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EXECUTIVE SUMMARY

Achieving a successful transition to hydrogen-powered vehicles in the U.S. automotive
market will require strong and sustained commitment by hydrogen producers, vehicle
manufacturers, transporters and retailers, consumers, and governments. The interaction of
these agents in the marketplace will determine the real costs and benefits of early market
transformation policies, and ultimately the success of the transition itself.

The transition to hydrogen-powered transportation faces imposing economic barriers. The
challenges include developing and refining a new and different power-train technology,
building a supporting fuel infrastructure, creating a market for new and unfamiliar
vehicles, and achieving economies of scale in vehicle production while providing an
attractive selection of vehicle makes and models for car-buyers. The upfront costs will be
high and could persist for a decade or more, delaying profitability until an adequate
number of vehicles can be produced and moved into consumer markets. However, the
potential rewards to the economy, environment, and national security are immense. Such a
profound market transformation will require careful planning and strong, consistent policy
incentives.

Section 811 of the Energy Policy Act (EPACT) of 2005, Public Law 109-59 (U.S. House,
2005), calls for a report from the Secretary of Energy on measures to support the transition
to a hydrogen economy. The report was to specifically address production and deployment
of hydrogen-fueled vehicles and the hydrogen production and delivery infrastructure
needed to support those vehicles. In addition, the 2004 report of the National Academy of
Sciences (NAS, 2004), The Hydrogen Economy, contained two recommendations for
analyses to be conducted by the U.S. Department of Energy (DOE) to strengthen hydrogen
energy transition and infrastructure planning for the hydrogen economy.

In response to the EPACT requirement and NAS recommendations, DOE’s Hydrogen, Fuel
Cells and Infrastructure Technologies Program (HFCIT) has supported a series of analyses
to evaluate alternative scenarios for deployment of millions of hydrogen fueled vehicles and
supporting infrastructure.

To ensure that these alternative market penetration scenarios took into consideration the
thinking of the automobile manufacturers, energy companies, industrial hydrogen
suppliers, and others from the private sector, DOE held several stakeholder meetings to
explain the analyses, describe the models, and solicit comments about the methods,
assumptions, and preliminary results (U.S. DOE, 2006a). The first stakeholder meeting
was held on January 26, 2006, to solicit guidance during the initial phases of the analysis;
this was followed by a second meeting on August 9-10, 2006, to review the preliminary
results. A third and final meeting was held on January 31, 2007, to discuss the final
analysis results. More than 60 hydrogen energy experts from industry, government,
national laboratories, and universities attended these meetings and provided their
comments to help guide DOE’s analysis. The final scenarios attempt to reflect the collective
judgment of the participants in these meetings. However, they should not be interpreted as
having been explicitly endorsed by DOE or any of the stakeholders participating.
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Methodology

The DOE analysis examined three vehicle penetration scenarios:

= Scenario 1 — Production of thousands of vehicles per year by 2015 and hundreds of
thousands per year by 2019. This option is expected to lead to a market penetration
of 2.0 million fuel cell vehicles (FCV) by 2025.

= Scenario 2 — Production of thousands of FCVs by 2013 and hundreds of thousands
by 2018. This option is expected to lead to a market penetration of 5.0 million FCVs
by 2025.

= Scenario 3 — Production of thousands of FCVs by 2013, hundreds of thousands by
2018, and millions by 2021 such that market penetration is 10 million by 2025.

Scenario 3 was formulated to comply with the NAS recommendation:

“DOE should map out and evaluate a transition plan consistent with developing the
infrastructure and hydrogen resources necessary to support the committee’s
hydrogen vehicle penetration scenario, or another similar demand scenario (NAS,
2004, p. 4).”

Each of the scenarios was extensively discussed at the stakeholder meetings and each
received support from industry. Although there was no consensus on a particular vehicle
penetration rate, it was agreed that this set of scenarios is inclusive of industry
expectations and could provide a basis to interpolate or extrapolate the results to other
cases. The purpose of the DOE study was not to select any one scenario but to assess the
costs and impacts of achieving each.

The major analyses summarized in this report (James and Perez, 2007; Melendez and
Milbrandt, 2007; and Greene and Leiby, 2007; and Unnasch, Rutherford and Hooks, 2007)
examined the following broad topics under the different vehicle penetration scenarios and
corresponding hydrogen demand levels:

1. Hydrogen infrastructure analysis and deployment scenarios

2. Policy options for supporting hydrogen energy infrastructure and vehicle
developments during the transition to the hydrogen fuel cell vehicles, and

3. Costs of implementing selected policy options to encourage the transition to
hydrogen.

These analyses provide critical input for creating coherent and credible scenarios of paths
to hydrogen powered transportation, and are essential to developing feasible plans.
However, it must be stressed that analyses extending 20 to 45 years into the future entail
multiple assumptions about technological progress and consumer behavior, which are
necessarily replete with uncertainties. These uncertainties must be thoroughly understood,
parametrically evaluated, and carefully monitored as the transition proceeds. This
approach will help to ensure that government policies are effective and efficient in enabling
industry to establish sustainable product lines by the conclusion of the transition process.

Major Findings

The Hydrogen Scenario Analysis indicates that with targeted deployment policies in place
during 2012 to 2025, the fuel cell vehicle (FCV) market share could grow to 50% by 2030
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and 90% by 2050 as shown in Figure ES-1. This would lead to a sustainable, competitive
market for hydrogen FCVs beyond 2025, without a continuing need for policy support. This
successful outcome assumes that the technical targets for FCVs in the DOE Multi-Year
Program Plan (U.S. DOE, 2006b) are met

(except for on-board hydrogen storage Figure ES-1. Vehicle Technology Market
weight and volume targets) and that Shares in Scenario 3
competing vehicle technologies also

achieve their DOE targets in the same Lo

timeframe. Without policies in place to P e —
support development of a fueling o e N
infrastructure and bring down the cost of el N
FCVs, the level of risk and investment 50% 1~~~ — O - N\ T Camerymig
that industry would have to bear would be el AN R e T
too high for market forces to overcome, 200 fom e
and hybrid electric vehicles would 12;0 | S R e S
dominate the market. The scenario 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

analysis evaluated the cost of alternative
government policies to support a
successful transition to hydrogen fuel cell vehicles. The costs for the three policy cases
analyzed were estimated to range from $10 to $45 billion cumulatively over the 2012-2025
timeframe (14 years), with peak annual costs of between $1 and $6 billion.

Source: Greene and Leiby, 2007

Major Factors Affecting Private and Public Sector Investment Needs

Technological Progress and Cost Reduction for Hydrogen Vehicles

The extent and rate of technological innovation in the automotive industry will be key
factors in enabling progress toward the high-volume production levels required to reduce
vehicle costs and investment needs during the move to hydrogen vehicles. As a prerequisite
to proceeding with any scenario for higher-volume vehicle production, there is broad
consensus that industry will need to demonstrate in the laboratory the capability to cost-
effectively manufacture fuel cell vehicle systems in quantity (i.e., at $45/kW by 2010 and
$30/kW by 2015, with a 5-year time lag between lab-demonstrated capabilities and
implementation in a mass-produced product). Meeting these targets is deemed a key
condition for proceeding with government policy and industry investment in the
deployment of hydrogen vehicles and infrastructure.

However, until sufficient fueling infrastructure, vehicle demand, and industry supplier
bases are in place, the fuel cell vehicle will still be more costly to produce than conventional
new vehicle technologies. A major accomplishment of this scenario analysis is the
development of a “composite learning curve” (see Figure ES-2) that represents the
automotive industry’s best estimate of how production costs will decrease as a function of
technological progress and production volumes.
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Policies that provide industry Figure ES-2. Estimated Cost of FCVs as a Function of
support for moving down this Learning Volume and Technical Progress:

learning curve are needed to Scenarios 1, 2, and 3
foster industry development of a $400,000 A :
cost-competitive, market-ready $350,000 77~ 4 =~ T\ T T —®—Predicted Cost 1 B
product by 2025, and were found $300,000 f — N\~~~ \~ 1 —== Central Tendency Cost
to represent the largest share of - Pred!Cted Cost2
potential government costs —+—Predicted Cost 3
during the early deployment
period. This development
requires producing tens of
thousands of vehicles by as early $0 : : : : : . |
as 2015, and increasing 2011 2013 2015 2017 2019 2021 2023 2025
production to 1 to 2.5 million Source: Greene and Leiby, 2007

vehicles annually a decade later.

Industry will need to perceive public policy as completely reliable throughout that ten-year
period, or it may defer making the large investments necessary to bring the technology to
market.

$250,000 - - - -\ --\-----

$200,000 + ——————-\—-}Y-—-——+

$150,000 - - ———— -\ -y - —----—-——-—————————————————-

$100,000 +

$50,000 A

Cost of Drivetrain + Glider

Sensitivity analyses that investigated technology shortfall cases for the fuel cell and storage
system costs indicated a significant but reduced capacity for fuel cell vehicles to compete if
the fuel cell vehicle systems cost is $60/kW vs. a target of $30/kW, and if the onboard
hydrogen storage system cost is $8/kWh vs $2/kWh target. At $60/kW the market share for
hydrogen fuel cell vehicles varies between 20% and 50%, and at $8/kWh for the hydrogen
storage system costs it varies between 30% and 60%. The technological success of the fuel
cell and storage costs are therefore important to the expected sustained market potential of
fuel cell vehicles.

Location and Concentration of Nascent Fueling Infrastructure

The risk exposure of hydrogen fuel providers is particularly challenging during the early
stages of deployment. Hydrogen fueling station developers will be faced with the evolution
of different, competing alternative fuel options; potential for early obsolescence if hydrogen
vehicles are not successful; and with the potential for stranded investments as more
advanced, cost-effective hydrogen production technologies are developed. Customers will
expect convenient access to fueling stations, necessitating the location of fueling stations
near their homes and workplaces. The stations will initially be underutilized by FCV
owners — a situation that would be greatly exaggerated if the early-development of fueling
infrastructure is attempted on a national scale.

