportation fuel?
Weight & Volume of Energy-Storage- System+for 800 km Range




Specific Energy Comparison

Useful Specific Energy

(Whikg)
500

NiMH Lithium-lon USABC 35 MPa 70 MPa

Goal H2 Tank, Battery &
Batteries > Fuel Cell System




Batteries Weigh More

(Effects of weight compounding)

Vehicle Test Mass ;bA Battery EV | NiMH Battery EV

(kg) | Li-lon Battery EV

4,000 i('
3,500

N

4
3,000 /
2,500 /
2,000 d{/ //././
1,500 - —

./ .

1,000 \N
500 Fuel Cell Electric Ve@

150 200 250
Range (miles)




Useful Energy Density

Useful Energy Density
(Whlliter)
300

Pb-A NiMH Lithium- USABC 35 MPa 70 MPa
lon Goal H2 Tank, Battery & Fuel
Cell System

<+—— Batteries —mM8M8M8M8Mm




Batteries also take up
more space:

(liters)
1,000

[r : I
PbA Battery !
900 - L

800

Energy Storage System Volume }iMH Battery ] %—Ion Battery

700 - ( Fuel Cell +
600 Hydrogen Tanks

(35 MPa)

500
400
300
200 A
100 -

200 250 300 350
Range (miles)




BEVs will initially generate more
Greenhouse Gases than FCEVs*

Greenhouse Gas Emissions _

(CO, -equivalent grams/mile) PbA Battery E\D NIMH
Battery EV

1,000 A / —

Battery

/)

\~ .

! Gasoline
| .
i Vehicle

= = - )
Fuel Cell Electric Vehicle

| [
150 200 250 300 350 400
Range (miles)

*Assumes hydrogen made on-site from natural gas, and average
marginal US electrical grid mix for charging EV batteries




In California, GHGs for BEVs will
initially be similar to FCEVs*

Greenhouse Gas Emissions

(CO, -equivalent grams/mile) ;bA Battery E\D

1,000 I NiMH
Eattery EV

800

Li-lon
Battery

o _"/..:.V.. EV
fiii::ﬁ
ot

Fuel Cell Electric Vehicle

\ I
150 200 250 300 350 400
Range (miles)

*Assumes hydrogen made on-site from natural gas, and average
marginal California electrical grid mix for charging EV batteries




...and BEVs are projected to cost
more than FCEVs by MIT (2030)

HEV

PHEV-10

FCEV Note: FCEV has 350
- miles range; BEV has
PHEV-30 200 miles range

PHEV-60

BEV

$- $2,000 $4,000 $6,000 $8,000 $10,000 $12,000
Incremental Cost Compared to Advanced ICEV in 2030

Ref: Kromer & Heywood, "Electric Powertrains: Opportunities & Challenges in the U.S. Light-Duty Vehicle Fleet
Report # LFEE 2007-03RP, MIT, May, 2007, Table 53 Story Simultaneous.XLS; Tab 'AFV Cost; N 26 3/15 /2009




BEV cost estimate for 300 miles
raNQge (FCEv still at 350 miles range)

HEV

PHEV-10

FCEV | BEV cost at Zoﬂ BEV cost at 300

miles range miles range

PHEV-30

PHEV-60

$- $5,000 $10,000 $15,000 $20,000

Incremental Cost Compared to Advanced ICEV in 2030




Comparison of MIT Cost
Assumptions & DOE Goals

DOE

2010
Fuel Cell System Cost 45
Hydrogen Storage Cost 4
Hydrogen Storage Density 0.9

If DOE goals were met, then the incremental cost
for fuel cell electric vehicles would decrease from
$3,600 estimated by MIT down to $840.




Ratio Battery EV /
Fuel Cell EV

<3Ev Better

Fuel Cell EV Better>

Vehicle Weight

7

Storage Volume

[ 200 Miles

Initial Greenhouse Gases

300 Miles

v,
Y

Natural Gas Energy Required

Biomass Energy Required

Wind Energy Required

Wind & Car Incremental Costs

%%

Vehicle Incremental Cost

%%

Fueling Infrastructure Cost per car

Y%

Fuel Cost per mile

Incremental Life Cycle Cost

2 3 4 5
Ratio Battery EV
Fuel Cell EV




Composite Comparison Chart

(Normalized to Baseline Gasoline Hybrid Electric Vehicle)

Plug-in Hybrid Electric Vehicle (PHEV) Battery Electric Vehicle Fuel Cell Electric
Gasoline PHEV Ethanol-PHEV (BEV) Vehicle (FCEV)
Vehicle Mass

) 124.0% 124.0% 118.0%
Production Cost

Annual Fuel Cost 49.0% 49.0% 52.0%

Graphs for Simultaneous Story.XLS; Tab 'R-Y-G Chart'; N 117 7/2 /2009
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Plug-in Hybrid Electric Vehicle (PHEV)

Gasoline PHEV

Ethanol-PHEV

Vehicle Mass
Production Cost

124.0%

124.0%

Annual Fuel Cost

Life Cycle Cost

49.0%

49.0%

Battery Electric Vehicle
(BEV)

Fuel Cell Electric
Vehicle (FCEV)

118.0%

52.0%




0 alized to Baseline Gasoline DriQ g e g
Plug-in Hybrid Electric Vehicle (PHEV) Battery Electric Vehicle Fuel Cell Electric
Gasoline PHEV Ethanol-PHEV (BEV) Vehicle (FCEV)

el bk 124.0% 124.0% 118.0%
Production Cost
Annual Fuel Cost 49.0% 49.0% 52.0%
Life Cycle Cost

2020 2020 2020 2020
Greenhouse 66.7% 61.2%
Gases
Oil Consumption 20.6%
Urban Air 65.1%
Pollution .
Societal Costs 35.4% 35.4% 19.0%

Graphs for Simultaneous Story.XLS; Tab 'R-Y-G Chart'; N 117 7/2 /2009



Composite Comparison Chart

(Normalized to Baseline Gasoline Hybrid Electric Vehicle)

Plug-in Hybrid Electric Vehicle (PHEV) Battery Electric Vehicle Fuel Cell Electric
Gasoline PHEV Ethanol-PHEV (BEV) Vehicle (FCEV)
el bk 124.0% 124.0% 118.0%
Production Cost
Annual Fuel Cost 49.0% 49.0% 52.0%
2020 | 2050 2020 | 2050 2020 | 2050

66.7% 41.4%

61.2% 27.3%

65.1% | 36.2%

Societal Costs -. 35.4% | 28.3% 35.4% | 25.1% 19.0% 11.6%

Greenhouse

Gases

Oil Consumption - 61.9%
Urban Air

Pollution

20.6% 16.0%

54.5%

Graphs for Simultaneous Story.XLS; Tab 'R-Y-G Chart'; N 117 7/2 /2009



Composite Comparison Chart

(Normalized to Baseline Gasoline Hybrid Electric Vehicle)

Plug-in Hybrid Electric Vehicle (PHEV)

Gasoline PHEV Ethanol-PHEV

Vehicle Mass

) 124.0%
Production Cost b

124.0%

Annual Fuel Cost 49.0% 49.0%

2020 | 2050 | 2100 || 2020 | 2050 | 2100

-- 50.9% | 66.7% 41.4%  19.0%
Oil Consumption - 61.9% 47.1% 20.6% 16.0% 12.2%
Lesln 45 59.3% 53.7%
Pollution

Societal Costs - 50.0% | 35.4% | 28.3% 20.6%

Greenhouse
Gases

Battery Electric Vehicle
(BEV)

2050

2100

11.4%

54.5%

N
o
N
o

35.4% | 25.1%

Fuel Cell Electric
Vehicle (FCEV)