A key recommendation from the stakeholder meetings was to concentrate on establishing
networks of fueling stations in a limited number of urban centers during the transition
period. Strategically placing stations in major urban centers will maximize coverage and
permit a cost-effective approach to providing the early infrastructure. The industry also
recommended a complementary approach for the early introduction of vehicles, 1.e., focusing
sales of hydrogen fuel cell vehicles in these urban centers, so that vehicle sales are focused
on areas where consumers will have convenient access to fueling stations and so that
technical and maintenance support can be concentrated.
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DOE’s geographic deployment study (Melendez and Milbrandt, 2007) included an extensive
demographic analysis, which confirmed that consumer demand for hydrogen fuel cell
vehicles is greatest in major urban areas because of their high population densities and
favorable population characteristics. Figure ES-3 shows the areas of the country ranked by
their potential for early hydrogen
demand. A phased urban roll-out,
known as the “urban center concept,”

Figure ES-3. Areas of Projected Hydrogen
Energy Demand

was employed to gradually create Hydrogen Infrastructure Demand i
fueling networks serving 20 urban T consumer Sustesy

centers. Southern California and the L,___J\ Wy L ey
Northeast (centered around New York { i & ‘——.'L' | { v

City) were targeted for early ""'}’"'“'---_,.___." — _] —) )
infrastructure introduction (around % * ol L"_,T“-H'j_ \_ {} X L/l
2012 to 2015) during Phase I (“Initial L4 Ay |i B 3 ) ot
Introduction”). Their concentrated 2 \{5 | s B 7f e X
market potential and populations, Rz <Y | I|' .
numbering around 20 million people " - .

each, are significantly greater than U N e

other urban centers. The next phase, ' fr

called Targeted Regional Growth,
would focus on an additional eight
selected cities with populations ranging
from 4 to 10 million people. Three early corridors—Los Angeles-to-San Francisco; New
York-Boston-Washington, DC; and Chicago-to-Detroit—are also recommended for inclusion
in this phase. Phase III, Inter-Regional Expansion, expands the infrastructure to 10
additional urban centers with populations of 1.5 to 5 million and adds more corridors
connecting the urban centers and enabling some cross country travel. Figure ES-4 shows
what the fully deployed transition infrastructure might look like with red, blue and yellow
representing deployment Phases I, II, and III, respectively.

Source: Melendez and Milbrandt, 2007

This “urban center concept” obviates the need for an initial national system that could
require 30,000 to 40,000 stations early in transition, permitting a more rational, affordable
buildup of stations to a total of 4,000 - 8,000 stations by 2025.

Impacts and Costs of Policies to Figure ES-4. Representative City
Support a Hydrogen Vehicle and Deployment and Regional
Infrastructure Deployment Infrastructure

Representative City Deployment and Regional Infrastructure by 2025

The Hydrogen Scenario Analysis considered
policies that could be used to help share the
costs of bringing FCVs to market and
address two key economic barriers: (1) lack
of an existing fueling infrastructure and

(2) the high cost of FCVs at low production
volumes. The analysis evaluated policies
that could directly incentivize the building of
fueling stations, drive down the cost of
producing fuel cell vehicles, and stimulate
the purchase of FCVs. Candidate options
included those authorized in existing federal

Source: Melendez and Milbrandt, 2007
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legislation (e.g., EPACT Sections 805 and 808, clean fuel tax credits) and policies and
incentives that are or have been offered by state and local governments, utilities, or other
programs. Three alternative policy cases were developed that provide different strategies,
with different allocations for sharing the costs between the private sector and the
government over the 2012-2025 timeframe (a fourth, “no policy” case was also included as a
point of comparison). While a representative set of policies were analyzed, the purpose of
the study was not to prescribe or recommend any particular policy, but to use relevant,
feasible policy options to determine the magnitude of the investment needed by government
and industry to introduce hydrogen fuel cell vehicles as a viable commercial product by
2025.

DOE’s integrated market simulation model (HyTrans) was used to evaluate the costs of the
three policy cases (at cumulative scenario vehicle production levels of 2, 5, and 10 million
hydrogen fuel cell vehicles by 2025). The cumulative government costs for the policy cases
ranged from $10 billion to $45 billion over 2012-2025 (14 years) with peak annual costs for
the three scenarios ranging between $1 billion and $6 billion. After 2025, the policies were
discontinued to evaluate the sustainability of an unsubsidized market. In all three vehicle
production scenarios, hydrogen FCVs are able to achieve and maintain market dominance
without policy supports beyond 2025, such that by 2050 most new light-duty vehicles could
be FCVs and the majority of fuel used by light-duty vehicles could be hydrogen.

The figures below show the auto industry’s simulated cash flow from the sales of FCVs,
both with and without policy support. Without any government policy incentives in the
years between 2010 and 2025 (Figure ES-5), the automotive industry would need to invest
tens of billions of dollars and sustain billions in annual losses over more than a decade,
with profitability delayed until 2022 or beyond. These losses are above the normal vehicle
development and testing costs for a new vehicle model and require the extra risk of
implementing a synchronized deployment of the hydrogen infrastructure. A no-policy
scenario seems unlikely to induce the concerted effort or capital investment required to
introduce sufficient vehicle models and hydrogen supply infrastructure to support a
sustainable market.

Figure ES-5. Simulated Auto Industry Figure ES-6. Simulated Auto Industry
Cash Flow from Sale of FCVs under Cash Flow from Sale of FCVs under
No-Policy Case Policy Case 2
$3 $3 f
$2 ——5 jo3 ). $2 —e— Scenario3
$1 —8— Scenario / —m— Scenario2 /
Scenariol

50

(A T Y T S wmer ¥ T T T T T T T /. T
1 2010 Kgms 2020 / 2025
-$2 \P\ _éf D
3 /)
$0 +—
-$5 - $1
Source: Greene and Leiby, 2007 Source: Greene and Leiby, 2007

$2 Scenariol /
$1

$1

Billions of Dollars

Billions of Dollars
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With policy incentives (and fuel cell vehicle technical success), the cost position of the
automotive industry can be significantly improved. As shown in Figures ES-6 and ES-7,

both Policy Cases 2 and 3 would
provide enough cost sharing to
reduce industry’s annual losses to
hundreds of millions of dollars in
the early years. However, it still
takes more than 10 years for
industry to achieve a profit with
Policy Case 2. Under Policy Case
3, the analysis suggests that
industry could begin generating a
profit as early as 2017. Policies
would also help to reduce the cost
of hydrogen to a level well below
gasoline on a cost-per-mile basis,
and encourage the build-out of
hydrogen fueling stations.

Billions of Dollars

Figure ES-7. Simulated Auto Industry Cash Flow

from Sale of FCVs under Policy Case 3

$5
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Source: Greene and Leiby, 2007
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1 INTRODUCTION

Section 811 of the EPACT (U.S. House, 2005) calls for the Secretary of Energy to report on
measures to support the transition to a hydrogen economy, including the production and
deployment of both hydrogen-fueled vehicles and the hydrogen production and delivery
infrastructure needed to support those vehicles. In addition, the 2004 report of the National
Academy of Sciences (NAS), The Hydrogen Economy (NAS, 2004), contains two
recommendations calling for the U.S. Department of Energy (DOE) to conduct supporting
analyses for infrastructure and transition planning for the hydrogen economy:

= “DOE should map out and evaluate a transition plan consistent with developing the
infrastructure and hydrogen resources necessary to support the committee’s
hydrogen vehicle penetration scenario, or another similar demand scenario.”

= “DOF’s policy analysis should be strengthened with respect to the hydrogen economy,
and the role of government in supporting and facilitating industry investments to
bring a transition to the hydrogen economy needs to be better understood.”

To address the EPACT requirement and NAS recommendations, DOE’s Hydrogen, Fuel
Cells and Infrastructure Technologies Program (HFCIT) supported and coordinated a series
of analyses to evaluate alternative scenarios for the deployment of millions of hydrogen-
fueled vehicles and the supporting hydrogen production and delivery infrastructure. To
ensure that the market penetration scenarios were consistent with the thinking of
automobile manufacturers, energy companies, industrial hydrogen suppliers, and others
from the private sector, DOE held several stakeholder meetings to explain the analyses,
describe the models, and solicit comments about the methods, assumptions, and
preliminary results (U.S. DOE, 2006a). The first meeting was held on January 26, 2006, to
solicit guidance during the initial phases of the analysis; this was followed by a second
meeting on August 9-10, 2006, to review the preliminary results. A third and final meeting
was held on January 31, 2007, to discuss the final analysis results. More than 60 hydrogen
energy experts from industry, government, national laboratories, and universities attended
these meetings and provided their comments to help guide DOE’s analysis.

Overview of the Hydrogen Scenario Analysis

The Hydrogen Scenario Analysis examined the costs and benefits of ramping up large-scale
production of hydrogen-powered fuel cell vehicles (FCVs) at different rates under three
scenarios. All three scenarios assume that DOE technology readiness goals for hydrogen
production and fuel cells are met in the laboratory in the 2010-2015 timeframe, including
cost targets for compressed or liquid hydrogen storage.! The three vehicle penetration
scenarios examined are as follows:

= Scenario 1 — Production of thousands of vehicles per year by 2015, and hundreds of
thousands by 2019. This option is expected to lead to a market penetration of
2 million FCVs by 2025.

1 Cost targets for compressed or liquid hydrogen storage were studied at $8/kWh, but weight and volume targets were set at 2010.
Representatives from the automotive industry agreed that meeting 2010 goals in the lab is necessary for commercial-scale
production of FCVs at rates of up to tens of thousands of vehicles per year by 2015.
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= Scenario 2 — Production of thousands of FCVs by 2013 and hundreds of thousands
by 2018. This option is expected to lead to a market penetration of 5 million FCVs
by 2025.

= Scenario 3 — Production of thousands of FCVs by 2013, hundreds of thousands by
2018, and millions by 2021, such that market penetration reaches 10 million FCVs
by 2025.

Scenario definitions began with the upper bound scenario (Scenario 3), which was
constructed to correspond with the vehicle penetration scenario developed by the National
Academies (NAS, 2004), which carried the optimistic assumption that infrastructure would
not be an impediment to the deployment of vehicles. An examination of past and projected
rates for the introduction of hybrid electric vehicles (HEVs) into the market found that
HEVs (which are not fueling-infrastructure

constrained) were introduced at about half Figure 1. Annual Hydrogen Vehicle Sales:
the rate projected for FCVs in the NAS Scenarios 1, 2, and 3
scenario. Therefore, the Hydrogen Scenario J

)
o
o
o

Analysis developed two additional, more
conservative vehicle penetration scenarios,
both of which follow the rate of introduction
of hybrid vehicles. Scenario 2 initiates ramp-
up earlier, in 2015, and Scenario 1 (the
lower-boundary scenario) begins ramp-up
three years later, in 2018. Figure 1 shows
the three scenarios and also includes, as
points of comparison, two sales projections of
HEVs if they had been introduced in 2015
(HEV + 12 years) and 2018 (HEV + 15 =

years). The figure indicates that Scenarios 1 and 2 are reasonably consistent with
historical and projected hybrid electric vehicle penetration rates.
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Table 1 shows the number of vehicles projected under each of the three scenarios, annually
and cumulatively, over the period 2012-2025. Automobile manufacturers and energy
suppliers submitted extensive comments on the scenarios. Some felt that the aggressive
vehicle penetration rate described in Scenario 3 was necessary to achieve the economies of
scale and number of models required to promote a sustainable market by 2025. Others felt
that even Scenarios 1 and 2 were ambitious and optimistic. Although there was no
consensus on a particular vehicle penetration rate, it was agreed that this set of scenarios is
inclusive of industry expectations and could provide a basis to interpolate or extrapolate the

Table 1. Deployment of Hydrogen Fuel Cell Vehicles by Scenario (thousands)

2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025
Scenario 1 0.0 0.0 0.0 3.0 4.8 7.2 50 100 150 200 250 300 400 500
Scenario 1 Cumulative 0.0 0.0 0.0 3.0 7.8 15.0 65 165 315 515 765 1,065 | 1,465 | 1,965
Scenario 2 0.5 1.0 1.0 30.0 60.0 60.0 200 300 400 500 600 700 900 1,000
Scenario 2 Cumulative 0.5 15 25 325 | 925 | 1525 | 353 653 | 1,053 | 1,553 | 2,153 | 2,853 | 3,753 | 4,753
Scenario 3 0.5 1.0 1.0 30.0 | 60.0 60.0 300 500 750 1,000 | 1,200 | 1,500 | 2,000 | 2,500
Scenario 3 Cumulative 0.5 15 2.5 325 92.5 152.5 453 953 1,703 | 2,703 | 3,903 | 5,403 | 7,403 | 9,903

Final 2 March 2008




results to other cases. The purpose of the DOE study was not to select any one penetration
scenario but to assess the costs and impacts of achieving each.

Automobile manufacturers and energy providers strongly endorsed a focused approach to
fuel cell vehicle and fueling station roll-out as a way to manage resource requirements and
provide adequate station networks to satisfy

customer demand. The analysis adopted a phased Figure 2. Areas of Projected
urban network approach, in which vehicles and Hydrogen Energy Demand
infrastructure are deployed in highly-populated

cities, with the gradual addition of other cities and 4
corridors connecting the cities. The analysis first Fe—{y e
considered the likely early markets for FCVs in S SR
the United States. An analysis of population gv. '
statistics, such as income level, education, and car - N :
ownership, found that major urban areas tend to . N bz, T, LI
hold large concentrations of individuals likely to e i ( [- &
purchase hydrogen-fueled vehicles. Figure 2 shows ‘mmein §.5-- f" e
the areas of the country containing urban areas 7
believed to be good early markets for these Eire ; '
vehicles.

Hydrogen Infrastrecture Demand
Consumes Strategy

Source: Melendez and Milbrandt, 2007

As shown in Figure 2, Southern California and

several states in the Northeast represent the most attractive initial markets for hydrogen-
fueled vehicles. Several of these states (e.g., California and New York) currently operate
programs in hydrogen energy development and have established energy and environmental
policies that are conducive to the deployment of clean energy technologies, including
hydrogen-fueled vehicles.

Organization of this Report

This report summarizes the results of several studies of the transition to hydrogen fuel cell
vehicles that DOE has supported and coordinated over the past several years (Brian and
Perez, 2007; NREL 2007; Greene and Leiby, 2007; and Unnasch, Rutherford and Hooks,
2007). Chapter 2 summarizes the analysis of hydrogen infrastructure deployment and
transition scenarios. The analysis finds that there are major advantages to focusing the
early deployment of fueling station networks in major urban areas across the country. In
the scenarios analyzed, 2012-2015 is the period for initial introduction in two major
metropolitan areas, 2016-2019 is the period of targeted regional growth into an additional
eight cities, and 2020-2025 is the period for inter-regional expansion into a total of 20 urban
centers and the early introduction of hydrogen corridors permitting cross-country travel.

Chapter 3 presents results of an analysis that simulates the market response to advanced
hydrogen technologies and estimates the costs of alternative policies to support the
introduction of hydrogen FCVs and fueling infrastructure over the 2012-2025 timeframe.
Three policy cases are analyzed, plus one “No-Policy” case. In Case 1, government and
industry share the incremental costs of FCVs 50/50; in Case 2, government and industry
share total FCV costs 50/50 until 2017, and tax credits cover the incremental cost of FCVs
from 2018-2025; in Case 3, additional tax credits supplement market incentives in 2018-
2025.
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2 ANALYSIS OF INFRASTRUCTURE
DEPLOYMENT SCENARIOS

To accomplish a successful transition to a hydrogen powered vehicles, it is critical to match
as precisely as possible—in time and space—the available hydrogen supply with emerging
hydrogen demand. This chapter describes results of analyses conducted on early
infrastructure deployment scenarios, including the most cost-effective hydrogen production
and delivery pathways and temporal and geographic deployment of the hydrogen refueling
infrastructure, including the optimal siting of refueling stations in key locales.

The analysis considers the following questions:

1) What hydrogen production options are least expensive and most practical during the
timeframe (2012-2025)?

2) What are the physical characteristics of the hydrogen fueling stations for siting
considerations?

3) What level of hydrogen demand is generated in each of the three vehicle penetration
scenarios, and how many stations are required to meet the demand?

4) Where do these stations need to be located to provide the user population with
convenient access to fueling?

5) Are there enough feasible sites to accommodate this need for station infrastructure?

The analysis adopts a three-phase approach for developing hydrogen refueling station
networks in urban centers with the highest projected demand for FCVs, and subsequently
implementing corridors to connect those urban centers. The deployment of stations is
aligned with projected growth in fuel cell vehicle sales under each of the three penetration
scenarios, as summarized in Figure 3. In Phase I (“Initial Introduction,” 2012 to 2015)
stations are sited only in the Los Angeles and New York City urban areas. Phase II
(“Targeted Regional Growth”) corresponds to the 2016-2019 timeframe, and includes
additional cities and an early interconnect system between several urban centers. The
2020-2025 time period represents Phase III (“Inter-Regional Expansion”), which includes
more cities and enough stations along a basic interstate corridor system to permit cross-
country travel.

The following sections summarize the infrastructure deployment analysis. The first section
addresses hydrogen production strategies and associated fueling station characteristics and
the second section addresses geographic location of these stations over space and time.

Comparative Infrastructure Costs

Infrastructure costs are a critical factor for the successful market penetration of hydrogen
fuel cell vehicles. The ability to deliver low-cost hydrogen during this period is essential to
gaining public acceptance and minimizing government investment. An analysis of
hydrogen infrastructure pathway costs (Brian and Perez, 2007) evaluated the different
options that could possibly be available in the 2012-2025 timeframe to produce, deliver, and
dispense hydrogen to future FCVs, including use of biomass, water (electrolysis), natural
gas, coal with sequestration, and nuclear energy (see Table 2 below). The analysis
considered central and distributed production options. Central production is defined here
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Figure 3. Cumulative Fuel Cell Vehicle and Station Deployment,
by Scenario and Phase

Phase | Phase II_ Phase _III
Growth Phase Initial Introduction (RKQeted agional e Peganal
2012 - 2015 Growth Growth
2016-2019 2020-2025
2
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3
7]
2012 k)
e
=
©
10 stations =
Scenario 1 =
3,000 FCVs (=]
=
7]
5
) =
60 stations °
Scenario 2 =
32,000 FCVs v
)
o
Scenario 3

as plants producing greater than 100 tons of hydrogen per day and located 30-60 miles
beyond the city limits, with hydrogen delivered to terminals and filling stations via truck or
pipeline. Distributed
(or forecourt) production
plants are small (up to

Table 2. Production Options Considered for
Hydrogen Scenario Analysis

3.0 tons of hydrogen per Feedstock Process Plant Size Location
day) facilities that Natural Gas | Steam Methane 0.1 TPD, 1.5 TPD, | Distributed
produce hydrogen on Reforming 3.0 TPD

the same site as the — 379 TPD Central
vehicle filling station. Cpal Gas!f!cat!on 316 TPD CenFraI

Biomass Gasification 155 TPD Regional

The production optlons Nuclear ?ﬁéf;ﬁég?&ztzrzrmamg 767 TPD Central
were analyzed using a Ethanol Reforming 1.5 TPD Distributed
model developed by DTI Water Electrolysis 0.1 TPD, 1.5 TPD | Distributed

called HYPRO, which
generates a “profited
cost of production” from each pathway and then projects the least-cost hydrogen production
pathways for meeting specified hydrogen demand levels over time. Figures 4, 5, and 6
provide the profited cost of production of the most viable near-term production pathways at
constant high demand with all anticipated technology advancements implemented (year
2030 performance). The pathways for electrolysis and nuclear were determined to be too
costly in this time period, and so are not included here.