118.0%

52.0%

2020

2050 | 2100

61.2% 27.3%
65.1% | 36.2%

19.0% 11.6%

Graphs for Simultaneous Story.XLS; Tab 'R-Y-G Chart'; N 117 7/2 /2009



Economic Projections

* Fueling infrastructure cost:
— ICE PHEV fueling
— FC HEV fueling
e Cash flow for hydrogen fueling industry

e Cash flow for fuel cell vehicle owners
— Vehicle incremental cost
— Hydrogen fuel savings




ICE PHEV “Fueling
Infrastructure” Cost per Car

e Average residential electrical outlet cost:
— $878 for Level | (120V, 20A, 1.9 kW)
— $2,150 for Level Il (240 V, 40 A, 7.9 kW)

e Commercial Level 1l outlet: $1,850

 Infrastructure cost per car: $900 to
$2,000

[Source: Morrow, Idaho National Laboratory, November 2008]




FC HEV Fueling Infrastructure
Cost per Car

NRC 1,500 kg/day fueling station cost In
500 quantity production: $2.2 million

NHA estimate: $2.9 million

Serving 2,300 FCEVs*

Average cost per FCEV: $955 to $1,260

-
Capacity
H2 Energy Story.XLS; Tab 'Annual Sales';EC 18 5/15 /2009

*Assumes 4.5 kg to travel 350 miles, 70% average fueling station capacity factor,
and 13,000 miles traveled per year




Cash Flows for all Hydrogen Fueling Stations
($US Billions/year)

5

Hydrogen Anuual
Sales Revenue

Total Hydrogen
Fueling System
Annual Costs

Net Cumulative
Cash Flow

-10

Hydrogen Price set at 55% of gasoline price per mile Story Simultaneous.XLS; Tab 'H2 Cost';AG 82 5/15 /2009




Cash Flows for FCEV Owners
(US$Millions)

$10,000 (" Annual Fuel Saving?
| (Gasoline - Hydrogen)

A Incremental
$(5,000) - / Vehicle Costs

$(10,000) 1

Cumulative Cash Flow
$(15,000) - (Fuel Savings - Vehicle Costs)

$(20,000)
*(Fuel Savings - Incremental

FCEV& BEV Premium Paid = $ 1,000 Story Simultaneous.XLS; Tab 'Driver’; K 24 5/15 /2009

Fuel Savings Derating Factor = 0.80  H2 Price as fraction of gasoline price: 55%




Incentives Required for Battery
EVs and Fuel Cell EVs

Cumulative Cash Flows for FCEV and Battery EV Owners
(US$Millions)

$20,000 FCEV Cumulative Cash Flow
$10.000 - (Fuel Savings - FCEV Vehicle Costs)

$ 8

$(1o,ooo§Q

$(20,000) -

$(30,000) -

$(40,000) Battery EV
Cumulative Cash
$(50,000) - Flow

(Electricity Savings - BEV
$(60,000) - Vehicle Costs)

$(70,000)

Vehicle Premium: $ 1,000 Off-Peak Electricity (% of On-Peak) = 55%
Fuel Fraction 0.80 H2 Price (% of Gasoline per mile) = 55% aneous.XLS; Tab ‘Driver’; BE 23 5/15 /2009




H.Gen
Vehicle Buy-Down Incentives Required

Total Government Vehicle Buy-Down

Incentives

(3US Millions)

$60 000 Fuel Savings

Multiplier:

$50,000 7 60%

$40,000 - - 80%
——100%
$30,000

$20,000

$10,000 \\\

$-

T

$500 $1,000 $1,500 $2,000 $2,500 $3,000
Vehicle Price Preimum Absorbed by Driver




Incentives Required

Incentives Required
(US$ Billions)

60

Total Incentives
(FCEV & Station Owners)

Vehicle
Incentives

H2 Station
Incentives

0 I I I I
40% 45% 50% 55% 60% 65% 70% 75%

Hydrogen Selling Price
(as a percentaae of aasoline price per mile)

FCEV& BEV Premium Paid= $ 1,000

80%

Fuel Savings Derating Factor = 0.80 Story Simultaneous. XLS; Tab 'H2 Cost; BT 126 5/15 /2009




H.Gen
Can fueling station owners profit from

selling hydrogen at 55% discount?

Hydrogen Fueling Industry 15-Year Return on Investment

120% / -
Hydrogen Price Set at 55% of
Gasoline price per mile

100% -

80% -

60% -

40% - Hydrogen Price Set at 45% of

Gasoline price per mile
20% -

O% *_. T a T T T T T T T T !
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100




Net Cumulative Incentives Required

e For hydrogen fueling industry: $9 billion
 For fuel cell vehicle owners: $15 billion

e Total private and government
investment required: $24 billion over
14 years (2010 through 2024)




H2 Infrastructure Costs
& Required Incentives

(Compared to Gasoline & Diesel Infrastructure Costs)

Annual US Fuel Infrastructure Capital Expenditures
($US Billions)

@rrent Energy Compam
Expenditures in US

Estimated Annual
Capital Expenditures on
Gasoline & Diesel Fuel

Cumulative Incentives
for Hydrogen Fueling
and Fuel Cell Vehicles

Hydrogen
Infrastructure
Capital Expenses

2005 2010

Source: Oil & Gas Journal, April 2009



_ ~ H.Gen
H, Costs & Societal Savings

Annual Costs & Savings | Total Societal Savings
($US Billions/year) { (relative to ICEVs)

500
450 A

Total Societal Savings
400 - (relative to HEVs & ICEVS)

350 -
300 -

Hydrogen Infrastructure

250
Investments

200 -

150 -

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

PM-10 PM-2.5 SOx voC Cco NOx CO2
Costs of Pollution: 1,608 134,041 29,743 6,592 13,844 25to 50

($/metrIC tonne) CI’U d e Ol I ECO nom |C COSt $60/b bl H2 Energy Story.XLS; Tab 'Annual Sales';FL 26 2/18 /2009




Socletal Cash Flow

Annual Cash Flow Fuel Cell Electric Vehicle Scenario*

($US Billions) (Societal Savings - Government Subsidies)
20 ,

@nnual Societal Savings

\
I
LAnnuaI Cash Flow

-— ‘
10 2012 2014 2020 2022 202

Annual Subsidies

* Costs and savings include those for the PHEVs Story Economics XLS; Tab ‘Graphs’; Z 32 5/15 /2009
Total Subsidies $ 36.5 Billion

Total Societal Savings $ 15,863 Billion  Ratio NPV/ Subsidies: 18.33

Net Present Value $ 668.2 Billion (at 6% Discount)




Net Present Value of Societal
Costs & Benefits

$US Billions COONPV of Subsidies @ 6% Discount
M NPV of Savings @ 6% Discount
M Greenhouse Gas % Below 1990

100.0%

0
87.1% $668 1 90.0%

+ 80.0%

+ 70.0%
+ 60.0%
+ 50.0%

+ 40.0%

+ 30.0%

+ 20.0%

Gasoline ICE PHEV Ethanol ICE PHEVY FCEV Scenario* BEV Scenario*
Scenario Scenario

* FCEV & BEV scenario incentives include those for ICE PHEVs in each scenario




HGM 10000: H.Gen
Fllllng 100 cars or 15 busses/day

All-in life cycle costs today: Production: $3.26/kg*

Production, compression & storage: $4.83/kg
($2.04/gallon-range equivalent basis)
* Natural gas = $8.00/MBTU




H.Gen
...and we have the capacity to meet

growing demand.
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HGM-2000 Field Units




Conclusions

All-electric vehicles are required, in conjunction with ICE hybrids, plug-
in ICE hybrids and biofuels, to simultaneously.