Source: DTI 2007
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The total pathway costs for
distributed steam methane
reforming (on-site reforming of

Figure 4. Distributed Steam Methane Reforming:
Total Pathway Costs*

natural gas) for different $5.00 O Dispensing

plant/station sizes are shown in — $4.50 T B Production - Distibuted T
Figure 4. The small plant (0.1 tons i $00 T 7 nG swR $1.94
per day [TPD]) costs for hydrogen P $350 I
are prohibitively high, at nearly $5 = $3.00 1 50,65 e

per kg of hydrogen dispensed at S8 52550 1

5000 psi (untaxed). The 1.5 ton per 3 s200 1 $O69 P09

day and the 3.0 ton per day plants £ 31507 2,58 $2.63 [52.84
have equivalent price perspectives, a S0 11 74 BL74 T
at between about $2.50 and $0.50 T -
$350/kg (untaxed at the diSpenser > 3.0TPD 1.5TPD 3.0TPD 1.5TPD 0.1TPD
at 5000 psi gas). Because there is (Optimistic) (Optimistic) (Pessimistic) (Pessimistic)

Wlde dlSperSI.On in the expected * Production costs include on-site hydrogen storage and
installed capital cost of forecourt compression.

steam methane reforming Source: James and Perez, 2007

equipment, both a low (“optimistic”)

and a high (“pessimistic”) cost case is shown. The optimistic case assumes advances in
Design for Manufacturing and Assembly that reduce manufacturing and field installation
costs, as well as technical innovations that allow for smaller and cheaper production units.

It will be important to provide consumers with as many station locations as possible during
the early deployment period. The number of stations that can be provided in any
geographic region is maximized by siting smaller stations that do not require as much land.
(This will be explained in more detail in the next section.) Therefore, the 1.5 TPD-size
distributed production plant was selected as the prototype for the analysis because it leads
to the largest number of stations that can be deployed in the shortest amount of time.

Central hydrogen production pathways include additional costs for transporting the
hydrogen from the plant to its point of use within the city. For the Hydrogen Scenario
Analysis, delivery via conventional, low-pressure gas truck, high-pressure gas truck, cryo-
compressed gas truck, conventional liquid truck, and gas pipeline were considered. Figure
5 shows that while the cost to produce hydrogen at central plants is low (between about
$1.00 and $1.50/kg), the terminal and delivery costs add significantly to the total. The
terminal costs in Figure 5 include

compressors, pumps, liquefiers (for Figure 5. Hydrogen Transport Costs from
liquid pathways), evaporators, Alternative Delivery Pathways

. $5.00
trucklng bays and storage vessels 8450 1 DProduction ~ M Terminal O Delivery 1
(all located at the central g $4.00 1 A‘ 280 kg Trailer
production plant). Delivery costs 2 =] Jl 57 ¥a Trailer \= 5100 kg Trailer
include the material and labor costs 2“ s250 +— / 4142 kg Trailer
of either truck or pipeline delivery o = ’4-* ] .
. . = $1.50 7
from the terminal to the fueling B oo |
station. Because truck delivery 050 1
. . . $- T T T T
costs vary 1nversely with trailer Low Pressure High Pressure ~ Cryo-cooled | jquid Truck Pipeline
capacity (ShOWIl in kilograms in Gas Truck Gas Truck Gas Truck

* Hydrogen production mode is central steam methane reforming

Figure 5), liquid truck delivery is
Source: James and Perez, 2007

the least costly of the truck delivery
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options. A large part of the costs for the liquid truck pathway are associated with the high
cost of liquefying hydrogen at the terminal. While cryo-gas (cold compressed gas) truck
delivery costs appear to be slightly lower than liquid trucks, the technology is unproven,
costs are speculative, and high-pressure storage is required at the station, which
complicates siting. For this reason, liquid trucks are selected in this analysis as the
preferred truck-based mode of hydrogen delivery from remote hydrogen production
facilities. Pipeline delivery also offers a high capacity and relatively low costs when fully
utilized, but it may take many years to build this level of hydrogen demand. Therefore, this
mode of delivery is also selected, but does not emerge until later in the early deployment
period. While all of the above

options are included in the model Figure 6. Total Pathway Costs for Lowest-Cost
as viable alternatives, their Hydrogen Infrastructure Pathways
projected implementation will 65.00
depend on which pathway offers s45p L2030 Data & 5300 TPD Constant Demanc ODispensing - 1.5 TPD | |
the lowest-cost option for that O Delivery

$4.00 H Terminal i

particular point in time, demand
level, and geographic location.

$3.50 O Production L

$3.00 -

Figure 6 summarizes the results $2.50 1

of this analysis by showing the
total pathway costs for the lowest-

$2.00 -

$1.50 - - . I $3.32

Pathway Profitted Cost [$/kg H 5]

cost hydrogen infrastructure $1.00 T—spu m
pathways for the early $0.50 - l ‘

deployment period. The $- ‘ ‘ ‘ : :
optimistic and pessimistic o pame  scceba & Ppeime  Liguid Truck, v
forecourt provide the low- and (Opimistic) . R _/ (Pessimistic)
high-end pathway costs, at Source: James and Perez, 2007

between $2.50 and $3.25/kg

(untaxed, 5000 psi). The coal option includes a $0.46/kg penalty for carbon sequestration;
improved sequestration methods may lower the cost of this option. The biomass option
considered here is gasification of switchgrass. In addition to these options, hydrogen could
also be provided, in limited amounts and in niche locations, by excess capacity at existing
hydrogen production facilities (i.e., petrochemical refineries and merchant gas producers).
This would be the lowest-cost option for delivered hydrogen, where available. One
important point to note about central steam methane reforming with liquid delivery is that
the current liquefaction process is electricity-intensive and would be carbon-intensive if
provided by the existing electricity grid fuel mix.

Geographic Deployment Analysis

One of the greatest challenges to the introduction of hydrogen vehicles nationwide is
development of a logical strategy for deploying both the vehicles and the supporting
infrastructure. Some studies have looked at a national vehicle deployment scenario that
could require as many as 30,000 to 50,000 hydrogen fueling stations to meet customer
demand. However, such a large deployment of stations is neither economically nor
practically feasible. Automakers have also expressed a strong preference for focusing the
early sales of FCVs in limited urban areas with the largest markets in order to limit the
need to support a diffuse and low-utilization technical support and maintenance network.
A key finding of this study is that vehicle deployment and fueling station deployment
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should be synchronized and rolled out in a phased approach that starts in areas of high

potential demand for FCVs.

An analysis was conducted (Melendez and Milbrandt, 2007a) to identify the areas of highest
FCV demand, and then assess how many stations would be needed to fuel these vehicles
and where they might realistically be located. As a first step, a literature search and
interviews with vehicle technology experts were conducted to identify key demographic
attributes affecting hydrogen vehicle adoption in consumer markets. The following
attributes were selected for assessing the relative merits of different geographic areas for
early deployment of hydrogen vehicles: households with two or more vehicles, hybrid
vehicle registrations, education, household income, commute distance, state incentives,
clean city coalitions, and zero emission vehicle (ZEV) mandates.

The analysis showed that major urban centers are the best early markets for hydrogen
FCVs (see Figure 2). New York and Los Angeles were identified as particularly good areas,
with population centers of about 20 million. Next-best are cities with populations between

5 and 10 million, such as
Boston, Chicago, San
Francisco/Sacramento, and
Dallas. Cities with
populations between 2 and 5
million (e.g., Houston,
Seattle, Phoenix, Denver,
Cleveland, and Miami) were
also considered promising
for deployment of hydrogen
refueling stations. In all, 20
cities in five different
regions were identified as
promising candidates in a
phased roll-out (see Table 3
and Figure 7).

The Oak Ridge HyTrans
model was used to calculate
the total number of fueling
stations required to meet
demand in each of the three
different scenarios (Greene
and Leiby, 2007). The
analysis assumes
deployment of 1.5 TPD
distributed hydrogen
production and central
production with liquid truck
and gaseous pipeline
delivery, as described in
the previous section. The
total number of stations was
then allocated among the 20
selected urban areas. In the

Table 3. Projected Hydrogen Fueling Station
Deployment 2012 -2025 (Scenarios 2 and 3)

Phase | Phase Il Phase Il
Scenario 2 | Scenario 3
2012-2015 | 2016-2019 | 2020-2025 2020-2025
Urban Area* Stations Stations Stations Stations

New York 20 200 554 1,227
Los Angeles 40 400 751 965
Chicago 135 316 699
Washington 265 586
Sacraments. 8 181 401
Philadelphia** 58 136 302
Boston 127 296 656
Detroit 90 210 465
Dallas 92 215 477
Houston 192 425
Atlanta** 74 173 382
Miami 50 111
Seattle 27 63 140
Phoenix 99 219
Minneapolis/

St Paul 8 217
Cleveland 83 183
Denver 88 196
St. Louis 85 188
Portland 55 123
Orlando 35 77
Total 60 1,281 3,945 8,039

*Ranked by Population shown in Table 3.

** Cities selected and reranked for geographic diversity within analysis
Colors indicate phase in which infrastructure development is initiated in HyTrans:

Red: 2012-2015, Blue: 2016-2019, Green: 2020-2025
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first phase of deployment (2012—-2015),
stations are sited only in the Pacific and
Northeast regions, in the urban areas of Los
Angeles and New York. In Phase II,
Targeted Regional Growth (2016-2019),
stations are sited in eight additional cities
and two additional regions, with limited
corridors between a few cities (see heavy
blue lines in Figure 7). By Phase III (2020—
2025), stations are deployed in all 20 cities
and all five regions, with nascent capacity
for cross-country travel, as shown by the
yellow network in Figure 7. Table 3 shows
the breakdown of fueling station deployment
over time for Scenarios 2 and 3. The
number of stations in Scenarios 2 and 3 is
similar until Phase III, at which point the
two scenarios are projected to diverge.