— Reduce GHG’s to 80%b6 below 1990 levels
— Achieve petroleum energy “quasi-independence”
— Nearly eliminate urban air pollution*

Fuel cells have significant advantages over batteries for full-function,
long-range all-electric vehicles.

Government incentives are modest compared to the societal benefits
and other past and present government projects

* With the exception of particulates from brake & tire wear
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Natural Gas: Battery EVs via Electricity?H.Gen

Or Fuel Cell EVs via Hydrogen?

Battery Electric Vehicle

Grid Charge eff = 94% Inverter/Motor = 86.7%
Eff. = 32% Eff. = 92% Energy Eff. = 96% 1 || Discharge Eff.= 90% Gear Box = 91.5%

|
|
Nﬁturaleaﬁl NG Turbine - Tran.srr?iss.ion Reg'd| DC Rectifier_i Battery Bank |, Drive Train ! 390
1.77 166.0 & Distribution 152.7 I Energy to motor: ||l Miles
MBTU kWh kWh | 0.413 kwh/mile ||} Range
|

BEV Weight = 2269 kg I




Natural Gas: Battery EVs via Electricity?H.Gen

Or Fuel Cell EVs via Hydrogen?

7 Battery Electric Vehicle
T T
Grid i Charge eff = 94% Inverter/Motor = 86.7% i
Eff. = 32% Eff. = 92% Energy Eff. = 96% 1 || Discharge Eff.= 90% Gear Box = 91.5% '
. . . ' g I . . I
Natural Ga§. NG Turbine > Tran.srrylss.lon Req'd : DC Rectifier| _J| Battery Bank | Drive Train ! 390
1.77 166.0 & Distribution 152.7 I Energy to motor: ||l Miles
MBTU kWh kWh | 0.413 kWh/mile ||} Range
i BEV Weight = 2269 kg |
Battery Electric Vehicle
P T T T T T 1
Grid I|[ charge eff = 94% Inverter/Motor = 86.7% |||
Eff. = 48% Eff. = 92% Energy Eff. = 96% i Discharge Eff.= 90% Gear Box = 91.5% i
NG Combined Transmission ' DC Rectifier|| | Battery Bank Drive Train 300
Natural GasI . > SIS Reg'd > > y > i e -
1.18 Cycle Turbine 166.0 & Distribution 152.7 . Energy to motor: ||. Miles
MBTU kWh kWh | 0.413 kwh/mile ||l Range
! BEV Weight = 2269 kg !
Y L L T T T d




Natural Gas: Battery EVs via Electricity?H.Gen

Or Fuel Cell EVs via Hydrogen?

Natural GasI
1.18

MBTU

Eff. = 32%
Natural Ga§. NG Turbine
1.77
MBTU
Eff. = 48%
NG Combined

Cycle Turbine

Natural Gas

“
0.81

MBTU

Eff. = 75%
Steam Methane
Reformer

166.0
kWh

166.0
kWh

Ho
178.2
kWh

Eff. = 92%
Transmission
& Distribution

Battery Electric Vehicle

Eff. = 92%
Transmission
& Distribution

Miles
Range

|
Grid i Charge eff = 94% Inverter/Motor = 86.7%
Energy Eff. = 96% 1 || Discharge Eff.= 90% Gear Box = 91.5%
Regd || DC Rectifier || Battery Bank Drive Train
152.7 | Energy to motor:
kWh | 0.413 kWh/mile
i BEV Weight = 2269 kg
Battery Electric Vehicle
[P e e U
Grid I|[ charge eff = 94% Inverter/Motor = 86.7%
Energy Eff. = 96% i Discharge Eff.= 90% Gear Box = 91.5%
Req'd DC Rectifier|[ | Battery Bank Drive Train
152.7 ' Energy to motor:
kWh | 0.413 KWh/mile
! BEV Weight = 2269 kg

Eff. = 93%
Compression

Hydrogen Energy
Required
165.7

kWh

1
|
|
» 300
|
|
|
i

Eff.= 51.8%
Fuel Cell

Inverter/Motor = 86.7%
Gear Box = 91.5%
Drive Train
Energy to motor:
0.2861 kWh/mile

FCEV Weight = 1280 kg

Hydrogen Production Efficiency.XLS; Tab NG'; S 44 3/12 /2009
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300
H

»  Miles
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Natural Gas Required
for Electric Vehicles

Natural Gas Required

(MBTU) ‘ Battery Electric _\/ehicle_z ’
(Natural Gas Combustion Turbine)

2

Battery Electric Vehicle
(Natural Gas Combined Cycle)

Fuel Cell Electric Vehicle
(Natural Gas Reformer)

100 200
Vehicle Range (Miles)




| » _ H.Gen
Biomass Utilization:

BEV or FCEV?

Battery Electric Vehicle

Charge eff = 94% Inverter/Motor = 86.7%
Eff. = 28% AC Eff. = 92% yI Eff. = 96% Discharge Eff.= 90% Gear Box = 91.5%

Combustion || Electr, [ Transmission DC Rectifier Battery Bank Drive Train
Turbine 121. & Distribution : Energy to motor:

kwh 0.363 kWh/mile

BEV Weight = 1899 kg

=I5
Y (=}

|
:
:
!
|
]

Inverter/Motor = 86.7%
Eff. = 49% Eff. = 93% Hydrogen Energy Eff.=51.8% Gear Box = 91.5%
Biomass Compression || Required Fuel Cell Drive Train
Gasifier 137.3 Energy to motor:
kWh 0.2845 kWh/mile

FCEV Weight = 1268 kg

Hydrogen Production Efficiency.XLS; Tab NG'; S 32 4/28 /2009




Wind Electricity:

BEV or FCEV?

Battery Electric Vehicle
. | |
Grid " Charge eff = 94% Inverter/Motor = 86.7% || ®
Wind AC Eff. = 92% Energy Eff. = 98% ' Eff. = 96% Discharge Eff.= 90% Gear Box = 91.5% '

- . . 5 “pe . . I
Turbine Electr Tran.sm'lss.lon Reqd AC '()u'[.Iet _‘, DC Rectifier Battery Bank Drive Train ! 250
CF =39% 123. & Distribution 113.8 Circuit 1115 | 107.0 Energy to motor: ||| Miles
$2000/kW kWh kWh kWh | $90/kW kWh 0.363 kwh/mile ||| Range

I BEV Weight = 1899 kg |
Home Outlet 8 h-rs_c-h;rg-jin_g-tﬁé __________________________ -
(Level 1) 14.2kW Rectifier Extra BEV Cost Total Extra Cost
$900 + $1,280 + $14,359 = $16,539
Fuel Cell Electric Vehicle
[ % TN RN MmO mmw mmmmmm e -
H, | Inverter/Motor = 86.7% || |
Wind AC Eff. = 75% Energy Eff. = 95% Eff. = 93% | Eff.= 51.8% Gear Box = 91.5% |
Turbine Electrl.| Electrolyzer || Regd, ||Compression Compression | Fuel Cell Drive Train 1 250
CF =39% 207.2 155.4 || & Pipeline 147.6| & Storage 137.3i Energy to motor: i Miles
$2000/kW kWh $1100/kW kWh $2/kg kWh $2190/kg/day [|[kwh . 0.284 kWh/mile . Range
| |
Extra Energy: 835 kwh I FCEV Weight = 1266 kg I
Extra Wind Cost Electrolyzer Cost Extra Pipeline Compression & Storage Cost Extra FCEV Cost Total Extra Cost
$2,543 + $1,399 + $9 + $978 + $2,776 = $7,705
Hydrogen Production Efficiency.XLS; Tab NG'; S 50 4/30 /2009




_ H.Gen
Incremental Cost: Vehicle +

Fueling Costs

Incremental Cost (over conventional vehicle)
$25,000

’ Fueling Costs

$15,000 | A— Battery EV

$10,000 - —&—Fuel Cell EV &
’ Fueling Costs

=/ Fuel Cell EV

1

100 200 300
Vehicle Range (miles)




Cost to Reduce Grid Carbon Footprint

Annual Capital Expenditures on New Generation Capacity
($Billion/year)

45

[~ Added Grid Costfor |
_Gasoline Plug-in Hybrids

40

35

30

25

20 | Renewables

15

2025

Source: EPRI for generator capital costs and capacity factors



Greenhouse Gas Pollution
Comparisons (2050 & 2100)

L |1990 GHG Level

|

Ethanol PHEV

NG PHEV : ,

Diesel PHEV ——‘

Gasoline PHEV |

NG HEV

Diesel HEV

Gasoline HEV T !
NGV —

Gasoline ICV

0.00 025 050 0.75 100 125 150 1.75 200 225 250 275 3.00

Greenhouse Gas Pollution
(Billion metric tonnes CO,-equivalent/year)

Based on AEO 2009 data

GHG = greenhouse gases

FCEV = fuel cell hybrid
electric vehicle

HEV = hybrid electric
vehicle

PHEV = plug-in hybrid
electric vehicle

NG = natural gas
NGV = natural gas vehicle

ICV = internal combustion
engine vehicle




Vehicle Costs vs. Production Volume H.Gen

Vehicle Price
(US$)

$250,000

$200.000 ——FCEV-350

——BEV-200
$150,000

—=— Gasoline
PHEV

$100,000 -

$50,000 A

o

Vehicle Cumulative Production

Incremental
Cost (2030)
FCEV-350/ $ 300,000 | $ 26,600 | $ 3,600
BEV -200 | $ 160,000 | $ 33,300 | $ 10,300
PHEV $ 110,000 | $ 26,162 | $ 3,709

Story Simultaneous.XLS; Tab 'Progress Ratios'; AF 49 g /15 /2009

Initial Cost | Final Cost




DOE FY2010 Budget Request "

FY 2008 FY 2009 FY .2.009 FY 2010 Decrease
L Current Additional .
Appropriation L . Request ('10-'09)
($1,000's) Appropriationf Appropriation
Fuel Cell Technologies
Fuel Cell Systems R&D 54,201 75,700 63,213 (12,487)
Hydrogen Production and Delivery R&D 38,607 10,000 0 (10,000)
Hydrogen Storage R&D 42,371 59,200 0 (59,200)
Fuel Cell Stack Component R&D - - - 0 -
Technology Validation* 29,612 15,000 0 (15,000)
Transportation Fuel Cell Systems 6,218 6,600 0 (6,600)
Distributed Energy Fuel Cell Systems - - 13,400 0 -
Fuel Processor R&D - - - 0 -
Safety Codes and Standards* 15,442 12,500 - 0 (12,500)
Education* 3,865 4,200 - 0 (4,200)
Systems Analysis 11,099 7,713 5,000 (2,713)
Market Transformation - 4,747 30,000 0 (4,747)
Manufacturing R&D 4,826 5,000 0 (5,000)
Actual Total Fuel Cell Technologies 206,241 200,660 43,400 68,213 (132,447)
Total Fuel Cell Technologies reported in request: 206,241 168,960 43,400 68,213 (100,747)
Funding buried in footnotes for FY'09 (pg 62) 31,700
*These items were included in "Vehicle Technologies" for FY 2009 only
(They were transferred back to FC Technologies for FY2010 at zero levels!)




{dollars in thousands)

FY 2008 FY 2009 FY 2000
Current Original Additional FY 2010
Appropriation” | Appropriation Appropriation Request
Energy Efficiency and Renewable Energy
Fuel Cell Technologies 206,241 168.960 43,400 68.213
Biomass and Biorefinery Systems R&D 195.633 217.000 786.500" 2335000
Solar Energy 166.320 175.000 - 320,000
Wind Energy 40,034 53.000 118.000 75.000
Geothermal Technology 19,307 44,000 400,000 50,000
Water Power 0.654 40,000 - 30.000
Vehicle Technologies 208,359 273,238 - 333302
Building Technologies 107,382 140,000 - 237,698
Industrial Technelogies 63,192 90,000 50,000 100,000
Federal Energy Management Program 19.818 77 000 - 12777
EE-ENERGYSE - - - 115.000
Facilities and Infrastructure 76,176 76,000 100.700" 63,000
Weatherization and Intergovernmental Activities 282 217 516,000° 11,600,000 301.000
Program Direction 104057 127,620 50,000 238,117
Program Support 10,801 18,157 - 120,000
Congressionally Directed 186.664 278 203 0
Advanced Battery Manufacturing - - 2,000,000 -
Transportation Electrification - - 400,000 -
Alternative Fueled Vehicles - - 300000 -
EERE RDD&D - - 051,400 -
Subtotal, Energy Efficiency and Renewable Energy 1.704.855 2191 778 M 2.318.602

* SBIR/STTR funding was transferred to the Science Appropriation in FY 2008, which includes a reduction of $16,355,000
that was transferred to the SBIR program, and $1.960,000 that was transferred to the STTR program.

? Facilities and Infrastructure includes $13.5 million for the Integrated Bicrefinery Research Facility, for a total of $800
million in Biomass related Recovery funded projects.

‘ Includes $230.0 millicn in emergency funding for the Weatherization Assistance Grants program provided by P.L. 111-6,
“The Continmng Appropriations Resolution, 20097

Energy Efficiency and Renewable Energy/

Overview FY 2010 Congressional Budget

Page 11




Natural Gas vs. Gasoline Prices

US Energy Costs —— Retail Gasoline (taxed)
($/MBTU-HHV) —e— Wholesale Gasoline
—0— Industrial NG Gasoline

35

| | | — 1
0 | $4.00/gallon = $32/MBTU\>

I/
25

20 A

15

10 - \ Natural Gas

i J
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Natural Gas use for FCVs

—

Natural Gas Consumption 2% NG to Mak H2 NG %
(Quads) r 0 2008 NG OHyd:ggei ) | :
0 AE N > 14.0%

Projections
25 B B 120%

- 10.0%
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- 8.0%
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- 6.0%
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o T T 1 00%
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Impact of FCVs on
Global Natural Gas Resources

Remaining Global Resources

(Quads)

14,000

—— NG Baseline
—— NG + Optimistic FCVs
—e— QOil + Optimistic FCVs
== Oil Baseline

FCVs Decrease
Natural Gas
Resources 470
Quads
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US Generation Mix

H.Gen
Marginal Grid Mix lllustration

Hypothetical Load Profiles ‘

1
0.9
0.7
0.6
0.5
0.4
0.3
0.2

0.1
0

i NG Turbine
NG Combined Cycle Turbine

-

Nuclear

Increasing Marginal Cost

Hydro & Renewables

0

H2Gen: CFCP models.XLS; Tab'GHG';J53- 9/ 12/ 2004

12 24
Time (hours)

O Hydro m Nuclear jCoal & Oil m NG Combined Cycle NG Turbine

Figure . lllustration of marginal grid loads for a typical US electric utility



Gasoline ICE| Ethanol ICE
PHEV PHEV
Scenario Scenario
Total Subsidies & Investments ($US Billions) | $ 8.6 |% 12.4
Total Societal Savings ($US Billions) $ 5635 | $ 9,565
Ratio of Savings / Subsidies 653 769

Discount Rate = 6%
NPV of Subsidies & Investments ($ Billions) $ 50 % 6.5
NPV of Societal Savings ($US Billions) $ 2216 | $ 404.7
Ratio of NPV(Savings) / NPV (Subsidies) 44.3 62.6
Greenhouse Gas % Below 1990 Levels . 11.8% | 40.8%