Figure 7. Representative City Deployment
and Regional Infrastructure

Rep City Deploy

it and Regi by 2025

Source: Melendez and Milbrandt, 2007

Within each city or urban area, feasible station locations were identified using the following

criteria:
.
.
= Near retail centers

Along major and secondary roads

Balanced station coverage

Near major civic airports

Along roads with traffic flow above 200,000 vehicles per day

In census tracts with 3,000 or more registered vehicles

Stations have also been sited such that FCV customers can get to and from popular local
destinations or commuter communities. Figures 8-13 show the results of this analysis for

Figure 8. Hydrogen Refueling Stations in
the Los Angeles Urban Area during
Phase | (Scenarios 2 and 3)

Tomange -

Hydrogen Stations o
Los Angeles Urban Area

2012 - 2015

*  Proposed Stabons (Totsl 40)
Freeway System
Counties
Urban Areas

Source: Melendez and Milbrandt, 2007

Figure 9. Hydrogen Refueling Stations in
the New York Urban Area during
Phase | (Scenarios 2 and 3)

ety o

Hydrogen Stations
New York — Newark Urban Area
2012 - 2015

*  Proposed Stations (Total 20)
Freeway System
r States

Counties

Urban Areas

7 - o
L 1 \‘. S

Source: Melendez and

Milbrandt, 2007
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the urban centers of Los Angeles and New York. In Phase I a total of 60 stations are
built—40 in the Los Angeles urban area and 20 in the New York area. More stations are
initially deployed in Los Angeles, since local and state regulations and incentives are
expected to stimulate a more rapid market penetration of fuel cell vehicles in that area. As
shown in Figures 8 and 9, 51% of the population of Los Angeles and 31% of the population
of New York are expected to be within five miles of these early stations. The stations are
generally located on major arteries and are expected to provide adequate coverage for the
hydrogen demand projected during this timeframe.

Figure 10. Hydrogen Refueling Stations in Figure 11. Hydrogen Refueling Stations in
the Los Angeles Urban Area the New York Urban Area
during Phase Il (Scenarios 2 and 3) during Phase Il (Scenarios 2 and 3)

3 Accessibility| Population
£ 2 Miles 32%
Hydrogen Stations Pam %‘_’ ‘o 3 Miles 57%
Los Angeles Urban Area . - b, A itn s e T .
2016 - 2019 : ‘ . \Tah LIS [T
i "\\_ Hydrogen Stations
Accessibility Population _ > New York — Newark Urban Area
2 Miles 64% I =Ty 2016 - 2019
T 3Miles | 73% _ s / « Progosed Statons (T 200)
T SMiles | 83% P
t — /:7//) === t
Source: Melendez and Milbrandt, 2007 Source: Melendez and Milbrandt. 2007

During Phase II stations are placed in eight additional cities to meet growing projected
demand (see Table 3). About half of the 1,280 stations are located in Los Angeles and New
York, with the remainder in the other cities. Figures 10 and 11 shows how the station
locations might expand during Phase II in Los Angeles and New York. With this level of
station coverage, 64% of the population in Los Angeles will live within 2 miles of a hydrogen
station and 83% will live within 5 miles. For New York the respective figures are 32% and
73%. Additional stations are provided just beyond the city centers to provide people with
greater driving ranges, but hydrogen demand is not high or widespread enough at this
point to make fueling stations in long distance corridors economically viable (except
between Los Angeles-San Francisco, New York-Boston Washington D.C., and Chicago-
Detroit).

Phase III, the Inter-Regional Expansion phase, marks the threshold to an adequate and
interconnected national hydrogen infrastructure. During this 2020-2025 timeframe,
hydrogen station deployment is projected to spread to all 20 selected cities and all regions of
the country. This outcome would be highly dependent on how many vehicles are actually
produced and sold. If automakers aggressively pursue a receptive consumer market and
can meet the FCV sales levels assumed for this timeframe in Scenario 3, then this kind of
station deployment would be needed. Scenario 3 places over 8,000 stations during

Phase III (or about 15% of the total number of existing gasoline stations). Almost 6,000 of
these are located outside the urban centers of Los Angeles and New York. Scenario 2
establishes about half as many stations during the same timeframe, with over 2,500 of
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these located in other cities. The 4,000 stations deployed by the end of Phase III in
Scenario 2 equates to about 7% of existing gas stations.

Figures 12 and 13 show the placement of stations in Los Angeles and New York during
Phase III (Scenario 3). This level of station coverage brings more than 80% of the Los
Angeles metro population within 3 miles of a station and almost 50% within one mile. In
New York, only about a quarter of the population is within one mile of a station, but about
80% is within 3 miles. An analysis of driving distances and times (Welch, 2007b) in Los
Angeles concluded that the station coverage in Scenarios 2 and 3 were both adequate to
meet consumer expectations (less than 3 minutes driving time in Scenario 3 and less than 4
minutes in Scenario 2, as shown in Figure 14).

Figure 12. Hydrogen Refueling Stations Figure 13. Hydrogen Refueling Stations
in the Los Angeles Urban Area in the Los Angeles Urban Area
during Phase lll (Scenario 3) during Phase Ill (Scenario 3)
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Source: Melendez and Milbrandt, 2007 Source: Melendez and Milbrandt, 2007

Figure 14. Comparison of Time to

As a final step in the geographic X i
Station Projections

deployment analysis, the possibilities

for actual station placement at the % ig ‘ ‘
identified locations were assessed. A gf 16 1 e e e o0 oaten
model station footprint was ?2 14 \ ~ HyDIVE Time to Station (@ 20 mph)
developed for a 1.5 ton per day steam  §% 12 T3¢
methane reforming (SMR) fueling @ % 18 A\ =+ HyDIVE Time to Station (@ 30.3 mph)
station. Land requirements ranged -
from 6,700 — 12,800 square feet, E 5 4 \-_—*\k:‘**“*w

. . ) =5 ===
depending on the setback required 50
for nearby buildings, sidewalks,

0% 5% 10% 15%

parking lots, etc. The analysis first
considered the feasibility of siting the
SMR facilities at existing gas
stations, since this represents the Source: Welch, 2007

lowest cost option. Based on an

assessment of existing gas stations in Los Angeles, New York City and Dallas (40 stations
per city), only a small number (less than 20) were clearly feasible for on-site SMR.
Therefore, the analysis was extended to consider locating fueling stations at “big box”

Percentage of Stations

*15.4 x 16.5 mile cell with 490 gas stations
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stores, such as Wal-Mart and Costco. These locations are attractive because they have
large parking lots that could accommodate SMR equipment, and several of the corporate
chains have expressed interest in participating in clean energy projects. Their share of fuel
sales 1s also growing; in 2005, gas stations at big box retailers and grocery stores accounted
for only 2-3% of stations, but nearly 8% of gasoline sales nationwide. However, the number
of these retail centers is limited. The shortage of feasible distributed SMR sites in urban
areas means that central plants with pipeline delivery systems may need to be in place by
2020 or earlier to meet the kind of hydrogen demand that would be generated by either
Scenarios 2 or 3.

Key Findings and Conclusions: Infrastructure Deployment Analysis

= The lowest-cost hydrogen production pathways for the early deployment period are:

- Liquid hydrogen delivered by truck from existing hydrogen production facilities
(available in very limited quantity to niche locations)

- Distributed steam methane reforming (SMR) on a scale of 1.5 tons per day
(1,050 kg of hydrogen dispensed per day)

- Liquid hydrogen delivered by truck or gaseous hydrogen delivered by pipeline
from central (about 300 tons per day) plants located 30-60 miles from the city
(coal with sequestration, biomass or natural gas)

All options are considered viable; the lowest-cost option will depend on the
particular economic conditions at that specific time and place.

= Urban areas represent the best early markets for FCVs (with Los Angeles and New
York City being the top 2 early markets in the United States)

= An “urban center” approach to deployment was recommended by industry, in which
vehicle sales and fueling infrastructure build-out are focused on a limited number of
cities, with fueling networks radiating out and gradually connecting additional cities

= A phased roll-out concept, that focuses first on areas of highest potential demand for
FCVs, will enable strategic location of fueling stations to maximize the coverage early
for least cost and enable automakers to concentrate technical and maintenance
support resources

= Between 4,000 and 8,000 stations are needed to meet the hydrogen demand from
FCV sales assumed in Scenarios 2 and 3, respectively, by 2025. While this represents
only 7-15% of the number of existing gasoline stations, strategic deployment of
stations will meet customer demands for convenience (assuming 3-mile travel
distances)

= On-site SMR fueling stations have a footprint of between 6,700 and 12,800 square
feet. Because of space constraints at existing gasoline stations and the limited
number of “big box” store locations (which are not as space-constrained), there
appears to be a shortage of feasible locations for distributed SMR facilities.
Therefore, there may be a need to consider gaseous pipeline delivery before 2020.
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3 ANALYSIS OF SCENARIO COSTS AND
SUSTAINABILITY

This chapter presents the results of analysis that simulates the market response to
advanced hydrogen technologies and estimates the cost of alternative polices to support a
market transformation to hydrogen fuel cell vehicles (Greene and Leiby, 2007). The
analysis uses an integrated market simulation model (HyTrans) representing the economic
decisions of vehicle manufacturers, energy suppliers and consumers to estimate market
outcomes through 2050. For the Hydrogen Scenario Analysis, the three vehicle penetration
scenarios are evaluated to assess their costs in comparison to a business-as-usual or “null”
scenario. The HyTrans model calculates the added costs of achieving these scenarios both
in terms of infrastructure, and fuel and vehicle production. The costs above the null
scenario represent economic hurdles for investors, and are assumed to be shared by the
government and private sector through policy incentives designed to foster a competitive
environment, as described below. The level of FCV penetration that is actually achieved
will depend on the abilities of the several stakeholders to educate the public, market and
sell fuel cell vehicles, and deliver hydrogen to consumers in a competitive marketplace.
After 2025, the HyTrans model is run to 2050 to determine whether, in the absence of
further policy initiatives, a sustainable transition to hydrogen powered vehicles would be
likely to continue to completion.