*Note: FCEV & BEV Scenarios include incentives for gasoline & ethanol PHEVs in those scenarios

FCEV

Scenario*

$
$

$

36.5
15,863
435

$18.47
668.2
36.2

87.1%

* FCEV & BEV scenario incentives include those for ICE PHEVs in each scenario

H.Gen
Socletal Cost / Benefit Results

BEV
Scenario*

$ 79.2
$ 15,293
193

$ 33.6
$ 588.5
17.5

81.9%




Gasoline ICE Hybrid
Scenario Market Shares

Percentage of New Car Sales
100%

90%
80%
70%
Gasoline HEVs
60%
50%

40%

30%

Gasoline

20% ICEVs

10%
0%

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

(50% Market Share Potential by 2024)




Gasoline (& Diesel) ICE Plug-In
Hybrid Scenario Market Shares

Percentage of New Car Sales

100%

90%
80% :
Gasoline PHEV
70%
60%
50%
40%
30%

20% Gasoline .
ICEVs Gasoline HEV

10%

O% 1 1 1 1
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

(50% market share potential by 2031; 75% plug-in potential limited by charging outlet
availability; 12 to 52 mile all-electric range; 18% to 65% of VMT from grid




Biofuel (eg. Ethanol) Plug-In
Hybrid Scenario Market Shares

Percentage of New Car Sales (Blended CD Mode for PHEVSs)

100%
90%

Biofuel Plug-in Hybrid
Electric Vehicles (PHEVS)

80%
70%
60%
50%
40%
p0% _ PHEVs
Gasoline Gasoline Hybrid (HEV)
10% ICVs

0%
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

(50% market share potential by 2031; 75% plug-in potential limited by charging outlet availability; 12 to 52
mile all-electric range; 18% to 65% of VMT from grid; 90 billion gallon/year cellulosic ethanol production
per Sandia/Livermore (vs. 9 B/yr now and 60 B gallons/yr limit used by NRC)




Annual Fuel Costs ($/car/year) H:-Gen

Annual Fuel Costs
($/vehiclelyear)

$3,000

—— Gasoline
$2,500 Cost

$2,000 A+ FECEV
Hydrogen
Cost

$1,500

—e— PHEV Fuel
$1,000 o0 o " Cost

——BEV
Electricity
cost

2050 2070 2090

Off-Peak Electricity = 55% of Residential Rate Story Simultaneous.XLS; Tab 'Driver’; Bl 52 5/15 /2009
Hydrogen Price = 55% of gasoline price per mile

[ Based on EIA Annual Energy Outlook 2009 through 2030 for gasoline price, natural gas price,
residential electricity price, and vehicle miles traveled, with linear extrapolation to 2100; hydrogen
price set at 55% the price of gasoline per mile traveled; off-peak electricity set at 55% of residential
electricity price]




Alternative Vehicle Market Penetration
Assumptions

Market Share of New Car Sales

100%
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FC PHEVs & BPEVs
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H2 Energy Story.XLS; Tab 'Annual Sales';|K 182 3/11 /2008



Sensitivity Studies

 NRC comparisons




2008 National Research Council Reporé®.Gemn

vS. NHA Report
NHA Assessment

Alternative Vehicles Compared:
| Yes |
Ethanol PHEVs Yes |
Diesel HEVs [Yes |
Diesel PHEVs [Yes |

NGVs [Yes |
NG HEVs [Yes |
NG PHEVs [Yes 0|
H2 ICE HEVs [Yes |
H2 ICE PHEVs

\ Yes

T 0
Ol Consumption Yes
Greenhouse Gases
Urban Air Pollution [Yes |
Total Societal Cost [Yes |
To 2050 To 2100

Cellulosic Ethanol 45 to 60 billion 120 billion gallons/year
Production gallons/year




Fuel Economy (NRC vs. NHA)

New Car Fuel Economy
(mpgge)
90 NRC FCV

80

70 NHA FCV

60
~—— T T T

[ NRC |
/J Advanced |
- ICEV |

- —

40 —_—

50

30 NRC ICEV

20
10 NHA ICEV
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GHG: NHA Model
with NRC Input Data

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

'L Gasoline ICEVs J

2.5 ‘ ‘ /////

2008 NRC Advanced ICEV Case sz
////’ NRC Case:

é Gasoline HEV
Scenario

Gasoline PHEV
Scenario

Ethanol PHEV
Scenario

1990 LDV GHG

GHG Goal: 60% below ./. _
1990 Pollution .- Scenario

—

‘ GHG Goal: 80% below
I

1990 Pollution j
I

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 FCV Scenario




GHG: NHA Model
with NHA Input Data

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

2.5

Base Case:
Gasoline Hybrid
Scenario

Gasoline Plug-In
Hybrid Scenario

Ethanol Plug-In
Hybrid Scenario

GHG Goal: 60% below : [TLIIIIETT |

1990 Pollution | /_._,_._/;f,‘.\Scenario/.

——

GHG Goal: 80% below 1990

Pollution
I I I

‘ ‘ ‘ ‘ ‘ Fuel Cell
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 : :
Vehicle Scenario
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Oil Consumption: NHA Model H.Gemn
with NRC Input Data

Oil Consumption 2008 NRC Advanced ICEV Case
(Billion barrels/year) "100% Advanced !

6.0

NRC Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

Ethanol PHEV
Scenario

FCV Scenario

| Energy "Quasi-

Independence"

2020 2040 2060 2080
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Oil Consumption: NHA Model
with NHA Input Data

Oil Consumption

(Billion barrels/year) )

6.0

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

Ethanol PHEV
Scenario
FCEV, H2 ICE

HEV & BEV
2020 2040 2060 2080 2100 Scenarios




Hydrogen Infrastructure Costs
Compared to Other Projects
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Hydrogen Infrastructure Costs
Compared to Other Projects

US$ Billions
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Number of Vehicles on the road

Number of Vehicles on the road

20,000,000
18,000,000
16,000,000
14,000,000 —8—FC HEVs
12,000,000
10,000,000
8,000,000
6,000,000
4,000,000
2,000,000

—/— Gasoline PHEVs

2015 2025




How best to use natural gas?

* To produce electricity for battery
electric vehicles?

e Or to produce hydrogen for fuel cell
electric vehicles?




e Backup Topics:

— Urban air pollution & societal costs
— Sensitivity studies
— Natural gas & diesel vehicles




Financial & Performance
Data used in Model

SMR HHYV efficiency

SMR Electricity Price

SMR Electricity Consumption
Compression electricity

H2 Price Discount
FCV f.e./ICEV f.e.

O&M annual Costs

Annual Taxes & Insurance

Marginal income tax (fed & state)
Real, after-tax rate of return

Inflation

Analysis Period/Equipment Life (years)
Depreciation period (years)
Depreciation Type*

Annual Capital Recovery Factor

78%
$0.095/kWh
1.04 kWhlkg
2.16 kWh/kg

45%

2.40

7%

2%

38.9%
10.0%
1.9%
15
7
DB




Total Societal Costs




Socletal Costs from H Gen

Pollution & Oil Imports

Total Societal Costs
($Billion/year)

600

Base Case:
Gasoline Hybrid
Scenario

Gasoline Plug-in
Hybrid Scenario

Ethanol Plug-in
Hybrid Scenario

VN
v\
et Fuel Cell Vehic Iﬂ

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 Scenario




Sensitivity to Fuel Economy




~ HGen
Greenhouse Gas Sensitivity to

Vehicle Fuel Econom

Greenhouse Gas Pollution in 2100 (Light duty vehicles only)
(Billion metric tonnes CO2-equivalent/year)

2.5
Base Case:x

Gasoline HEV
Scenario )

. N
Gasoline PHEV
Scenario

—
zthanol PHEV
Scenario
_

~

[ H2 ICE HEV
A .
" Scenario -

“~===~[_FcV Scenario |

Fuel Economy Relative to Gasoline ICEV

Based on old AEO 2008 data




. . = = . Il‘l "E;'!!‘ﬂl
Urban Air Pollution Sensitivity

to Vehicle Fuel Economy

Urban Air Pollution Costs in 2100
(US$Billion/year) Base Case: )

80 Gasoline HEV
Scenario
01 M N

60 - ZAN

. SN
Gasoline PHEV
Scenario

Ethanol PHE\/\

50

H—H—.

30 Dl —
K Ko ~"H2 ICE HEV |

| .
Scenario
20 | N d

10 VAN
0 FCV Scenario

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

40 -

Scenario

Fuel Economy Relative to Gasoline ICEV

Based on old AEO 2008 data




Societal Cost Sensitivity
to Vehicle Fuel Economy

Total Societal Costs in 2100
(US$BIllion/year) Base Case:

600 V Gasoline HEV
Scenario
A

400 | \ / Gasoline PHEV |

Scenario

300 - -

‘\‘. A///mzthanol PHEV )
200 e — ~ ‘r\ Scenario
'H2ICEHEV} [ FCV Scenario

100 - : i Scenario \jﬁ
| # A
0 T T —

1 1.2 . . . 2 2.2 2.4 2.6 2.8

\

Fuel Economy Relative to Gasoline ICEV

Based on old AEO 2008 data




Sensitivity to FCEV Market Share

& Carbon Footprints




Greenhouse Gases H.Gen

with 75% FCEV Market Limit

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion metric tonnes CO2-equivalent/year)

-~ ~
I

100% Gasoline

2.5

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV

Scenario
1990 LDV GHG Level

Ethanol PHE\T

AL NN R R RN RRAES Scenario

GHG Goal: 60% below

1990 Polluti
ofiution 75% FCV
‘ GHG Goal: 80% be|ovTL Scenario

1990 Pollution

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 FCV Scenario




H.-Gen
Greenhouse Gases

with 75% FCEV Limit & DOE Carbon parameters

(Greener grid and less green hydrogen; all-electric CD mode for PHEVS)

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

- ~
| |

100% Gasoline

2.5

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

Ethanol PHEV
Scenario

“1990 LDV GHG
1.0

GHG Goal: 60% below I
0.5 1990 Pollution

GHG Goal: 80% below 1990

Pollution J

; ; ; ; FCEV Scenario
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 (75% Sales)




Greenhouse Gases

with 75% FCEV Limit & DOE Carbon parameters
(Greener grid and less green hydrogen & Blended CD mode for PHEVS)

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

-~ ~
|

100% Gasoline
Blended CD mode for PHEVs

25

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

1990 LDV GHG o Ethanol PHEV
. Scenario

GHG Goal: 60% below
1990 Pollution

GHG Goal: 80% below 1990
Pollution /l/ )
; ; ‘ ‘ ‘ ‘ ‘ ‘ ‘ FCEV Scenario
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 (75% Sales)




Oil Consumption with
/5% FCEV Market Limit

100% Gasoline

Oil Consumption . -
(Billion barrels/year) |

7
-,

/Base Case:
Gasoline HEV
Scenario

6.0

rGasoIine PHEV
Scenario

Ethanol PHEV
Scenario

75% FCEV Scenario

100% FCEV
2020 2040 2060 2080 2100 Scenario




Oil Consumption

with 75% FCEV Limit & DOE Carbon parameters
(Greener grid and less green hydrogen)

Oil Consumption

(Billion barrels/year)
6.0 o
/Base Case:

Gasoline HEV
Scenario

4.0 Gasoline PHEV
Scenario
3.0 -
2oyl Ethanol PHEV
20 | N Scenario

iy , 75% FCEV Scenario
: N (& H2 ICE HEV & BEV)

5.0

2020 2040 2060 2080




H.Gen
GHG Sensitivity to NG Fraction

(electricity & hydrogen source)

Greenhouse Gas Pollution in 2100 (Light duty vehicles only)

(Billion metric tonnes CO2-equivalent/year) (Base Case:
2.5 Gasoline HEV
Scenario
[
Gasoline PHEV

Scenario

Ethanol PHEV
~=<l_  Scenario
['H2 ICE HEV |

| Scenario |
- ‘

| | FCV Scenario

0.0 ‘ ‘
0% % 10% 15% 20% 25% 30% 35% 40%
Base Case Natural Gas Fraction in 2100
(for both hydrogen and electricity production)

Based on old AEO 2008 data




Sensitivity to Ethanol PHEV

Market share




GHG Sensitivity to Ethanol Production
Capacity & Plug-in Capacity

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

-~ ~
I

100% Gasoline

3.0

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

A Ethanol 75% PHEV ’
Scenario
oA
o /ﬁthanol 100% PHEV ’
. Scenario
GHG Goal: 60% below T —
1990 Pollution . —_ Ethanol 100% PHEV ’
| (No EtOH Limit)
GHG Goal: 80% below e
1990 Pollution J/

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090

Based on old AEO 2008 data



e H.Gen
GHG Sensitivity to Hydrogen

Source

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

3.0

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

/[
Ethanol 75% PHEV
1990 LDV GHG

- - ‘ - - - w 1 Scenario

FCV (+20% \|
NG On-site)

GHG Goal: 60% below 1

1990 Pollution
\ \

GHG Goal: 80%below 1990
Pollution f
[

2000 2010 2020 2030 2040 2050 2060 2070 2080 2000 2100 L_FCV Scenario

Based on old AEO 2008 data



Oil Consumption Sensitivity to Ethanol '
Production & Plug-in Capacity

Oil Consumption
(Billion barrels/year)

8.0

7.0 - 1 Base Case:
Gasoline HEV

6.0 Scenario

Gasoline PHEV
5.0 Scenario

40 Ethanol 75% PHEV
Scenario

3.0 A

Ethanol 100% PHEV
Scenario

A
jhanol 100% PHEV
(No EtOH Limit)

—\
FCV, H2 ICE
PHEV & BPEV

Scenarios

Based on old AEO 2008 data




Backup Slides

 Natural Gas Vehicles
e Diesel CIDI Vehicles




| H.Gen
Greenhouse Gases with

Natural Gas Vehicles

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion metric tonnes CO2-equivalent/year)

3.0

-—

Base Case:
= = Gasoline HEV
- .
- Scenario

—
-

1990 LDV GHG

asoline PHEV
Scenario

GHG Goal: 60% below ﬁ\
‘ 1990 Pollution =

GHG Goal: 80% below
1990 Pollution

NG PHEV !
I Scenarlo |

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 FCV Scenario

Based on old AEO 2008 data




Urban Air Pollution with
Natural Gas Vehicles

US Urban Air Pollution Costs
($Billions/year)

80

Base Case:
Gasoline HEV
Scenario

|PM Cost from Brake & Tire Wear

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100




Diesel PHEV GHGs

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion metric tonnes CO2-equivalent/year)

3.0

Base Case:
Gasoline HEV
Scenario

Gasoline PHEV
Scenario

GHG Goal: 60%below 1 Ethanol PHEV
1990 Pollution i

Scenario

\ \
GHG Goal: 80% below 193/ = FCV Scenario

Pollution
I I I

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Based on old AEO 2008 data




H.Gen
Diesel PHEV Oil Consumption

Oil Consumption
(Billion barrels/year)

8.0

7.0 ] Base Case:
Gasoline HEV
6.0 Scenario

5.0

Gasoline PHEV
4.0 | R Scenario

— — — — —

Diesel PHEV |
Scenario

3.0

2.0

1

Energy "Quasi-
Independence”




80

70

60

50

40

30

20

10

Diesel PHEV Urban Air Pollution

US Urban Air Pollution Costs
($Billion/year)

Base Case:\

Gasoline HEV

Scenario )

™~
Ethanol PHEV
Scenario D
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Scenario
== ——— -
~7 Diesel PHEV |

Scenario

FCV Scenarig

v
PM Cost from
Brakeé& Tire Wear

2020 2040

Based on old AEO 2008 data
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Natural Gas

NGV vs. FCV

(Hydrogen from natural gas)

!