The Hydrogen Scenario Analysis considered policies that could be used by government to
help foster market conditions in which FCVs could effectively compete. The policies
address two key economic barriers: (1) lack of an existing fueling infrastructure, and

(2) the high cost of FCVs at low production volumes. The analysis evaluated policies that
could directly incentivize the building of fueling stations, drive down the cost of producing
fuel cell vehicles, and stimulate the purchase of FCVs. Three alternative policy cases were
developed that provide different options for doing this, with different allocations for sharing
the costs between the private sector and the government. The cost of each policy case is
estimated for the three scenarios over the 2012-2025 timeframe, with a “no-policy case”
included as a point of comparison. The following sections describe the results of the
scenario and policy cost analysis.

Projected Market Sustainability of Scenarios 1-3

On the vehicle manufacturing side, the HyTrans model represents technological progress
towards the DOE’s goals for advanced automotive technologies, cost reduction via learning-
by-doing, and economies of scale in vehicle production. More information on the fuel cell
vehicle cost projections within each scenario is presented below.

On the energy supply side HyTrans includes a range of hydrogen production processes and
delivery options derived from DOE’s H2A hydrogen production and delivery models, and is
generally consistent with the hydrogen production pathway analysis described in

Chapter 2. In the early stages of the deployment, hydrogen is produced predominantly by
distributed SMR or from existing hydrogen plants. As the demand for hydrogen grows,
central production from biomass and coal (with sequestration) with liquid truck and
pipeline delivery become important sources in higher-demand markets. The hydrogen is
calculated as a delivered cost, and includes all the infrastructure necessary for production,
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delivery, and refueling. Several pathways appear to be able to deliver hydrogen at very
similar costs. Small changes in assumptions can therefore produce large changes in the
hydrogen production mix. For example, central production may appear earlier than is
predicted here, depending on relatively minor changes in assumptions. As a consequence, it
1s not meaningful to emphasize the precise mix of hydrogen production pathways predicted
by the HyTrans model. The key implication is that hydrogen is likely to be produced via a
variety of pathways at competitive costs. More information on the cost of hydrogen versus
gasoline, on a cost-per-mile-driven basis, is presented in the section addressing policies and

costs.

On the demand side, the HyTrans model represents consumers’ choices and fuel use among
competing vehicle technologies, taking into consideration the projected availability and
price of fuel, fuel economy, and the diversity and number of vehicle makes and models to
choose from. The U.S. is divided into markets consistent with the phased geographic
deployment scenarios presented in Chapter 2. As previously mentioned, for this study the
model follows the vehicle penetration rates for the three scenarios until 2025.

Fuel Cell Vehicle Cost Projections

Initially, fuel cell vehicles will be very expensive. Costs will decline as a function of
technological progress, learning-by-doing, and manufacturing scale economies, all of which
are represented in the HyTrans model. Figures 15a and 15b show the fuel cell vehicle cost

estimates calculated by the model,
along with an averaged “central
tendency” or “composite” cost curve
based on proprietary cost estimates
provided by OEMs for different
years and production volumes. The
calculated cost estimates assume
that DOE’s 2010 and 2015 R&D
goals for cost reductions are met
and incorporated into mass-
produced technology five years
later. Note that the FCV cost
estimates do not include the
normal development costs that
automobile manufacturers invest
to produce and test vehicles for
mass production and consumer
acceptance.

On a scale showing the entire
2012-2025 timeline, FCV costs in
Scenarios 2 and 3 are barely
distinguishable from one another
and from the OEM “composite” cost
estimate. The lower production
volumes in Scenario 1 result in a
higher cost for the first few years.
Expanding the scale to show only

Figure 15. Estimated Cost of FCVs in
Scenarios 1, 2 and 3 as a Function of Learning,
Volume, and R&D Progress

15a. Predicted FCV Costs: 2011-2025
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the time period after the cost of the vehicle has gone below $50,000 (Figure 15b), more of
the differences between the scenarios can be seen. These differences have a big affect on the
OEMSs’ cash-flow conditions during this period, which are discussed in more detail later in
the report.

Market Simulations for Hydrogen Fuel Cell Vehicles

The market simulations for the different scenarios assume the following: 1) all key light-
duty vehicle technologies? achieve their DOE cost and performance goals and 2) world oil
prices are consistent with the Energy Information Administration’s high world price
projections (i.e., $90/barrel in 2030). Technology success for FCVs assumes that the
hydrogen fuel cell power train meets its cost target of $30/kW by 2015 and is incorporated
into commercially available vehicles by

2020. Sensitivity analyses were also Figure 16. Vehicle Technology Market
conducted to test the impacts of Shares in Null Scenario
technology shortfalls, lower oil prices, and 100%
competing demands for biofuels under an 0% - ™ AT T T \
expanded national biomass initiative. 80% 1

0% -~ ~"" N " & —e—Advanced Gasoline -

60% f+--— - - - -, —g&--—"-—-—-—-—-—- —&— Gasoline Hybrid -
Figure 16 shows the simulation of the s Lo N —e—H2 Fuel Cell |
light-duty vehicle market with no direct 0% f--—- - g
policies in place to stimulate the B N
production or sales of FCVs (the Null S I A S
Scenario). These results are important, 0% oo — o —$——0
because they suggest that even with 2005 2015 2025 2035 2045
technology success, high world oil prices, Source: Greene and Leiby, 2007

and a COz tax in place, market forces

alone will not drive a market shift to hydrogen powered vehicles until, perhaps, well after
2050. The market barriers and industry investments for FCVs are too large to overcome
and advanced gasoline and diesel hybrid vehicles (which do not face the same market
barriers) will dominate.

The HyTrans market simulations for Figure 17. Vehicle Technology Market
Scenarios 1, 2, and 3 (shown in Figures 17- Shares in Scenario 1

19) indicate that achieving any one of

these vehicle penetration scenarios over 100% |
the 2012-2025 timeframe (which, again, is o |

dependent on the actual sales of vehicles 0% o e NS T N
by auto companies) is able to accomplish a o . W SN ] S Tderced Gasone
sustainable changeover to hydrogen s I et Sty (e
powered vehicles after 2025. The ]

scenarios differ with respect to the rate 12; T S
and degree of market penetration beyond 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
2025. Although risk has not been

explicitly included in this analysis, it is Source: Greene and Leiby, 2007

probably a critical factor in achieving a
successful market transformation. It is likely that those scenarios that quickly drive down

2 Competing light-duty vehicle technologies include fuel cell vehicles, advanced conventional gasoline and diesel vehicles,
advanced hybrid gasoline and diesel vehicles, and future hydrogen internal combustion engine vehicles.
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FCV costs and establish an extensive
hydrogen infrastructure will inspire a
greater degree of confidence in the
ultimate success of the conversion to
hydrogen and have a higher chance for
success.

Sensitivity analyses showed that the
achieving DOFE’s goals for fuel cell and
storage costs are very important to
ensuring a stable, sustainable market
transformation. If all of the technologies
achieve only “intermediate” goals (which
for FCVs equates to $60/kWh for fuel cell
systems vs $30 and/or $8/kWh for on-
board hydrogen storage vs $2), then the

Figure 18. Vehicle Technology Market
Shares in Scenario 2
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Figure 19. Vehicle Technology Market
Shares in Scenario 3

ability for FCVs to effectively compete is
reduced and generally share about 40% of

the marketplace. An analysis using a 1222 oo —
lower price for oil (the EIA Annual Energy ol N
Outlook Reference Case) indicated that O R W™ VR
even with oil prices at $50/barrel in 2030 e e VA DEOT
(and assuming technology success for ool Y S N N
FCVs), a sustainable market shift to FCVs 200 = N A oo
would occur. Likewise, an expanded i B G R e "

biofuels policy (which assumes biofuels 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

replace 15% of gasoline use by 2017 and
22% by 2030) does not impact the long-run
market transformation to hydrogen, but does change the mix of hydrogen production
pathways.

Source: Greene and Leiby, 2007

Selection of Policy Options

As the previous section indicated, without some direct
policy intervention to help overcome significant market
barriers, it is unlikely that a changeover to hydrogen
FCVs will occur. However, with policy support to share
the private sector’s costs for producing a fuel cell vehicle
that is cost-competitive in the marketplace, a sustainable
market transformation is possible. As requested by
Congress (in U.S. House, 2005) and the National
Academies, this study evaluates the cost of policy options
that could help to overcome these barriers. An analysis
was conducted to identify the best options for
consideration in the Hydrogen Scenario Analysis study
(Unnasch, Rutherford and Hooks, 2007). Candidate
options included those authorized in existing federal legislation (e.g., EPACT Sections 805
and 808, clean fuel tax credits) and policies and incentives that are or have been offered by
state and local governments, utilities, or other programs. The leading candidates (shown in
Figure 20) were assessed for their strengths and weaknesses in directly addressing the

Figure 20. Policy Options:
Candidates Considered in
the Analysis
50/50 vehicle cost share
Infrastructure loan guarantees
Accelerated depreciation
Infrastructure cost share
Producer fuel payment
Fleet purchase program
Consumer tax credit
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market barriers to FCV manufacturing and fuel infrastructure development. Vehicle
production mandates and broader policy options such as renewable fuel portfolio standards
and carbon taxes were also evaluated and rejected as policy candidates since they do not
directly address the economic barriers faced by private sector investors and car buyers. The
analysis was presented at DOE stakeholder meetings and discussed with industry

representatives.

The three policy cases ultimately selected for consideration and the manner in which they
are implemented over the time period of the study are shown in Table 4. The emphasis is
on policies that could (1) reduce the cost of FCVs and hydrogen fuel to consumers (both
commercial fleet operators and individual car buyers); and (2) reduce the risk for private
investors (vehicle manufacturers and fueling station providers) by lowering the investment
costs to levels more consistent with normal development costs and providing a reasonable
time horizon for revenues. The three policy cases provide some level of policy support
through 2025, at which time the policy supports are removed to determine if the FCV
market is sustainable beyond 2025.