Natural Gas Hydrogen
Reformer Compression & Storage Fuel Cell Vehicle
Efficiency Efficiency Efficiency

75% | 93.9% 20 X 2.45 = 48.9 mpg

(200psi to 6,250 psi)

Natural gas efficiency: 0.75 x 0.939 X 48.9 =34.4

Natural Gas
Compression & Storage ICE Vehicle
Natural Gas, Efficiency Efficiency

96.4% 20 mpg
(15 psi to 3,600 psi)

Natural gas efficiency: 0.964 x 20 = 19.3

FCV Advantage: 1.79
FCV GHG / ICEV GHG 56% (44% GHG reduction)



H.Gen
Blended Charge Depleting Mode

% PHEV Energy from Grid or

% VMT
80% |

70% A == All-electric CD %VMT
on Grid

60% -
== ACEEE Blended CD
50% | %VMT on Grid

40% - A —&— ANL Blended CD
%VMT on Grid
30% -
MIT Blended CD
20% - %Grid Energy

10% - ANL Blended CD %
Grid Energy

0 20 30 40 50 70
All-Electric Range (miles)

0%




# of Hydrogen Stations

# of H2 Fueling Stations

Stationsj




Cumulative Capital Expenditures
on Hydrogen Fueling Equipment

Cumulative Hydrogen Fueling System
Capital Expenditures

(US$ millions)

& # of H2 Fueling Stations

—

9,000 Cumulative Captﬁ

8,000

7,000

6,000

5,000

4,000 —

3.000 Eﬁ of H2 Stations
) A ’ K
2,000 il
/J_\/D/
1,000
M

2010 2012 2014 2016 2018




Initial Hydrogen Fueling System
Deployments

Cumulative Hydrogen Fueling System Average Capacity
Capital Expenditures Factor
(US$ millions)

& # of H2 Fueling Stations

4—
0,
9,000 Eumulative Capex oo
7,000

Capacity Factor 0
6,000 0%
- 60%
]

— " 80%

- 50%

4,000 —

Eof H2 Stations . -

3,000 { _a N = L 30%
2,000 ~ A = L 500
/ Wi 20%

1,000 o o= ‘¢ - 10%

. A

- = 1 I 1 O%
Q08 2010 M 2016 2018 2020

- 40%




HGM 2000:

Filling 20 cars or 3 busses / day
CH, + 2H,0 = 4 H, + CO,

Natural Gas

Water

Electricity

Instrument Air

All-in life cycle costs today:
Production: $5.35/kg*
[Production, compression & storage: $9.37/kg ($3.95/gge)]

* Natural gas = $11.10/MBTU

147




The HGM 3000: H.Gen

All-in life cycle costs today:
Production: $4.33/kg*
[Production, compression & storage: $7.29/kg ($3.08/gge)]

* Natural gas = $11.10/MBTU

148




On-site Hydrogen is Competitive with Gasoline

Hydrogen Cost From On-Site Steam | Hydrogen Cost
Methane Reformer System ($/kg) ||($/gallon of gasoline
on a range-
Compression equivalent basis,

Total Costll | yiaxed, relative to
($/kg) ICEV)

Hydrogen |Equipment Production

Production | Production Cost & Storage
Capacity | Quantities Cost

HGM2k

@0lcarsiday) =2 o/ >10 5.95 3.42 9.37 $3.95/gge

HGM3k
(30 cars/day)

HGM10k
(100 cars/day)

3 Years HGM10k
(100 cars/day)

172 kg/day > 10 4.77 2.53 7.29 $3.08/gge

575 kg/dy > 10 3.80 2.10 591 $2.49/gge

576 kg/dy >100 3.54 1.65 5.19 $2.19/gge

~6 Years

(250 cars/day) 1,500 kg/day | >500 2.76 1.11 3.87 $1.63/gge

NAS Assumptions: Annual Capital Recovery factor = 19.1%; Capacity Factor = 70%; FCV fuel economy = 2.4 X ICEV
Electricity = 8 cents/kWh; Natural Gas = $11.1/MBTU
H2Gen:Markets4.XLS, Tab'H2 Cost Table' V22;6/6/2008




H2 Cost Comparisons H.-Cen
(Industrial with HGM-2000)

Hydrogen Cost [ Central Plant CR @13.85% FCR CR = Capital R _
- . . = Operation & Maintenance
($/cch) On-Site Equipment CR @19.1% 2,000 scih (11'5 kg,day)'

3.0 ® Delivery Truck CR
HO&M

OH2 Backup

H2 Transportation
M Electricity

B Natural Gas

2.5

2.0 -

15 - \\

Electrolyzer Off-Peak Tube Trailer
(Compressed H2)

HGM-2000 On-Site  Trucked-In Liquid H2
Production

Electrolyzer

On-Site Capital Natural gas Electricity Distance to Plant  Cap. Recovery
HGM-2000 $ 409,643 $11.10/MBTU 8.0 cents/kWh 0 19.2%
Liquid H2 $ 272,924 $10.00/MBTU 6.0 cents/kWh 800 miles 13.9%
Electrolyzer $ 415,310 - 8.0 cents/kWh 0 19.2%
Electrolyzer-Off Peak $ 610,230 - 4.0 cents/kWh 0 19.2%
Tube Trailer $10.00/MBTU 6.0 cents/kWh 150 miles 13.9%

Production Quantity 10 Capacity Factor 95%




H2 Cost Comparisons  H.Gen
(Industrial with HGM-10,000)

(H$)//((:j£ggen Cost HGM-10,000 Capacity (10,000 scfh or 565 kg/day) g 270l Zoial Becorey Facter

O Central Plant CR @13.85% FCR
2.50 & On-Site Equipment CR @19.1%
[ Delivery Truck CR

2.25 - B O&M

LAH2 Transportation

2.00 - W Electricity

E Natural Gas

1.75

1.50

NN N

1.25 A

1.00 -

0.75 - N

0.50 -

el |

0.25 |

0.00

HGM-10,000 On-site Trucked-In Liquid Electrolyzer Electrolyzer Off- Tube Trailer
Production H2 Peak 4c/kWh (Compressed H2)

On-Site Capital Natural gas Electricity Distance to Plant Cap. Recovery
HGM $ 1,077,019 $11.10/MBTU 8.0 cents/kWh 0 19.2%
Liquid H2 $ 582,578 $10.00/MBTU 6.0 cents/lkWh 800 miles 13.9%
Electrolyzer $ 2,298,569 - 8.0 cents/kWh 0 19.2%
Electrolyzer-Off Peak $ 2,861,475 - 4.0 cents/kWh 0 19.2%
Tube Trailer $10.00/MBTU 6.0 cents/kWh 150 miles 13.9%

Dradiintinn Niiantitg AN FAannanih Cantar 0E04




H2 Fuel Cost Comparisons H.Gen

(Hydrogen fuel including compression, storage & dispensing)

Hydrogen Cost HGM-10,000 including compression
($/gallon of gasoline on a range-equivalent basis)* to 7,000 psi, storage & dispensing

5.0

[@Central Plant CR
On-Site Equipment CR
& Delivery Truck CR

W (I-)é |\'I/'Iransportation

"
B Electricity
Natural Gas

_

Z

3.5

[~

3.0

RN

%,

7
/2

CR = Capital Recovery;

O&M = Operation & Maintenance
HGM = hydrogen generation
module

Trucked-In Liquid H2 Electrolyzer 8c/kWh Electrolyzer Off-Peak Tube Trailer
4c/kWh (Compressed H2)

HGM on-site Production

* FCV has 2.4 times higher fuel economy than a comparable ICEV

On-Site Capital Natural gas Electricity Distance to Plant Cap. Recovery
HGM + CSM + dispenser $ 2,229,983  $11.10/MBTU 8.0 cents/kWh 0 19.2%
Liquid H2 $ 716,461  $10.00/MBTU 6.0 cents/kWh 800 miles 13.9%

Electrolyzer $ 2,203,575 8.0 cents/kWh 0 19.2%
Electrolyzer-Off Peak $ 2,885,660 - 4.0 cents/kWh 0 19.2%
Tube Trailer $ 660,079  $10.00/MBTU 6.0 cents/kWh 150 miles 13.9%

Plant Capacity Factor 70% Production Volume 10
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GHG: 75% Cap on PHEVS

(Due to limited night-time access to outlets)

Greenhouse Gas Pollution (Light duty vehicles only)
(Billion/ tonnes CO2-equivalent/year)

25

Base Case:
Gasoline Hybrid
(HEV) Scenario

T e /.._._._—‘

Gasoline Plug-in
Hybrid (PHEV)

1990 LDV GHG )
Scenario

Al
|

m—
GHG Goal: 60% below f -
1990 Pollution = Biofuel PHEV
\ Scenario
GHG Goal: 80% below 195%_ - I
Pollution Fuel Cell Electric

| .
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ | Vehicle (FCEV)
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210 Scenario

Sources: Argonne National Laboratory GREET 1.8a, AEO 2009 & NHA models




200% :( Business-as-usual; |
with PHEVs

~

Business-as-usual;
Extension of AEO 2008

050 2060 2070 2080 20

US Projection based on West Coast
(WECC) Grid with Carbon Constraints

| WECC Grid with PHEVs |




Hydrogen from Ethanol & Biomass:
Oil Consumption Comparison

Hydrogen from

Biomass FCEV -

Hydrogen from :| 110

Ethanol FCEV

Cellulosic E-90
HEV

Cellulosic E-90
cvV 1,016

500 1,000 1,500 2,000 2,500 3,000 3,500
Oil Consumption (Btu/mile)




Hydrogen from Ethanol & Biomass:
Greenhouse Gas Comparisons

Hydrogen fgg@)
Biomass F
Hydrogen from
Ethanal FCEV

Cellulosi
HE

Cellulosic E- 96

(50) - 50 100 150 200 250 300
Greenhouse Gas Pollution (grams/mile)




100% Gasoline Plug-In ICE Hybrid
Electric Vehicle (PHEV) Scenario
Market Shares

Percentage of New Car Sales (Blended CD Mode for PHEVS)

100%

90%

80% Gasoline Plug-in Hybrids
0% (PHEVS)

60%
50%

40%

30% Gasoline
: Hybrids
Gasoline (HEVS)

10% ICVs

0 % ! 1 ! 1 1 1
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

20%

(50% market share potential by 2031; 75% limit to night-time charging; 12 to 52 mile all-
electric range; 18% to 65% of VMT from grid)




Biofuel Plug-In Hybrid

Scenario Market Shares
(90 Billion gallons/year of biofuels)

Percentage of New Car Sales (Blended CD Mode for PHEVS)
100%

90%
Biofuel Plug-in Hybrid
Electric Vehicles (PHEVS)

80%
70%
60%
50%
40%
30%
20%

Gasoline Gasoline Plug-in Hybrid Gasol
10% ICVs asoline
HEVs

0%
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

[50% market share potential by 2031, no limit on night-time charging outlets; 90 billion gallon/year
cellulosic ethanol production per Sandia/Livermore (vs. 8 B/yr now and 60 B gallon/yr limit used by NRC)]




Alternative Vehicle/Fuel Combinations

ICE | ICE | FC FC
HEV | PHEV | HEV | PHEV

ICEV

Fuel
Economy

1.0 | 1.39 | 1.39 | 245 | 2.45

Gasoline -

Natural Gas X

Diesel

Ethanol

Hydrogen X
Electricity S S X

X = primary fuel; S = secondary fuel; ICEV = internal combustion engine vehicle; HEV = hybrid electric vehicle;
PHEV = plug-in hybrid electric vehicle; FC = fuel cell; BEV = battery-powered electric vehicle




Four Main Vehicle/Fuel Combinations

ICE | ICE | FC FC
HEV | PHEV | HEV | PHEV

ICEV

Fuel
Economy

1.0 | 1.39 | 1.39 | 245 | 2.45

Gasoline -

Natural Gas X

Diesel

Ethanol

Hydrogen X
Electricity S S X

X = primary fuel; S = secondary fuel; ICEV = internal combustion engine vehicle; HEV = hybrid electric vehicle;
PHEV = plug-in hybrid electric vehicle; FC = fuel cell; BEV = battery-powered electric vehicle




Two Reference Vehicle/Fuel Comblnatlon

ICE | ICE | FC FC
HEV | PHEV | HEV | PHEV

ICEV

Fuel
Economy

1.0 | 1.39 | 1.39 | 245 | 2.45

Gasoline -

Natural Gas X

Diesel

Ethanol X

Hydrogen X
Electricity S S -

X = primary fuel; S = secondary fuel; ICEV = internal combustion engine vehicle; HEV = hybrid electric vehicle;
PHEV = plug-in hybrid electric vehicle; FC = fuel cell; BEV = battery-powered electric vehicle




Alternative Vehicle/Fuel Combinations

ICE | ICE | FC FC
HEV | PHEV | HEV | PHEV

ICEV

Fuel
Economy

1.0 | 1.39 | 1.39 | 245 | 2.45

Gasoline -

Natural Gas X

Diesel

Ethanol

Hydrogen X
Electricity S S X

X = primary fuel; S = secondary fuel; ICEV = internal combustion engine vehicle; HEV = hybrid electric vehicle;
PHEV = plug-in hybrid electric vehicle; FC = fuel cell; BEV = battery-powered electric vehicle




GHG Emissions (relative to GV)
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National Hydrogen Association

Alternative Vehicle Simulation Study Objectives:

 Compare alternative vehicles & fuels
over 100 years with respect to:

— OIl consumption
— Greenhouse gas emissions
— Urban air pollution

e Estimate cost of hydrogen infrastructure
and fuel cell vehicle incentives




Framing the Issue

Not PHEVs vs. FCEVS...

...but ICE-PHEVs vs. Fuel Cell HEVs or
Fuel Cell PHEVs




Current # of On-Road Vehicles
made by auto companies

Toyota ICE
Plug-in Hybrid

e |ICE-PHEVs: 1 TS 3.  Eloctric Vehicle
* o —— B (7 miles AER)
 FC-PHEVs: 1

Plug-in Hybrid
Electric Vehicle

« FC-HEVs: 318* 0 PP Ford Fuel Cell

£ (25 miles AER)

*140 FC HEVs under DOE learning demonstration evaluation
program have logged over 1.9 million miles with over 16,000
refuelings in last four years with an average fueling time of 3.3
minutes (Ref: Wipke, NREL)




Which venhicles are
best for society?

 |CE hybrid electric vehicles?
 ICE plug-in hybrids?

* Fuel cell hybrid electric vehicles?
e Fuel cell plug-in hybrids?

or all of the above!
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