Table 4. Scenarios of Government Support for Hydrogen Fuel Cell Vehicles and

Infrastructure:
Three Policy Cases
Vehicle Policies Fueling Infrastructure Policies
Station Cost Sharing Hydrogen Fuel
l ) Fuel Cell Fuel Cell (for Distributed Subsidy
P(“?alscey P-Ic—el:?oed Vehicle Vehicle Hydrogen (Production
Cost Sharing Tax Credits Production) Tax Credit)
50% of $1.3
2012 - 2017 |r|1:(g\e/n(1:§rgil None Million/Station $0.50/kg
50% of Decreases linearly
Case 1| 2018 - 2021 incremental None . $0.7 i From 2018 to $0.30/kg
FCV costs Million/Station in 2025
50% of $0.3 $0.30/kg
2022 - 2025 incremental None S in 2025
Million/Station
FCV costs
50% of total $1.3
T - ALY FCV costs NI Million/Station LU
Decreases linearly
Case 2 _ 100% of $0.7
IS - HT2L. NI incremental cost Million/Station AT 2(.)18 to $0.30/kg
in 2025
100% of $0.3 $0.30/kg
AU 2 20D NI incremental cost Million/Station in 2025
50% of total $1.3
AU o ALY FCV costs TS Million/Station H=U
100% of Decreases linearly
incremental cost $0.7 From 2018 to $0.30/kg
T None plus Million/Station in 2025
$2,000/vehicle
100% of $0.30/kg
2022 - 2025 None incremental cost N $0.3 _ in 2025
plus Million/Station
$2,000/vehicle
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All three policy cases encourage the development of refueling infrastructure by providing
government cost sharing for the capital cost of distributed SMR stations, in a descending
amount over time as shown in Table 4. The total capital cost of a 1.5 ton per day
distributed SMR station is estimated to be 3.3 million in 2012, declining as a result of
learning-by-doing to $2.0 million by 2025. Each of the policy cases also includes a fuel
subsidy for hydrogen equaling $0.50/kg from 2012 through 2017 and declining linearly
thereafter to $0.30/kg by 2025. This subsidy would be in the form of a tax credit to
hydrogen producers, similar to the credits received for ethanol and biodiesel under current
law.

The incentives provided to lower the costs of fuel cell vehicles varies with the three policy
cases. Policy Case 1 provides for 50/50 sharing of the incremental costs of fuel cell vehicles
between government and industry throughout the entire time period with no vehicle tax
credits. Incremental costs are calculated as the cost above the price of the FCV’s closest
competitor (assumed to be the advanced gasoline-electric hybrid).

Policy Case 2 modifies the vehicle cost sharing to split not just the incremental but the total
cost of FCVs 50/50 between government and industry through the year 2017. This policy
would be consistent with EPACT of 2005 Section 808 provisions for demonstration
programs. After 2017 Case 2 includes a 100% tax credit to industry on the incremental
costs of FCVs through the remainder of the time period. Policy Case 3 is exactly the same
as Case 2, but adds a $2,000 tax credit (split 50/50 between the vehicle manufacturer and
the car buyer) between 2018 through 2025, to provide additional incentives to consumers
and industry.

Analysis of Policy Costs

The costs of the policy cases were calculated for the three vehicle market penetration
scenarios in order to estimate 1) the annual costs to the government, 2) the cumulative
costs to the government, and 3) the simulated cash flow of vehicle manufacturers.> A “No
Policy Case” is also included, which maintains the baseline assumption that a carbon
mitigation policy is in place, but which does not include any policies for cost sharing by the
government.

3 Assumptions used for the OEM cash flow simulations include: 1) manufacturers are assumed to make a 6.5% profit on the long-
run retail price of an FCV; 2) manufacturers’ losses are estimated by subtracting the incremental cost above the long-run retail
cost from the estimated profit and multiplying by the number of FCVs sold, plus the available amount of government cost
sharing; 3) for Policy Case 3, it is assumed that the $2,000/vehicle tax credit is split equally between consumer and manufacturer,
and so $1,000 times the number of FCVs sold is added in Policy Case 3; 4) . Normal product development costs to produce and
test commercial vehicles are not included in these analyses. Cash flow simulations for fueling station providers are not
presented, since the fueling infrastructure policies are the same in all three policy cases and were designed to permit the fuel
provider to be profitable during the early deployment period.

Final 20 March 2008



No Policy Case
Figure 21. Simulated Auto Industry Cash
Flow from Sale of FCVs under
No-Policy Case

As shown in Figure 21, without any cost

Billions of Dollars

Source: Greene and Leiby, 2007

sharing by the government, the automobile
industry would sustain significant losses if “
it were to introduce FCVs at the rates . Eary—— »
depicted in Scenarios 1, 2 and 3. While the Do 0 /
annual losses are lower in Scenario 1, the :10 Scenariol

sales volume never reaches a high enough YT g'nl' =

level for the industry to break even or turn - B2 & / Z

a profit. The higher production volumes in -$2 \P\ é ==
Scenarios 2 and 3 reduce the per-vehicle -$3 /)

cost and stimulate the market, creating a -$4

net-zero or positive cash flow by 2025. 55

However, the cost of getting there is very

high. Figure 21 clearly illustrates the

“valley of death,” which has peak industry

costs of close to $5 billion per year and roughly $25 billion in cumulative losses between
2015 and 2022. These costs represent the amount that industry would have to invest over
and above normal vehicle development costs that automobile manufacturers invest to bring
new vehicles to the mass market. Note that these losses are for the auto industry as a
whole, and assumes that there are five companies producing hydrogen fuel cell vehicles
over this time period. These losses are a large part of the reason why a transition to
hydrogen does not occur in the “Null Scenario” case (see Figure 16).

Policy Case 1

In Policy Case 1, the government assumes a substantial share of the additional costs of
early deployment. As mentioned previously, Policy Case 1 supports FCVs by providing a
50% cost share for the
incremental cost of FCVs
over the entire 2012-2025
transition timeframe.

Table 5. Cost to Government of Cost Sharing and Subsidies
for Fuel Infrastructure and Fuel Cell Vehicles:
Policy Cases 1, 2 and 3*

Cumulative Cost
g jf;ﬁjo:g:gfsg?femmen . Peak Annual Cost 2012 - 2025
. $ billion $ billion
costs for Policy Case 1 : ) : )
under the three vehicle Fuel | Vehicle | Total | Fuel |Vehicle| Total
penetration scenarios (the Policy Case 1
entire QOSt curves are Scenario 1 0.2 0.8 1.0 1.5 6.5 8.0
shown in Appendix A, Scenario 2 0.3 1.8 | 21 4.0 11.0 | 15.0
Fl_?f‘ﬁrelsl f‘hla'c)- If,ere’ as Scenario 3 0.4 21 | 25 | 7.0 | 100 |17.0
with a ree policy cases, Policy Case 2
the largest share of :
government cost sharing Scenario 1 0.2 1.7 1.9 1.5 12.5 14.0
. Scenario 2 0.3 3.7 4.0 4.0 21.0 25.0
h .
fgsts ;t?}?;g;ﬁgi?’fié ceell Scenario 3 0.4 44 | 48 | 80 | 180 |26.0
vehicles. Fuel and Policy Case 3
infrastructure subsidies Scenario 1 0.7 1.8 2.5 5.0 13.0 | 18.0
increase with the number Scenario 2 1.0 37 | 47 | 130 | 210 [34.0
of hydrogen vehicles on Scenario 3 1.7 4.3 6.0 27.0 18.0 45.0

the road, so these costs

* Costs in $2004. Cumulative costs are undiscounted. See also see Appendix A.
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generally increase each year and are highest in Scenario 3. The government’s peak annual
costs for Policy Case 1 are $2-2.5 billion per year, with cumulative costs reaching up to $17
billion by 2025.

The simulated automotive industry cash flows from Policy Case 1, shown in Figure 22, have
the same general shape as the no-policy case, but the magnitude of the loss is about halved.
Break even points are about the same as in the no-policy case. This case would still present
a prospect of long continued investments by industry with profitability delayed for more
than a decade.

Policy Case 2 _ _
Figure 22. Simulated Auto Industry Cash

In Policy Case 2 the government Flow from Sale of FCVs under Policy Case 1
supports a greater amount of cost

sharing for hydrogen fuel cell vehicles. $3
Here the government provides 50% of . —e— Scenario3 »
the total cost of FCVs through 2017, +22::::2i /
and then provides a tax credit to vehicle
manufacturers equal to 100% of the
FCV’s incremental cost in 2018-2025.
The cost breakdown for Policy Case 2
under the three vehicle penetration
scenarios is shown in Table 5 and
Appendix A (Figure A2). The
government costs for FCVs under Source: Greene and Leiby, 2007

Policy Case 2 are nearly double those of

Policy Case 1, peaking at $4.5-5 Figure 23. Auto Industry Cash Flow from
billion/year, and reaching cumulative Sale of FCVs under Policy Case 2
costs of up to $25 billion by 2025. The $3

annual cost sharing for vehicles peaks in i : f
2018-2020, and (for Scenarios 2 and 3) Iizz:z:zz /
declines to almost nothing in the 2023- $2 Scenariol

2025 timeframe. This happens because /
the higher production volumes in s

Scenarios 2 and 3 bring vehicle costs $1
down to the point where incremental

costs of FCVs are almost zero. Fueling $0
infrastructure costs are a smaller
percentage of overall costs, and are
about the same as in Policy Case 1.
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Source: Greene and Leiby, 2007

The government’s larger role substantially reduces losses to the industry. The cash flow
analysis for Policy Case 2 (Figure 23), suggests that this level of cost-sharing will keep the
auto industry’s losses below $1 billion for all scenarios in all years. Although this makes
the level of industry investment required beyond normal development costs more
reasonable, the losses must still be sustained for more than 10 years. This represents a
long time for industry to invest to achieve a profit.
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Policy Case 3

Policy Case 3 is identical to Case 2 but Figure 24. Simulated Auto Industry Cash
provides an additional $2,000 per vehicle Flow from Sale of FCVs under Policy Case 3
tax credit incentive starting in 2018 and $5
continuing through 2025. This additional : /
incentive increases the cost to # —¢—Scenario3 /

. . —#— Scenario2
government, particularly in the later

$3 Scenariol
years when the vehicle subsidy remains /
in place for a growing number of vehicles $2
produced and sold. As shown in Table 5 o /
and in Appendix A (Figure A3), this ‘ W
Policy Cgse; produces peak costs of $4.5 $0 S ot T o
and $6 billion annually for Scenarios 2 po10 2 2020 2029
and 3, with cumulative costs reaching as _
much as $45 billion. As with Policy Case Source: Greene and Leiby, 2007
2, the vehicle cost sharing peaks in the
2018-2020 timeframe. Even though Scenario 3 places twice as many vehicles on the road as
Scenario 2 (10 million vs. 5 million), the aggressiveness of Scenario 3 enables industry to

achieve economical production volumes more quickly, and results in slightly lower
cumulative costs to the government for vehicle subsidies than Scenario 2.

Billions of Dollars

-$1

The additional tax incentive provided in Policy Case 3 is assumed to be divided between the
vehicle manufacturer and the car buyer, with each getting a $1,000 tax credit. This
improves the cash-flow position of the auto manufacturers, as shown in Figure 24. The
negative cash-flow sustained by the industry is reduced to the order of hundreds of millions
of dollars during the early years, with profits generated by 2017 in both Scenarios 2 and 3.

Figure 25. Efficiency-Adjusted Costs of

Hydrogen Cost Projections Hydrogen and Gasoline*

The FCV penetration rate used in Scenario $3.50

3 moves the cost of hydrogen down from

$3.00/kg to $2.50/kg (untaxed and BOT e ———
unsubsidized) by 2025, due to higher fuel 250 4 |
production volumes.* When the incentives . ]
for fueling infrastructure discussed above s200 == -~ ]
are included, the cost of hydrogen drops

well below the price of gasoline on a dollar- S |

—a—Adv. Gasoline Scenario 1
—e—Adv. Gasoline Scenario 2 |- - — — —

per-distance-traveled basis. Figure 25
compares the cost of fuel for an FCV,

hybrid electric vehicle (HEV) and advanced $050 1 - - -
gasoline vehicle, taking into account

$1.00 +---- : .
—a&—Adv. Gasoline Scenario 3

—&—HEV Scenario 1
—&—HEV Scenario 2
—®—HEV Scenario3 [~~~
—#—FCV Scenario 1
—S—FCV Scenario 2

hydrogen’s higher energy content and the $0.00 e e ‘
greater efficiency of the fuel cell. Adjusted 2018 2019 2020 2021 2022 2023 2024 2025
for the difference in energy efficiency, * All taxes and policies included; Los Angeles region.
gasoline s projeced o cost about 60% AT gl ot sl s
more than hydrogen. This cost advantage presented in $/equal distance traveled.

for hydrogen would provide strong Source: Greene and Leiby, 2007

4 The assumption is that through 2025, all vehicular hydrogen comes from either distributed SMR or from central plants (natural
gas or biomass, or from coal if sequestration costs can be reduced) with liquid or pipeline delivery.
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incentives for building fueling infrastructure. A retail price advantage for hydrogen would
also provide an incentive for potential purchasers of FCVs.

Policy Cases 1-3: Cost Implications

There are several important conclusions that can be inferred from analysis of the policy
cases. First, the cost to government is not inordinate or out of line with the level of public
support provided for other programs that support national goals. The highest total annual
government expenditure under the policy cases was about $6 billion, which is the same
magnitude of spending expected to be provided by the ethanol tax credit in 2012.

Consistent, credible policies appear to be essential to overcome the initial economic barriers
to hydrogen powered transportation. This seems to be true even if hydrogen and fuel cell
technology is superior to an advanced hybrid internal combustion vehicle. Establishing a
refueling infrastructure that will initially be underutilized, moving down the learning curve
for FCV manufacturing, and achieving both economies of scale and diversity of choice for
hydrogen vehicles present private sector investors with the prospects for losses that would
be very difficult to bear. In light of this, some policies to share the costs of the early
deployment appear to be necessary to obtain the public benefits of clean, secure, and
sustainable energy for transportation.

The policies evaluated in this analysis were designed to assist automakers and fuel
providers in lowering their costs during the early deployment period, so that they can bring
a cost-competitive product to consumers. Since the response of the market (and the
aggressiveness of the private sector) is impossible to predict, it will be important to closely
monitor actual FCV sales and hydrogen fueling infrastructure development over the course
of the changeover so that policies can be modified as appropriate.

Environmental and Energy Security Benefits

The scenarios also show that
hydrogen powered light-duty
vehicles can dramatically reduce

Figure 26. Light-Duty Vehicle Fuel Use by Type:
Scenario 3, No Carbon Policy

petroleum use and significantly Fuel Demand (Billions GGE/Y")

decreases overall energy use by 180

light-duty vehicles. By 2050, in R
Scenario 3, petroleum use by light- IPYS N S S ——
duty vehicles would be reduced to L D e ~t
less than 30 billion gallons per year 0 I = e
(a savings of 15 million barrels per ol e ]
day), on its way towards zero (see T I
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Figure 26). Without a successful
move to hydrogen fuel cell vehicles,
gasoline consumption would be held Source: Greene and Leiby, 2007

fairly steady in the 2030-2050

timeframe, at about 140 billion gallons of gasoline a year, due to the higher efficiency of
hybrid-electric vehicles (Greene and Leiby, 2007).5

5 These calculations do not consider the potential for biofuels to displace a significant fraction of gasoline.
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The market transformation to
hydrogen FCVs combined with
carbon mitigation policies to
ensure that centrally produced 2.0
hydrogen is carbon-free results in a
dramatic reduction in COz
emissions from light-duty vehicles. v
Figure 27 shows the full fuel cycle
carbon emissions of light-duty
vehicles in the U.S. under different
assumptions about the future. In
Future 1 (the “null scenario”),

there are no policies il’l place to 04 H —o— Null Scenario, Carbon Policy (without Hydrogen FCVs) |
foster fuel Ceu VehiCIGS or the oz 1 == Scenario 3, No Carbon Policy (with Hydrogen FCVs) ||

’ == Scenario 3, Carbon Policy (with Hydrogen FCVs)
deployment of hydrogen 0.0
infrastructure. In this scenario, 2010 2020 2030 2040 2050

even with a carbon taxé in place,

Figure 27. Impact of Carbon Policy and FCV
Market Success on CO2 Emissions from Light-
Duty Vehicles
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carbon emissions from light duty

vehicles rise through 2015 but then begin to decline as more efficient advanced hybrid
technologies penetrate the market. As illustrated by the “Scenario 3, No Carbon Policy”
future shown in Figure 26, if hydrogen is produced from carbon-intensive sources (e.g., coal
without sequestration), there will be no significant difference in carbon emissions from the
light-duty vehicle sector, even with FCV market success. Only a future that combines
carbon policy with a strong market transformation strategy causes COz emissions to
continue to decline, reaching about one third of the initial level by 2050.

Key Findings and Conclusions: Scenario Costs and Sustainability

Directed policies of cost sharing and tax credits over a decade would enable the
industry to bring competitive automotive and infrastructure products to the
marketplace by 2025 if fuel cell and storage cost targets are met.

Without such policy actions, it does not appear that the industry would have a
compelling business case to introduce hydrogen vehicles in the marketplace or that a
coordinated vehicle and infrastructure program could be implemented.

The actual scenario of car introduction will depend on the industry's ability to reduce
the cost of the fuel cell power-train and the willingness of the public to purchase the
vehicles which will be significantly dependent on the infrastructure.

The government’s peak annual costs for policy support could range from $1 to $6
billion, with cumulative costs of $10 to $45 billion over 14 years.

Low cost hydrogen fuel can be a factor in the public purchasing hydrogen fuel cell
vehicles.

6 Carbon dioxide tax starting at $10/ton in 2010 and increasing linearly to $25/ton by 2025.
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Figures Ala-c. Cost To Government: Policy Case 1
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Figures A2a-c. Cost To Government: Policy Case 2

A2a. Policy Case 2, Scenario 1

Cost Sharing and Subsidies, Scenario 1 Cumulative Cost Sharing and Subsidies,
Technology Success Scenario 1, Technology Success

6 - - 30
S 0O Scenariol Station Infr. § O Scenariol Station Infr.
518 Scenariol Fuel Subsidy § 25 m Scenariol Fuel Subsidy
8 @ Scenariol Vehicles S ) )
3 4 2 20 @ Scenariol Vehicles
3 S
S 3 @ 15
s 8
o 2 & 10
c o
o @
=1 § 5
[} =

o
0 0
2010 2015 2020 2025 2010 2015 2020 2025

Source: Greene and Leiby, 2007

A2b. Policy Case 2, Scenario 2

Cost Sharing and Subsidies, Scenario 2 Cumulative Cost Sharing and Subsidies,
Technology Success Scenario 2, Technology Success

w
o

O Scenario2 Station Infr.
B Scenario2 Fuel Subsidy
@ Scenario2 Vehicles

O Scenario2 Station Infr.
m Scenario2 Fuel Subsidy
@ Scenario2 Vehicles

N N
o ol

Billions of 2004 Dollars/Yr
o LB N W A~ OO O
=
o

Billions of 2004 $ (Undiscounted)
=
o

2010 2015 2020 2025 2010 2015 2020 2025

Source: Greene and Leiby, 2007
A2c. Policy Case 2, Scenario 3

Cost Sharing and Subsidies, Scenario 3 Cumulative Cost Sharing and Subsidies,
Technology Success Scenario 3, Technology Success

30

O Scenario3 Station Infr. 0O Scenario3 Station Infr.
| Scenario3 Fuel Subsidy

@ Scenario3 Vehicles

25

m Scenario3 Fuel Subsidy
@ Scenario3 Vehicles

6 ~
= 3
w5 =
] 3
3 2 20
8 4 5
3 3
< 3 » 15
5, g
%) « 10
c o
= 9
=1 s 5
[an] =
o
0 0
2010 2015 2020 2025 2010 2015 2020 2025

Source: Greene and Leiby, 2007

Final A-4 March 2008



Figures A3a-c. Cost To Government: Policy Case 3
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